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Over the past few decades, a number of studies have been conducted to establish con-

nections between the structure, mechanical responses, and function of biological tissues,

such as the lung, heart, blood vessels, and cardiac muscle. More recently, this trend has

led to the development of tools and techniques for probing and manipulating single cells

and for monitoring forces arising from cellular processes. These tools and techniques are

sensitive enough to detect forces in the nanonewton (nN) to piconewton (pN) range. Most

of these techniques have been developed mainly for in vitro studies. However Stopak et al1

for example, have been able to show a connection between in vitro traction forces generated

by cells and formation of large-scale anatomical structures.These results amongst others

underscore the importance of using these tools and techniques for in vitro studies.

Cells engage in a variety of mechanical activities, many of which are based on me-

chanical cues, both inside and outside the cell. Evidence suggests that these activities are

linked to myriad cellular processes such as locomotion, differentiation, and proliferation.

Cells also have attributes similar to common materials, such as mechanical deformation

in response to external forces. The forces experienced by and within cells in their phys-

iological environment vary over a wide range. For example the greatest level of shear

stress experienced by the vascular endoluminal surface and arterial circulatory system

ranges between 1 and 7 Pa2,3. These values are relatively constant irrespective of the part

of the arterial network considered3. A 1 cm length of a typical artery 10 mm in diameter

would therefore experience shear forces on the order of 0.5 µN to 5 µN. On the other hand,

cartilage typically experiences stresses of 20 MPa, causing the constituent cells (chondro-

cytes) to alter expression of glycosaminoglycans4. Using an estimate of an average of

14.5 cm2 surface cross-sectional area for articular cartilage5, this translates to forces of

about 30 kN. The forces or stresses experienced in vivo by individual cells are determined

not only by these shear stresses, which represent macroscopic averages, but also by the

details of cell size, geometry, and the local mechanical environment (including intracellular

and extracellular heterogeneities). That said, the strength of physiologically significant

forces or stresses can easily span a dozen orders of magnitude, from the piconewton and

subpiconewton forces detected by single outer and vestibular hair cells in the cochlea6,7 to
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tensile forces which exceed 10 kN in the Achilles and patellar tendons8. This range is far

larger than that available, for example, to bioelectric signaling.

The mechanical properties of cells, as well as their dysfunction, have been implicated

in many aspects of human physiology and pathophysiology. For example, the stiffness of a

blood vessel wall is controlled by vascular smooth muscle contraction and deformation,

an attribute that is of vital importance in understanding blood distribution, hypertension,

and other cardiovascular diseases. Heart failure can result from the inability of cardiac

myocytes to contract reliably9. When the axons on neural cells are severely stretched

due to brain injury, it can lead to cell death10. Flow of air through the respiratory tract is

likewise dependent on the mechanical properties of airway smooth muscle. Asthma is a

disease characterized by excessive airway tightening caused by a spasm of airway smooth

muscle cells and a subsequent inability to relax normally11.

Objectives

The overall goal of this dissertation research was to develop a tool that could be used

as a platform to investigate cell mechanobiology and also examine cell traction phenomena

on a real-time basis. This goal was evaluated by examining the use of such a system in

combination with cell and substrate probing tools for investigation of the relationship

between cell stiffness and tensile stress as well as the reactions of cells to mechanical agi-

tation of their underlying substrate. We also investigated how specific substrate geometries

affected the way in which cardiac myocytes attach and adapt to their underlying substrates.

These studies could lead to a better understanding of cardiac myocyte modulation and

could also have implications in cardiac tissue engineering.

Specific Aims

1. Design and fabrication of a BioMEMS device as well as introduction of analysis

tools that be can be reliably used to investigate cell mechanical properties and

microforces in vitro
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a. Microfabricate, using soft lithography techniques, a vertical microcantilever

array of polydimethylsiloxane (PDMS) Bed-of-Nails (BoN) to be used for study-

ing cell forces. A number of strategies to detect cell traction forces have been

attempted. Original methods employ the use of continuous fabricated material

such as silicone sheets, silicone sheets with embedded beads or fluorescently la-

beled polyacrylamide sheets. These methods suffer from the need for complex

numerical deconvolution to obtain force distributions. The microfabricated mi-

crocantilever array (BoN) provides a platform for measuring forces where each

force generated at each nail is independent of other forces,hence a complex

deconvolution algorithm is not required.

b. Demonstrate the use of fluorescent Quantum Dot-labeled Bed-of-Nails (BoN)

for measuring cellular forces. Manual tracking of the microcantilever tips to

generate displacement and force data was burdensome when the number of

images to analyze was large. An automatic tracking routine based on colloidal

studies was modified for tracking the microcantilever displacements. Using

just the differential interference contrast DIC images for the tracking process

proved to be inadequate. The cells introduced artifacts which reduced contrast

between the Gaussian-like profile that the microcantilever tips created in (DIC)

mode and the cells. Microcontact printing of fluorescent organic dyes on the

microcantilever tips eliminated this problem but the cells interacted with these

dyes and reduced their signal. To be able to overcome this drawback, the micro-

cantilever array was labeled with fluorescent hydrophobic quantum dots which

enabled accurate tracking of the microcantilever array. The quantum dots were

less prone to photobleaching than the fluorescent organic dyes and the cells

did not interact with them. The fluorescent signal produced by the quantum

dots provided much better contrast than bright field or DIC microscopy.

c. Develop a technique to attach structures to the microcantilevers that will

serve as an avenue to allow mechanical perturbation of the microcantilevers.

Original attempts to move individual microcantilevers with pulled glass mi-
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cropipettes were successful. The main problem that was encountered with this

system was that only microcantilevers on the edges of the array could be moved

reliably without too much difficulty. An alternative method was introduced

that allowed easier manipulation of the microcantilever arrays. Structures were

attached to the arrays by direct lithography. Poly (vinyl alcohol) PVA was used

as a lift-off agent to release the composite structures.

2. Demonstrate the implementation of the vertical microcantilever array in biological

experimentation.

a. Examine the role of myocyte adaptation to underlying substrate and focal

adhesion modulation in determining traction force and sarcomere remodeling

in isolated rat cardiac myocytes. Mechanical signaling and force transmission

within and outside the cardiac myocyte are important players in the mechan-

otransduction process, and the cytoskeleton is a significant link between the

force-generating sarcomere, the cell membrane, and intracellular stress-sensing

components. Another mechanical factor involved in the maintenance of cardiac

myocytes is attachment. Cardiac myocytes are known to form focal adhesions

for attachment at the distal ends. However, they have also been shown to form

cytoskeletal-sarcolemmal attachments normally at points where their Z lines

form. These sites are termed costameres and have certain attributes that make

them similar to focal adhesions. Also of clinical significance to cardiac re-

search are changes in cell shape, size and contractility as a result of adaptation

due to changes in the physiological and pathophysiological environment of

cardiac myocytes. We examine the adaptation, attachment, and remodeling

of primary adult rat cardiac myocytes to the microfabricated microcantilever

arrays. We also examine force distributions for contracting myocytes on the

microcantilever arrays.

b. Investigate the responses of mesenchymal stem cells to the microcantilever

arrays with varying stiffness. Mesenchymal stem cells are multipotent pro-

genitor cells that are found mainly in the bone marrow of adults. They have
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the capability to differentiate and form tissue that is mesenchymal in nature,

such as bone, cartilage, muscle, ligament, tendon adipose and stroma. The

inductive agents that cause entrance into a particular lineage of mesenchymal

stem cells (MSC) leading to eventual formation of a specific tissue/cell type

are normally provided by the niche to which they attach after circulation from

their site of origin. These external signals include factors secreted by other cell

types, cell-cell interactions, as well as cell-extracellular matrix interactions. It

has been shown that the extracellular matrix elasticity has an effect on lineage

specification. We examine whether microcantilever arrays designed to have dif-

ferent shear stiffness will potentiate differentiation of mesenchymal stem cells

when the cells are incubated in culture medium known to cause an entrance

into a particular lineage when cells are cultured in vitro in plastic well plates.
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Introduction

Techniques that have been developed to study the mechanical properties of cells can

be classified in many ways. One broad distinction between the techniques is whether

they are “active” or “passive.” Methods that apply forces or mechanically load cells in

order to deform the cell in a particular manner can be referred to as active methods. Other

techniques only sense the mechanical forces (traction forces) generated by cells, but do not

themselves apply any forces. These are referred to as passive methods. Since these meth-

ods measure a variety of physical quantities, the units of measurement used to represent

them can be different. Table 2.1 shows the relationships between the different quantities

being measured and their units.

Table 2.1 A summary of various biomechanical parameters and their dimensions, SI
units, and ranges of values.

Biomechanical

Quantity

Basic Formula SI or SI Derived

Unit

Measured values

in biological sys-

tems

References

Spring Con-

stant

Force/Distance Nm−1 2 ± 6 mN/m, 40

pN/nm

1

Shear Stress Force/Area Pa 1 Pa - 20 MPa 2–4

Traction Force Force N 4 nN - 140 nN 5–12

Dynamic Vis-

cosity

Force
Area × Time Pa s 0.6 × 10−4 − 4 ×

10−4 Pa s

13

Youngs/Shear

Modulus

Force/Area Pa 1.130 Pa - 100

kPa

14–19

Continued on next page
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Table 2.1 (continued)

Biomechanical

Quantity

Basic Formula SI or SI Derived

Unit

Measured values

in biological sys-

tems

References

In-plane shear

modulus

(Thin incom-

pressible

membrane).

Analogous to

surface tension

Force/Distance Nm−1 1.7 µN/m - 13.3

µN/m

20,21

Active Methods

Cell deformation, whether elastic or viscoelastic, can be studied using tools that gen-

erate compressive or tensile forces, shear forces, bending forces, twisting forces, or a

combination of some of these methods.

Atomic force microscopy(AFM)

This method involves the use of a sharp tip attached to a flexible cantilever. The tip is

used to probe the cell and the relative deformation of the cell and tip can then be used to

estimate the force applied and the stiffness of the cell. Figure 2.1 shows the setup used by

Radmacher et al22–24 to investigate the viscoelastic properties of human platelets

Weisenhorn et al16examine the local deformation of soft surfaces using the AFM.

Included in the samples examined are metastatic smooth muscle cells from human lungs.

They generate force-versus-indentation curves for different cell orientations, with the

assumption that the cell is homogenous within all areas tested. They report Youngs modu-

lus for the cells between 0.013 and 0.15 MPa. They do report some problems with this
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technique, however. Deformation of the cell membrane by the tip without any applied

force leads to an overestimation of the force-versus-indentation curve and subsequently an

overestimation of the Youngs modulus of the cell. Scanning with too high a force on the

tip also leads to cell damage. Hoh et al25 have employed AFM to investigate the surface

morphology and mechanical properties of MDCK cells grown as monolayers. They find

that the plasma membrane has an average spring constant of 0.002 ± 0.0006 N/m over

a deflection range of ∼35 nm (2.2 nN). From stiffness curves they report a stiffness of

∼0.035 N/m at 1µm depth. Mathur et al14 use AFM to investigate the viscous and elastic

properties of endothelial, cardiac and skeletal muscle cells. For endothelial cells, they

report a variation in elastic modulus across the cell, ranging from ∼1.4 ± 0.1 kPa near the

edge to ∼6.8 ± 0.4 kPa over the nucleus. They report no variation in either skeletal or

cardiac muscle with an elastic modulus of 100.3 ±10.7 kPa across cardiac cells and 24.7

± 3.5 kPa for skeletal muscle.

Figure 2.1 Schematics of AFM setup which incorporates optical lever detection and
includes electronics for investigating viscoelastic properties of samples. (Adapted from
Radmacher et al22 with permission of the authors and the Biophysical Society.)

Though AFM has been used to successfully study the mechanical properties of the cell,
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it still has a number of weaknesses. One of the weaknesses inherent to the technique is the

fact that the variable shape of the tip determines the nature of the force-deformation curve.

This curve is used to deduce the mechanical properties, so any bias introduced by different

shapes would be propagated throughout the data analysis steps. Also, it is difficult to use

commercially available AFMs with scanning electron microscopes (SEMs) to accurately

visualize the structural deformation of the cell that occurs when the cell is stretched or

indented by the AFM tip.

Magnetic tweezers and magnetic twisting cytometry(MTC)

These techniques have been used for many studies on the physical properties of biolog-

ical tissues. Both methods require that beads are first exposed to magnetizing coils, which

induce a magnetic dipole on the beads. A weaker, directional magnetic field is then applied

to either move the beads linearly as shown in Figure 2.2, (magnetic tweezers/magnetic

pulling cytometry, Lele et al26) or generate a torque to twist the beads through a specific

angle (MTC). In both cases, the force or torque generated is dependent on the strength of

the magnetic field applied as well as on bead properties. Ziemann et al28 use this technique

Figure 2.2 A) Schematic of magnetic tweezer set up used by Lele et al. to analyze single
cell mechanics. (From Lele et al26). B) A scanning electron micrograph (SEM) of human
umbilical vein endothelial cells (HUVECs) after Arg-Gly-Asp (RGD)-coated magnetic
beads were bound for 1 h. Most of the beads were internalized, and each cell on average
internalized 7-12 beads. (From Chen et al27 Used with permission of the American Journal
of Physiology-Cell Physiology.)

to measure local viscoelastic moduli of entangled actin networks. Baush et al29 use a
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modification of the Ziemann et al setup to conduct local measurements of viscoelastic

parameters of adherent cell surfaces. They are able to bring the magnetic pole piece to

within 10 - 100µm of the sample and are able to generate forces of ∼10000 pN.

Wang et al30 use another design to investigate cell cytoskeleton mechanics and

mechanotransduction. The surface of ferromagnetic beads, normally around 0.2µm, is

functionalized with specific receptor ligands that promote cell attachment without cell

spreading. Cells are made to attach to these beads and then a uniform magnetic field in a

specific direction is applied to the beads to magnetize them. A twisting coil mounted in

tandem with the magnetizing coil is used to generate a weaker magnetic field orthogonal

to the initial magnetic field. This induces a twisting moment on the beads, thereby causing

portions of the cell to deform. Wangs group uses this to exert controlled shear stresses in

the range from 0 to 68 Pa (dynes/cm2) on cell surface receptors. They measure the angular

strain as a function of the bead rotation and, for a stress of about 40 Pa, get an angular

strain of about 30 ◦.

There are some disadvantages associated with this system as well. First, it is difficult

to control the region of the cell to which the beads bind. If they preferentially attach at

the periphery, or near the nucleus, measurements of the mechanical properties could be

biased accordingly. Next, there is no way to ensure complete binding of the beads to the

cell surface, which could result in underestimation of cell stiffness. Finally, and perhaps

most importantly, the beads lose magnetization with time and must be re-magnetized at

specific time intervals to maintain the torque applied. Regardless, there is inherent signal

degradation over time and, subsequently, experiments lasting longer than one to two hours

are not generally feasible with this technique.

Micropipette aspiration

In this method also known as elastimetry, a cell is deformed by applying gentle suction

to a micropipette that is placed on the surface of the cell. The geometry of the resulting

deformation together with the applied pressure is used to calculate the force applied.

Mechanical properties of cells can then be inferred from this data.
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Chein et al13 use this technique to investigate the viscoelastic properties of erythrocyte

membranes. They find that deformation occurs in two phases. The initial (rapid) phase

exhibits a membrane viscosity in the range of 0.6 × 10−4 to 4 × 10−4 Pa. The second

(slower) phase shows a high membrane viscosity with a mean value of about 2 × 10−2

Pa. Schmid-Schonbein et al15 use micropipette aspiration to investigate the mechanical

properties of human leukocytes. For rapid motion of the cell into the pipette, they find

the shear modulus to be sim506 Pa and for slow motion sim130 Pa. Jones et al17 examine

the alterations of Youngs modulus of chondrocytes from normal and osteoarthritic human

cartilage. They find no appreciable difference between the Youngs modulus of normal

chondrocyte cells (0.65 ± 0.63 kPa) and of the osteoarthritic chondrocyte cell (0.67 ± 0.86

kPa). A more recent study was completed by Alexopoulos et al18 on chondrocyte cells

surrounded by a pericellular matrix for both normal and osteoarthritic cartilage. They find

that for the normal cells, the Youngs modulus is the same for cells isolated from the surface

(68.9 ± 18.9 kPa) as that from the middle and deep layers (62 ± 30.5 kPa). However, in

osteoarthritic cartilage, the mean Youngs modulus significantly decreases from the surface

zone (66.5 ± 23.3 kPa) to the middle and deep layers (41.3 ± 21.1 kPa). They conclude

that the pericellular matrix has an important depth-dependent influence on the stress-strain

environment of chondrocytes.

Chu et al31 use a dual micropipette assay for a slightly different application. They use

their system to quantify the strength of cadherin-dependent cell-cell adhesion (Figure 2.3

(B)–(D)). Doublets of S180 cells stably transfected to express E-cadherin are allowed to

adhere to each other with different times of contact. They find that separation force is

strongly dependent on the time allowed for contact. A mean force of 20 nN was required

to separate cells with a 30 s contact time and this increased rapidly to ∼ 200 nN after 1 h

of contact. They also report a greater separation force (350 versus 200 nN) for preexisting

doublets. However, they find that preexisting doublets of S180 cells without E-cadherin

have separation forces of only 50 nN.
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Figure 2.3 A) Schematic showing principle of micropipette aspiration of representative
human red cell. B) - D) Sequence of images showing separation of cells using dual
micropipette assay (Reproduced from The Journal of Cell Biology, 2004, 167:1183-1194.
Copyright 2004, The Rockefeller University Press.)

Optical tweezers

This is a variation of magnetic tweezers where optical forces instead of magnetic forces

are used to tug and pull, creating linear forces. A laser beam is used in tandem with a

dielectric bead of high refractive index to generate these optical forces. The bead surface,

which is functionalized, is bound to the cell surface as in MTC. The high intensity laser

beam creates a ”trap”, an optical field that attracts the bead to its focus, thereby generating

a force which deforms the cell.

Hénon et al21 use this method to determine the shear modulus of the human erythrocyte

membrane. They find that the elastic shear modulus ranges from 1.7 to 3.3 µ N/m with an

average value of 2.5 ± 0.4 N/m. Dao et al20 also use this tool to examine the mechanics
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Figure 2.4 Schematic showing how optical tweezers are used to pull on representative
red blood cell

of human erythrocyte deformation figure 3.1, generating forces 10 orders of magnitude

greater than Hénon et al. Using a combination of simulation and experimental methods

they estimate the membrane shear modulus to be 13.3 muN/m. Limitations of this method

include possible photo damage due to the wavelength and power of the lasers, and upper

limits on the amount of force that can be generated.

Micromachined force sensors and actuators

With the exception of AFM, which can use micromachined tips, the techniques we

have described above use macroscopic instruments fabricated by conventional means. The

semiconductor photolithography and fabrication techniques developed for the manufacture

of integrated circuits have been adapted and extended to create microelectromechanical

systems (MEMS), primarily out of single-crystal silicon.32 This approach has been ex-

tended to what is termed ”soft lithography,” wherein polymeric materials such as silicone

are used to create optically transparent and flexible microfluidic devices.33,34 Collectively,
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when applied to biology, these technologies are referred to as biomicroelectromechanical

systems (BioMEMS). As an example of silicon MEMS applied to biomechanics, a recently

reported technique uses a novel micromachining method SCREAM (single-crystal reactive

etching and metallization) to fabricate a force sensor for active probing and measurement

of the deformation dynamics and stiffness of cells. Yang et al35present a force sensor

that consists of a probe attached to a backbone structure that is free to move on its axis.

The backbone structure is attached to flexible beams that are anchored at both ends to

nonmovable bases. The chip on which the whole sensor is fabricated is driven by a piezo

actuator on a movable stage with six degrees of freedom of movement. The actuator moves

the probe in one direction and the resulting deflection of the attached sensor beams is

recorded using optical methods. This deflection is used to estimate the force that the probe

applies to the cell. The obvious advantage of this tool over others similar to it, such as

the AFM and the micropipette, is the ease of calculation of the force applied to the cell

based on the stiffness of the flexible beams and the deflection observed. Also, the device is

set up such that it can be used to determine multidimensional (x and y) force responses

of cells, unlike other methods that only probe forces in one direction. Though the device

overcomes limitations of previous techniques, the production of SCREAM devices is a

complicated, 10-step process involving deposition, lithography, and wet and dry etching

techniques. In addition to being time-intensive, the tools and methods may either be not

readily available or the process may be quite expensive. Serrell et al.36 use standard surface

micromachining to microfabricate a bioMEMs device for the application of strain to a cell.

The principle of operation of the device is similar to a displacement- controlled uniaxial

tensile machine (Figure 2.5(B)). It consists of a disk, divided in half, that serves as a

platform for cell attachment. The cells attach to the disk, and because it spans the narrow

gap between the two halves, the tensile properties of the mid-section of the cell can be

measured. To provide actuation of the cell, one of the semicircular halves is connected to

one end of a polysilicon beam, which has an annulus at the other end. A standard MEMs

probe-station tip can be inserted into this annulus and used to pull one half of the platform

away from the other. The polysilicon beam is supported by several folded- beam cantilever
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(A)

(B)

Figure 2.5 Micromachined force sensors and actuators (A) Schematic of force sensor
fabricated using SCREAM technique (Image from Shengyuan et al.35) (B) Schematic of
uniaxial BioMEMs device (Image from Serrell et al.36)

springs. The opposite half of the platform provides the force sensing for the device using,

a series/parallel combination of cantilever beams to create a spring. Movement of the

two platform halves is monitored with standard optics and recorded using fast cameras.

Serrell’s group reports a linear force vrs time curve for a single fibroblast cell attached to

the platform, and also a de-adhesion force of about 1500 nN. They attribute this high value

to the surface roughness of the platform, the manner in which the shear force is being

applied, and the protein used to facilitate cell adhesion.

Shear flow methods

Experiments using this method consist of two basic configurations

1. A cone-and-plate viscometer with a stationary flat plate and a rotating inverted cone
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which can generate laminar or turbulent flows, or

2. A parallel-plate flow chamber in which cells can be subjected to laminar flow.

Figure 2.6(A) – 2.6(C) show schematics of the two basic configurations.

(A) (B)

(C)

Figure 2.6 Parallel flow and cone-and-plate methods. (A) Schematic showing exploded
view of parallel flow system. (B) Schematic showing cut out view of parallel flow sys-
tem. (C) Schematic showing cut out view of cone-and-plate flow system.Adapted from
Furukawa et al37

The shear flow chambers can be designed to provide either a constant shear over the

entire chamber or a linearly varying shear along the length/width of the chamber. The

advantage of the design with linearly varying shear is that it becomes possible to apply

different shear stresses between the plates along different sections of the flow chamber

without having to change the flow rates or change the dimensions of the chamber. However,
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in both cases, the shear stress developed on the bottom of the flow chamber is dependent

on many factors, including flow rate, viscosity of the fluid, channel width, and channel

height. In the case of the linear varying design, two additional variables come into play.

First, channel width is a function of the distance from the input port. Also, the total

chamber length determines the pressure drop from the entrance to the exit port, hence

affecting the amount of shear stress that can be developed. Hochmuth et al19 use a parallel

plate flow chamber with a constant shear stress at the surface to estimate the elastic shear

modulus of erythrocytes adhered to a glass slide. A least squares fit to their data gives a

shear elastic modulus of 1.31 ± 0.38 Pa. Their other attempts to use this device involved

the investigation of flow effects on cell metabolism and viability, but were not explicitly

used to quantify mechanical response or characteristics. Civelik et al38 examine rat aortic

smooth muscle cell contractility in response to fluid shear stress and look at relationships

to the Ca2+ signaling pathway. They use cell area reduction as a metric of contractility. A

minimal shear stress of 11 Pa (11dyne/cm2) was sufficient to induce contraction. A larger

shear stress of 25 Pa caused significant reduction in cell area, due to significant contraction,

3 min after the onset of flow. By 30 min of constant flow, the reduction exceeded 30%.

one of their major observations is that this contractile response is Ca2+ independent. This

observation was borne out by the fact that even at 25 Pa of shear stress, there was no

activation of Ca2+ signaling pathways, but the cells did mount a normal response when

stimulated with Ca2+-dependent agonists like potassium chloride (KCL) and thapsigarin.

Ainslie et al39 employ the parallel plate shear stress chamber to investigate contractile

responses of vascular smooth muscle and the role of glycosaminoglycans (GAGs) on

contractility and mechanotransduction. They employ a step increase (0 to 25 dyne/cm2)

in shear, similar to Civelik et al, as well as a ramp increase. The resultant contractility

is similar in both cases. Pretreatment with heparinase III or chondroitinase ABC, which

remove the GAGs heparan sulfate and chondroitin sulfate, respectively, results in a marked

decrease (∼20%) in cell contractility under identical shear stress.

Other labs have used this shear flow device to investigate cell properties and physiolog-

ical responses, though not to investigate mechanical properties of cells. Frangos et al.40
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use a recirculation-type flow chamber to examine the effects of pulsatile, steady state, and

no flow conditions on the production of prostacyclin in cultured human endothelial cells.

A minimum shear stress of 10 Pa is enough to elicit a significant increase of prostacyclin.

Pulsatile flow, which produces minimum and maximum shear stress of 8 and 12 Pa at a

frequency of 1 Hz, results in a 2.2 fold increase in prostacylin production.

Figure 2.7 Schematic of side-view flow chamber used by Cao et al. for studying cell-
surface adhesion under flow conditions. (Reprinted from Cao et al41, with kind permission
from Springer Science and Business Media).

One drawback of all the above experiments involving flow chambers is that none have

taken into account the inherent curvature of a cell attached to the bottom of the chamber.

This means that the shear stress that is actually experienced by the cell will vary from

the top of the cell to its attachment on the bottom and cannot be assumed to be the same

as the shear stress on the bottom plate of the flow chamber. The shape of the cell, and

hence the forces on it, will depend upon the flow rate and the velocity profile of the fluid

around the cell. This is evident in the study by Cao et al.,41who use the setup shown

in Figure 6d to study cell-surface adhesion under flow conditions. Their apparatus is

optimized to obtain a side-view of the cell using mirrored side walls and they can visualize

the distortion of the cell with increased flow rate. One could theoretically reduce this error

by measuring the cell thickness using confocal microscopy and deducing the average shear

stress experience by the cell. However, this process would introduce additional sources

of error, since confocal microscopy has a vertical resolution that is substantially less than
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transverse resolution.41–43

Stretching devices

Using these methods,cells are cultured on elastic membranes made of flexible silicone

sheets whose surfaces can be modified with extracellular matrix (ECM) proteins. The

stretching devices can be uniaxial, biaxial, or pressure-controlled. In some of these, the

stretch can be applied in a cyclic manner at different frequencies. Wang et al30 subject

endothelial cells to 10% cyclic uniaxial stretch on silicone membranes in the presence

or absence of 2,3 butanedione monoxime (BDM)a myosin ATPase inhibitor. They show

that 40 mM BDM prevents the formation of stress fibers and prevents cells reorienting

themselves in response to the cyclic stretch.

Figure 2.8 Schematic of custom-designed stretching device used by Zhuang et al44.,
which includes a transparent silicone membrane and an elliptical cam whose rotation leads
to cyclic stretch of the membrane. The horizontal slide assembly glides horizontally on
stainless cylindrical rods (red arrows) and support the transparent silicone membrane. The
silicone cell reservoir is a segment of silicone tubing glued to the silicone membrane to
form the walls of the culture dish. Two clamps produce slight tension along the central
axis of the stretch apparatus and thereby reduce transverse shrinking.

Zhuang et al44 investigate the role of pulsatile stretch on the electrical and mechanical

properties of neonatal rat cardiac myocytes. Figure 2.8 is a schematic of the custom fabri-
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cated stretching apparatus they use. Included in the device is a silicone membrane which

forms part of the culture dish in which the neonatal rat myocytes were seeded and grown.

They use the device to examine the effects of pulsatile stretch on some of the characteristics

of transmembrane action potential, as well as its effects on gene expression. They report an

increase in N-cadherin expression as the time to which the cells are subjected to pulsatile

stretch is increased, but no significant changes in cell area or nuclear size.

The methods discussed above all involve the application of active forces either to single

cells or a population of cells in culture. One of the main drawbacks with the use of these

stretching devices is wrinkling patterns that develop on the sheets and which tend to distort

the actual forces that are applied to the sheets. Zhuang et al. try to minimize this effect by

using hooks on either side of the membrane (F). Also, as the sheets are continuous, all de-

formations and displacements are propagated across the entire surface, making calculation

of discrete forces and cellular attachment properties very computationally intensive.

Carbon fiber (CF)-based systems

This method involves the use of carbon fibers, which are normally mounted in glass

capillaries and attached to precise position control devices with feedback control mecha-

nisms. The carbon fibers are attached to cells and used as a means to both apply active

forces and record forces generated by the cell. The image of the carbon fibers is projected

through optics onto a photodiode array which converts this into a usable signal for the

feedback control system. The optical system is also connected to an image recording

system and can be used to capture and record changes in length of the cell (Figure 2.9(A)).

Though this technique could potentially be used for many cell types, it has recently been

demonstrated in the literature for use in single cardiac myocytes. Yasuda et al.45 use this

setup to investigate the mechanics of single rat cardiac myocytes under isometric and

physiologically loaded conditions. They also investigate the effects of inotropic interven-

tion on myocyte force generation. They report problems with carbon fiber compliance

and indicate that it is quite difficult to produce virtually isometric conditions. They plot

force-length relationships and extract work-load data. Work output has a maximum value
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(A)

(B)

Figure 2.9 (A) Schematic showing general principle of operation of the carbon fiber
system used by Yasuda et al. (Adapted from Yasuda et al.45) (B) Experimental setup and
images of carbon fibers attached to individual cardiac myocytes (From Iribe et al46. Used
with permission of the American Journal of Physiology-Heart and Circulatory Physiology.)
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at an intermediate auxotonic load, and this falls off above and below this optimal value.

Nishimura et al.47 make modifications and improvements to the feedback control system

used by Yasuda et al. and use it to also investigate rat cardiac myocyte mechanics under

isometric, unloaded, and physiologically loaded conditions. Some of the limitations they

report include damage to the cells during attachment of the fibers, inaccuracy in measur-

ing sarcomere length due to focus issues, and possible bias introduced into the data by

avoiding cells that were too irritable to obtain stable recordings. Iribe et al.46 make further

modifications to this setup by introducing the use of bidirectional control instead of the

single-sided control used by Yasuda et al. and Nishimura et al., which improved sarcomere

blurring(Figure 2.9(B)). They investigate the effects of independently varying preload and

afterload, as well as modes of contraction on the force-length relationships of guinea pig

ventricular cardiomyocytes. Some of their reported findings include the fact that the end

systolic force-length relation is virtually independent of load at sarcomere lengths of 1.85

to 2.05 µm. It is important to recognize that this approach provides true, closed-loop me-

chanical control of a single cell, in which the compliance of the measurement system can

be controlled independently of its displacement, thereby allowing exploration of cellular

mechanics over the full range of forces, displacements, and velocities that are required to

fully specify the parameters for an active, viscoelastic model of cellular mechanics.

Passive Methods

Detection of the mechanical forces that single cells exert generally involves the use of

various flexible substrates which are non-toxic and which are either transparent or reflective

to a high degree such that deflections can be measured using light microscopy or a variation

of it. The term ”passive methods” is used to describe the techniques outlined below with

some caution. Due to the inherent nature of some of the materials used, very soft materials

may detect the mechanical forces exerted by the cells isotonically, i.e., without exterting

any forces, whereas others being very stiff will detect these forces isometrically with any

changes in length of the systems. Some of the techniques are mid way between these two
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extremes.

Elastic substratum method

The first successful attempt to measure traction forces of individual cells using artificial

flexible substrata was developed by Harris et al48. The cells were cultured on substrates

made of flexible silicone sheets. These sheets were made by polymerizing silicone fluid

using a flame. The stiffness of the sheets could be varied by varying crosslinking time and

Figure 2.10 Flexible sheets. a),b) Wrinkling patterns produced by chicken heart fibrob-
lasts on silicone rubber sheets. From Harris et al48

initial viscosity of the silicone fluid. The sheets were coated with extra-cellular matrix

(ECM) proteins to promote cell adhesion and attachment. As the cells exert forces on the

sheets, they caused wrinkling patterns which can be visualized under a light microscope.

The patterns are compared to those generated by a pulled micropipette which has been

calibrated for force. The main drawback with this method is that there is not a simple

way of converting the wrinkle patterns formed into a traction force map. Inaccuracy in

comparing patterns and hence measures of force introduce significant error.
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Flexible sheets with embedded beads

A variant of the above method involves embedding either normal latex beads or

fluorescently-tagged beads in the elastic substratum. The positions of the beads are tracked

and the displacements over time are recorded. Cellular forces are inferred from the mea-

sured displacements. Lee et al5 use this device to estimate the traction forces exerted by

fish keratocytes. They produce vector diagrams by calculating the displaced and undis-

placed bead positions with respect to the centroid of a moving cell. They report traction

forces ranging from a minimum of 7.5 nN to a maximum of about 20 nN. Pelham and

Wang49 also use raw displacement data as a qualitative map of the local traction, citing the

difficulty and computational intensity of de-convolving the displacements to estimate the

traction forces. The primary flaw in both of these methods is that neither group was able to

account for the inter-dependence of bead displacement data due to the propagation of defor-

mations throughout the entire sheet surface. This flaw has been addressed by other groups.

Figure 2.11 Using beads for tracking. a) Setup used by Lee et al5 for tracking Kerato-
cytes. b)Fluorescent image of a Human airway smooth muscle cell (HASM) cultured on a
flexible polyacrylamide gel with embedded fluorescent beads. From Butler et al50

Dembo et al6 address this issue using statistical methods. They estimate traction forces by

considering the problem as a superposition of elementary ”delta influences”. They then use

likelihood statistical methods to find the most likely amplitude and locations of the traction

forces. Using this method they report that a typical locomoting keratocyte generates a

maximum traction force of ∼ 140 nN. Butler et al use Fourier transform traction cytometry

(FTTC) for computing the traction field produced by human airway smooth muscle cells

in a bead-embedded flexible substrate. Using this technique, they report a maximum

traction magnitude of about 400 Pa. Though such approaches address the critical flaw in

this technique, they do however introduce a new disadvantages. Namely, deconvolution
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of forces from displacement field maps is both a difficult and computationally intensive

process. The other drawback is that it is very difficult, if not impossible, to obtain precise

measurements of discrete forces generated by different parts of a cell.

Flexible sheets with micropatterned dots or grids

An improvement to the Lee et al and Butler et al techniques involves imprinting dots

on the flexible sheet and observing the deformation of the grid from the ideal. Models

of deformation can then be applied to the grid and the cellular forces inferred from the

deformations produced. Balaban et al5 use this tool to measure the traction forces exerted

by rat cardiac myocytes and endothelial cells. They compute the forces generated at the

Figure 2.12 Flexible sheets with patterned grids. Rat fibroblast and cardiac myocyte
cells cultured on a large grid a),b) and patterned dots c),d) respectively. From Balaban et
al7

focal adhesions using elastic theory based on the semi-infinite space. Unfortunately, they

have to make the same assumption as in the case for the embedded beads. They assume that

the forces originate from the measured locations and do not propagate across the substrate.

They solve the inverse problem of computing the tractions given the displacements using

least square minimization techniques. Using this method they report maximum traction

forces of ∼20 nN for rat cardiac fibroblast cells and ∼70 nN for rat cardiac myocytes.
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Micromachined cantilever beam

This technique uses traditional micromachining techniques. A horizontal cantilever

beam with an attachment pad at the end and a well beneath is used as a tool for measur-

ing cell traction forces. Chicken fibroblast cells are seeded on the substrates. Cells are

observed crawling over the cantilevers which have been calibrated for force using pulled

glass micropipettes. A measure of cell traction force is obtained from a product of the

cantilever deflection and the stiffness obtained from calibration. Galbraith et al8 use this

micromachined device to estimate the traction forces of chicken embroyo fibroblast cells.

They report forces as high as 100 nN for the tail region of the fibroblast. This device does

Figure 2.13 Cantilever beam device and fluorescent image of chicken embryo fibroblasts
(CEFs) cell plated on the micromachined substrate. From Galbraith et al8

not have the problem in which strain propagates across the surface and therefore does not

require sophisticated computational algorithms to calculate the cellular forces. There are

some disadvantages with this technique though. The cantilever beam can only move in

one direction and hence forces generated in directions other than the free axis cannot be

measured. Also there is a spatial resolution limitation added to the fact that the fabrication

technique is quite challenging.

Array of vertical microcantilevers

This technique overcomes the limitations of the horizontal cantilever system by Gal-

braith et al. An array of vertical microcantilevers that have two degrees of freedom is

used instead of a single horizontal microcantilever. The individual microcantilevers in the
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array are usually made of an elastomeric material such as polydimethlysiloxane (PDMS).

Tan et al9 are the first group to report the use of these arrays to investigate cell traction

forces. They use soft lithography techniques to make the microcantilevers of PDMS. The

arrays in their device have microcantilevers that are 3 µm in diameter and 11 µm tall and a

center to center separation 9 µm. They use this device in combination with micropatterning

techniques to investigate the traction forces exerted by spread and unspread cells. They

show that spread cells exert much greater forces on the microcantilevers than unspread

cells. For the spread cells, the record a maximum force of about 90 nN. A variation of

Figure 2.14 Vertical microcantilevers. Differential Interference Contrast and Scanning
Electron Micrographs (SEMs) images of bed of Nails. From Tan et al9and du Roure et al11

this technique has been developed by du Roure et al11. They employ photolithographic

methods in combination with Deep Reactive Ion Beam Etching (DRIE) to produce the

master molds in silicon that have much better spatial resolutions and smaller sizes than

that produced by Tan et al. They also use PDMS as the flexible cantilever material. The

improvement in scale and resolution is impressive, but this is a considerably more expen-

sive process than that used by Tan et al. Endothelial cells are cultured on the device and

allowed to grow to confluence forming monolayers. They report a maximum traction force
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of 40 nN exerted by the monolayer at its edge. Individual cells observed on the device

generate maximum forces of about 4 nN. Both devices provide a powerful tool which is

used to study microforces of expanding monolayers and single cells as well as investigate

the relationship between cell shape, focal adhesion area and traction forces generated.

Petronis et al12 have also developed cantilever arrays for investigation of mechanical

cell-substrate interactions. They fabricate their force sensitive arrays directly from silicon

a major difference from the two previous methods. They also include attachment pads

on their arrays. They employ intermediate lithography steps (masking techniques) to

Figure 2.15 Silicon microcantilevers. Array of microcantilevers with attachment pads
fabricated in silicon. Ridge and post pattern in silicon showing fibroblast cells attached.
From Petronis et al12

pattern areas with different cantilever heights thereby generating areas with inherently

different mechanical properties. Using a modified design with microcantilevers having

a stiffness of 116 nN/µm embedded in rigid substrates, they measure the traction forces

exerted by primary human saphenous vein endothelial cells (HSVEC). A range of forces

between 7 nN and 40 nN are reported. The main drawback with their technique is that

rapid reproducibility of the devices is not possible. Since the arrays and ridges are directly
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in silicon any damage to it would require reproduction of the entire device again.

Alternative methods for fabrication of vertical cantilever arrays

A number of alternative approaches for making the master molds for microcantilever

arrays have been developed, though the arrays have not necessarily been used for studying

cellular traction force measurements or mechanobiology. Kim et al51 use the standard

Lithogaphie Galvanik Abformung (LIGA) process using a synchrotron radiation source to

make master molds from electroplated nickel. The LIGA technique is well characterized

Figure 2.16 LIGA molds. Array of holes and posts made from nickel metal mold using
LIGA. From KIm et al51

and has been used to produce high aspect ratio microstructures (HARMs) with aspect

ratios as high as 100:137. Kim et al then use the metallic master mold to replicate a

second mold using PDMS. They report final structures with aspect ratios of 15:1. Figure

3.8 shows SEM micrographs of the master mold with the holes and the final vertical

cantilever microcantilevers fabricated using this method. The main drawback with LIGA

is the availability and access to a synchrotron radiation source and the relatively high

processing costs involved. A cheaper alternative to LIGA, which does not involve any

lithographic steps, has been used by Schmitz et al and GroSSe et al52. They fabricate

the master mold in investment casting wax. They prepare foils of the wax by uniformly

pressing the wax at an elevated temperature between a metal or glass plate. Perforations

in the wax are made using an excimer laser machining tool coupled to a mask projection
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optical system. PDMS pre-polymer is poured onto the perforated wax mold and cured,

then peeled off, placed on blotting paper, and heated to allow the wax to melt. The final

Figure 2.17 Wax Molds. Microcantilever arrays made from laser perforated wax molds.
Post defects are due to air bubbles trapped in the holes during fabrication. From Schmitz
et al53 and Große et al52

array is then immersed in acetone to remove any remaining wax. Using this method,

they are able to make microcantilevers with tip diameters ranging from 12 µm to 60 µm

with corresponding base diameters from 37 µm to 90 µm. Average projected height is

450 µm. For the largest of microcantilevers, they report a yield of about 99% and for

the medium sized microcantilevers about 75%. For the smallest microcantilevers, only a

small percentage of straight microcantilevers are formed. The rest tend to bend into spirals.

Even the straight ones only reach 20% of the foil thickness. Figure 2.17 shows SEM

micrographs of large and medium microcantilevers made using this technique. Defects on

the microcantilevers are attributed to air bubbles trapped in the holes. Though the above

method can potentially be used for fabrication of the cantilever arrays, there are some

potential problems. Capillary effects during the perforation process can limit the size of

the holes that can be drilled in the wax. This can affect the resultant device since much

smaller holes, on the order of a few µm, are needed for cell force applications. There

may also be technical limitations on the spot size that can be achieved with the lasers.

These limitations would depend on the wavelength of light, focal length of the lens and the

diameter of the beam entering the lens. The smallest sizes would only be achieved with the

smallest wavelength lasers, a wide beam and a very short focal length focusing lens. Short

focal length lenses tend to be very expensive and tend to have more optical aberrations

associated with them. Increasing the diameter of the beam also introduces problems with

the point spread function of the beam and could also limit the minimum size achievable.
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Combination of Active and Passive methods

The active methods described above normally give an indication of the cell stiffness or

elastic/viscoelastic properties whereas passive methods are used to investigate cell traction

forces or tensile stress. The two methods can be combined in order to investigate the

relationship between cell stiffness under certain conditions and the corresponding tensile or

prestress. Wang et al.54 attempt to do this using a combination of oscillatory MTC for cell

stiffness measurements and flexible polyacrylamide gel substrates with fluorescent beads

for measurement of traction forces. Using this method they conclude that there is a strong

association between the cell stiffness exhibited by a cell and the level of tensile stress

within the cytoskeleton. Snaidecki et al.55 have used a different approach in pursuit of this

goal. They incorporate magnetic Cobalt (Co) nanowires into similar microcantilevers made

by by Tan et al. A uniform magnetic field is then applied to the array and any microcan-

tilevers which have nanowires incorporated within are displaced a specified distance. The

nonmagnetic microcantilevers together with the magnetic ones are then used to monitor

for the changes in forces. They use this system to investigate focal adhesion and traction

force response to the active forces applied to the cells via the magnetic microcantilevers.

Included in some of their findings is a significant difference in average focal adhesion area

at actuated magnetic microcantilevers versus nonactuated with the former being larger.

They find that multiple stimulations also produce larger focal adhesion areas than single

actuations.

Theoretical Models for Analysis and Prediction of Cell Deformation and Mechanics

Most models developed to predict or explain the cell mechanical properties either

represent the cell as a continuous medium or consider it to be a discrete collection of

cytoskeletal components and other proteins. Mijailovich et al56, Ohayon et al57 and Traqui

and Ohayon58 investigate cell deformation, response and transmission of mechanical stress

during magnetic bead twisting. They model the cell as a three-dimensional slab with

constant local height and width and use representative finite volume elements in their
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analysis. Mijailovich et al consider the cellular medium to be homogenous, isotropic

and linearly elastic in all analysis performed. One of their analysis, however, considers

geometrical nonlinearities due to distortions introduced by bead motion. They estimate

apparent cell stiffness based on predicted angular rotation and investigate how the degree

of embedding (percentage of bead embedded in cell) affects calculations of apparent cell

stiffness. Ohayon et al and Traqui and Ohayon take a slightly different approach in their

analysis. They model the cell as a homogenous continuous medium which is hyperelastic

with a nonlinear strain-energy function that is used to characterize the nonlinear stress-

strain relationship observed from experimental results of MTC. They examine the influence

of cell material properties represented by constants in the strain energy equation, geometry,

and degree of bead embedding on cell deformation, bead rotation and induced stress and

strains. They also investigate the effects of nucleus stiffness on bead rotation. Dao et al20

investigate the mechanics of deformation of the red blood cell when deformed by optical

tweezers. Their continuum constitutive law is based on a consideration of the cell as a

hyperelastic material with a nonlinear strain energy potential function. Using an estimate

of the biconcave shape of the cell and finite element analysis, they examine the deformation

response under different uniaxial stretch forces. The paper investigates how the presence

or absence of a cytosol affects deformation characteristics. These continuum models

developed provide very important guidelines that enable certain experimental observations

on the mechanical behavior and characteristics of cells to be readily analyzed and predicted.

Their main drawback is the fact that they do not consider the role of the cytoskeleton, which

is known to influence cell mechanics and contractility in a very significant manner. Satcher

et al59 consider the deformations of a cell by modeling the F-Actin network using cubical

open lattice unit cells, commonly known as open-cell foams, which are interconnected at

their midpoints. Each unit cell consists of passive struts which represent the actin filaments.

Estimation of cell properties under loading conditions is determined by consideration of

the deformation of the network of interconnected unit cells. The model they develop is

used to interpret the response of endothelial cells to shear stress in a flow chamber. They

also consider the effects of stress fibers which they model as a lumped unit in series or
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parallel to the actin network. They show that the predicted shear modulus is fairly close to

experimentally reported values. They acknowledge that this approach does not consider

interfilament tension, which accounts for cell prestress, and thus it cannot be used to

explain the experimentally observed dependence of cell stiffness on cytoskeletal stiffness.

Tensegrity can be defined as the interaction of a set of discrete compression elements with

a continuous network of tension elements in the aim of forming a stable form in space.

A number of publications60–62 employ the concept of tensegrity to model cell mechanics

and deformation characteristics. The actin network comprises the tensional elements,

whereas the microtubule network forms the compression elements in tandem with the cell

extracellular matrix (ECM)63. In the tensegrity models, compression and tension elements

are in constant force balance with each other. This model has been used to predict and

explain a number of phenomena that have been observed experimentally, both in round,

unattached cells as well as in spread, adherent cells. In the tensegrity model, the cell and

its cytoskeleton is usually represented by a 30 element (24 elastic and 6 compressive struts)

structure. The elastic elements, which are assumed to be Hookean, support the tensional

elements while the struts are viewed as rigid bars under compression. In the initial state,

the tension (prestress) in the cable elements is balanced by the compression forces in the

struts. Forces are applied at specific nodes within the structure and global strains can be

deduced from resolution of the general equation system {F} = [K]{u} which describes the

balance of internal and external forces. The stiffness matrix is normally assembled from

the stiffness matrices of individual elements within the structure which are constituted

from the elastic rigidity as well as the geometric rigidity. Deshpande et al64 present a

mechanical model for cell contractility based on observations of a cell on microfabricated

cantilever arrays. They consider an activation signal that triggers the formation of stress

fibers within a representative volume element. They assume that the contractility of the

stress fibers is dependent on the tension through cross-bridge dynamics. They generalize

their model to two and three-dimensional cytoskeletal networks using a homogenization

approach. The actual model is implemented by considering a two dimensional 50 µm

square cell sitting on four microcantilevers. They investigate the effects of support stiffness
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on stress generated within the cell as well as the evolution of stress fiber formation and

orientation. This approach is unique in that it represents the first attempt to model not

only stress fiber formation but also how this affects stresses generated by a cell on vertical

microfabricated cantilever arrays. It also considers for the first time the effect of pillar

stiffness on these properties as well. The only obvious critique to their method is the fact

that in practice, cells that spread to cover a 50 µm area will be in contact with significantly

more than four microcantilevers based on the microcantilever density of current devices

fabricated by different groups to date. Mohrdieck et al65 present a theoretical model to

describe the bending dynamics of vertical cantilever arrays to which is attached a network

of fibers of arbitrary geometry. This fiber network is used to represent the actin network of

at attached cell. They estimate the resultant forces on the microcantilevers by considering

contributions due to prestrain in the fibers, elastic and geometric deformation of the fibers,

and the bending of the individual microcantilevers. The obvious advantage of this approach

is that one can more closely model a cell attached to multiple microcantilevers (more than

four). This models primary shortcoming is that it neglects the biochemistry associated

with generation of some these mechanical forces. Though it would be greatly improved if

such considerations are incorporated, the resulting numerical complexity could make the

model unwieldy.
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Summary and Dissertation Outline

I began this chapter by looking at the importance of studying cell mechanical properties

and force generation. I then summarized the literature regarding methods used to inves-

tigate the mechanical properties and microforce generation for cells in vitro. I classified

the methods based on two general categories and looked at some of the advantages and

disadvantages of the methods used. Table 2.2 is a summary of some of these methods

and techniques and their corresponding range of forces that they can detect or apply. The

next section considered some alternative techniques that have been used for fabrication of

cantilever arrays and the merits of each of these methods. Finally I closed by presenting a

brief overview of theoretical models that have been developed to study cell mechanics and

cell force generation.
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Table 2.2 Summary of Methods and Techniques in Cellular Biomechanics.

Method Principle Range of forces that

can be applied or de-

tected

References

Atomic Force Mi-

croscopy (AFM)

Relative deformation of

cantilever tip and sub-

strate(cell) is used to es-

timate forces

∼ 10 pN 6 Fx 6 ? 16

Micropipette Aspi-

ration

Gentle suction applied

to micropipette attached

to cell

10 - 20 pN 6 Fx 6 ? 66

Stretching devices Flexible membrane at-

tached structures that en-

able membrane to be

stretched.

Qualitative-At

least 25% from

unstretched state

30

Carbon Fiber (CF)-

based systems

Carbon fibers that are

attached directly to cell

and controlled using

feedback systems.

? 6 Fx 6 5 µN 45–47

Magnetic tweez-

ers/Magnetic

twisting cytometry

Magnetized ferromag-

netic/superparamagnetic

beads are moved by

weaker directional

magnetic fields.

2 pN 6 Fx 6 50 nN 28,67

Continued on next page
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Table 2.2 (continued)

Method Principle Range of forces that

can be applied or de-

tected

References

Optical tweezers Dielectric beads of

high refractive index

are moved using laser

beams.

2 pN 6 Fx 6 600 pN 20,21

MEMs in silicon Movable parts are fabri-

cated in silicon and var-

ious methods such as

piezo actuation are used

to move them.

0.5 nN 6 Fx 6 1.5

µN

35,36

Flow chambers Enclosed chambers with

inlet and outlets for fluid

flow are used to subject

cells to fluid shear stress.

30 Pa 6 Px 6 ? 19,38,39,41

Elastic substratum

method

Wrinkling patterns de-

veloped in artificial flex-

ible sheets are used to

infer cell traction forces.

Qualitative 48,68

Flexible sheets with

embedded beads

Displacements of beads

within flexible sheets are

used to infer cell traction

forces.

140 nN 6 Fx 6 ? 5,6,49,50

Continued on next page
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Table 2.2 (continued)

Method Principle Range of forces that

can be applied or de-

tected

References

Flexible sheets with

micropatterned

dots/grids

Deformation of grid or

dot patterns from ideal

used to infer cell traction

forces.

70 nN 6 Fx 6 ? 7

Array of vertical mi-

crocantilevers

Horizontal deflection of

individual vertical mi-

crocantilevers is used to

infer traction forces.

50 pN 6 Fx 6 100

nN

9–11

Micromachined hor-

izontal cantilever

Horizontal deflection of

cantilever with attach-

ment pad is used to infer

traction force.

2 pN 6 Fx 6 100 nN 8

41



The main purpose for undertaking this research was to develop a BioMEMS platform

that could successfully be used to investigate cellular biomechanics and mechanotransduc-

tion in an in vitro setting. An outline of the dissertation is provided below.

Chapter 3 looks at microfabrication of the microcantilever arrays using soft lithography

techniques. It discusses some lithography improvements to previously published methods.

Details of a quantum dot labeling technique to facilitate easier tracking of microcantilever

deflections is introduced. Preliminary results using this system to investigate traction

forces generated by human airway smooth muscle cells are presented.

PVA was used as a lift-off agent to attach structures to the microcantilevers. Details of

this technique are outlined in chapter 4. A summary of results from experiments involving

mechanical agitation of the attached structures is also presented.

An investigation of cardiac myocyte adaptation to the microcantilever array is discussed

in chapter 5. Analysis of myofibril structure and sarcomere formation is presented. The

use of the array as a potential tool to examine myofibrillogenesis is discussed. Analysis

of contracting myocytes on the microcantilevers using a user defined divergence and curl

metric is also presented.

Chapter 6 examines the use of cryogenic etching of silicon to microfabricate the master

molds. It addresses optimization of etch parameters to obtain the desired sidewall profile.

In chapter 7, the response of mesenchymal stem cells to the microcantilever arrays

produced using the technique described in chapter 6 is presented.

Chapter 8 is a summary of chapter 3 through 7 and the objectives of the research. It

also looks at future work that can be done in this research area. Research considerations

and possible societal implications are also discussed.
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Abstract

We describe improvements to a passive array of cantilevers, termed the bed of

nails( BoN), for detecting cellular microforces and studying in vitro cell mechanics. The

BoN consists of vertically-arranged PDMS posts that behave as simple cantilever beams

when stressed horizontally by cells cultured on them. We modified the standard SU8

protocols to include a contrast enhancement step that removed air-gap effects and en-

abled fabrication of 2 µm features using contact I-line UV photolithography. We also

contact-printed the tops of each post with quantum dot labels that are easily visualized

with fluorescence microscopy and that do not interact with cells. To illustrate these im-

provements, we focus this paper on human airway smooth muscle (HASM) cells, although

the system can be generalized to other cell types. We demonstrate how the BoN is a

cost-effective, user-friendly system that can be implemented in a relatively short period

of time by researchers in asthma and other fields who wish to conduct short-term and

long-term studies to examine cellular microforces in vitro.

Introduction

Mechanical forces developed by individual cells are of paramount importance in phe-

nomena such as the motility of cells in embryogenesis, growth, wound healing, immune

responses, and cancer; the mechanical integrity of solid tissues formed by collections of

cells; and the contraction of smooth, cardiac, or skeletal muscle cells and tissue. As a

clinically important problem involving smooth muscle cells, asthma is a disorder char-

acterized by excessive airway tightening that can provoke wheezing, coughing, chest

tightness and difficulty breathing. It is closely correlated with allergic reactions. Excessive

airway inflammation is a hallmark for the disease and many individuals are known to have

specific triggers that lead to asthma exacerbations. Innate hyperresponsiveness of airway

smooth muscle is also believed to play a role in the development of asthma, as well as in

determining its severity. Significant time and energy have been spent developing animal

models and complementary in vivo and in vitro assays for the study of asthma. In vitro
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studies strive to understand the mechanical properties of human airway smooth muscle

(HASM) cells in culture. The dynamics of contraction, relaxation, and drug response are

measured, as well as the effects of the inflammatory milieu of the asthmatic airway on

the HASM cells. Any study of single HASM cells requires a way to quantify mechanical

responses and therefore detect cellular microforces in a precise, reproducible manner with

high fidelity.

Most methods for studying cellular microforces can be considered to be in one of

two general categories: active or passive. Active approaches for detecting cellular mi-

croforces aim to probe cell mechanics by applying stresses or strains to the cell surface

and measuring resistance to the probing as a proxy for cell tension. Examples include

cell poking, atomic force microscopy, laser tweezers, micropipette aspiration and fluid

shear stresses1–4. Magnetic twisting cytometry (MTC)5, also in this category, has been

successfully employed for the study of large numbers of HASM cells in culture, but has

some limitations when it comes to examining the mechanics of individual cells in detail.

Inherent degradation in the magnitude of the beads magnetization leads to non-constant

baseline measurements, i.e., a 30% change at the beginning of an experiment is not the

same as a 30% change at the end of an experiment. Experiments must thus be conducted

over short periods of time. MTC can only probe the bulk properties of culture; it does

not allow for the study of individual cells5. There is also no way to control where on the

cell beads are attaching. This is important because if beads preferentially attach at the

periphery of the cell, or near the nucleus, results will be skewed, as it is well known that

forces are non-uniformly distributed across a cell. Finally, it has been proposed that active

deformation of a cell may in and of itself alter the mechanical properties of the cell being

studied.

Passive approaches for detecting cellular microforces rely on the ability of a cell to

deform the substrate on which it is plated and the researchers ability to quantify the de-

formation and extrapolate mechanical information. Originally, these experiments were

conducted by measuring the perturbation of a continuous fabricated material, such as ”wrin-

kling” silicon sheets or stretching fluorescently labeled elastic films or gels6–10. While
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these platforms are reportedly able to resolve forces on the order of 10-30nN, forces are

generated and propagated across the material, making it difficult to interpret substrate de-

formations and computationally intensive to calculate discrete forces generated at distinct

cellular attachment points. Other devices attempted to overcome this problem by limiting

the surface area of the force-detector substratum with which the cell comes in contact. A

horizontally placed pad resting on the end of a lever was developed, with a deformation

stiffness of 75.8 ± 11.4 nN/mm11. However, as the lever is limited to movement along

only one axis, calculated forces must be based upon a biased assumption and corrected

accordingly. Tan et al.12. improved upon this idea by designing a micromolded device

with arrays of vertically-arranged posts that behave as simple cantilever beams that can

move throughout two axes (Figures 3.1(A)–(B)). Cells are cultured on top of the posts.

Focal adhesions are established and as the cells establish their baseline prestress, the posts

bend. Bending can be seen optically and then quantified to determine the shear forces that

cells are exerting on their substrate. Substrate stiffness can be easily controlled over a wide

range of values by changing the geometry of the posts, namely the radius and the height.

Tan et al. constructed circular posts with a radius of 3 µm, 11 µm height and 9 µm

spacing, corresponding to a stiffness of 32 ± 7 nN/µm per post. Using standard protocols

for contact I-line UV soft lithography, it is very difficult to produce features smaller than

this due to wavelength limitations, catastrophic adhesion failure and reflow of photoresist.

Roure et al.13 were able to make smaller posts in more dense arrays by using a different

process involving projection photolithography followed by dry reactive ion etching (DRIE),

also called the “Borsch” process. Using this method, they were able to produce posts with

1 µm diameter, 5.2 µm height and 2 µm spacing, for which they report a stiffness of 21.8

nN/µm. This is an impressive improvement in scale. However, there are two significant

drawbacks to this approach. First, the equipment and infrastructure required for projection

lithography and DRIE are too expensive to be readily available to most researchers and

many institutions. Second, posts produced in this manner are not entirely cylindrical

and therefore cannot be considered to behave like the simple cantilever beams in Figure

3.1(B). Indeed, another group later showed that such posts appear grossly “scalloped”
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(A) (B)

(C)

Figure 3.1 Fabrication of Bed of Nails (A)Schematic of the Bed of Nails (B)Posts be-
have as simple cantilever beams and with a concentrated transverse load P at one end, the
deflection observed is dependent on the post spring constant which is a function of post
dimensions and material properties. E = Youngs Modulus, L = length (height) of post
and Icircle is the area moment of inertia of a circle, which is the cross-sectional shape of a
post. (C)Schematic of the steps in the BoN microfabrication process using contact I-Line
UV soft lithography. An SU-8 master is produced from the negative photoresist using a
contrast enhancement agent (red). The SU-8 master is then used as a template to produce a
polydimethlysiloxane (PDMS) mold, which in turn is used to cast a workable PDMS BoN,
marked by an asterisk.

under scanning electron microscopy and that their bending mechanics are significantly

more complex than cantilever beams14. This effectively neutralizes the computational

advantage of using posts rather than continuous substrates to study cellular forces. The

effect also makes mold separation much more difficult. Our experience with the Bosch

process suggests that overcoming these difficulties will require either considerable effort

or changes in how the technique is applied.

A common difficulty in using a BoN to measure cellular microforces is a lack of clear

definition of the location of the top of each post. Because the index of refraction of a cell

is close to that of the aqueous media surrounding them, it is difficult to identify the borders
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of the cell under bright field microscopy. This can be a significant source of error if not

addressed appropriately. Differential interference contrast (DIC) microscopy simplifies

identification of the borders of cells, but introduces regions of intermediate intensity that

compromise the contrast between cells and posts when the images are spatial bandpass

filtered, as required for automatic tracking of post deflection. Confocal microscopy has

also been used, though image resolution is lower than DIC. Some investigators have

chosen to print the tops of the posts with fluorescently-tagged extracellular matrix (ECM)

proteins such as collagen, gelatin, or fibronectin to aid in visualization of the fluorescent

posts without DIC15. While this is tenable in some circumstances, cells often interact

with ECM proteins, degrading and/ or ingesting them. These protein coatings also tend to

dissolve in buffers and media used to bathe cells during experimentation, thereby degrading

the fluorescent signal in a time-dependent manner. Experiments must therefore be run

immediately after labeling and only for a short period of time (usually 60-90 minutes). We

know of no published images of live cells on fluorescently labeled posts.

The Bed-of-Nails fabrication process we have developed uses standard contact I-line

UV soft lithography with SU-8™negative photoresist and a contrast enhancement step to

eliminate the deleterious effects of the air gap between the SU-8 and the photolithographic

master, resulting in a process significantly less expensive than projection photolithography

and DRIE, to produce fully cylindrical posts with vertical side walls. Though larger than

those produced by Roure et. al., the posts in our BoN are sufficiently flexible to respond to

shear forces produced by both large and small cells, including HASM cells, and rat aortic

smooth muscle cells and dictyostelium (not shown). Additionally, our incorporation of

quantum dot-labeling techniques allows precise localization and tracking of BoN posts

using standard fluorescence microscopy, minimizing problems associated with discrim-

ination of post-tops and cell edge artifacts generated by DIC microscopy and virtually

eliminating time-dependent signal degradation.
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Materials and Methods

Bed-of-Nails design and fabrication

The BoN were designed and fabricated using standard soft lithography methods and

SU-8 2000™negative photoresist (Microchem; Newton, MA) in a clean room with some

modifications to improve the minimum feature size that could be obtained (Figure 3.1(C)).

Vertical support blocks were included on either side of the BoN array to assist in contact

printing by preventing crushing of the array. After the softbake step, a barrier coat BC-7.5

(Shin Etsu MicroSi Phoenix Az) was spin coated over the baked photoresist and allowed to

dry. Over the barrier coat, we spun a layer of CEM 388SS™(Shin Etsu MicroSi Phoenix

Az), a photobleachable contrast enhancement material that is originally opaque to the

exposure wavelength and becomes nearly transparent with exposure. . The wafer was then

exposed to high energy, collimated UV light through the photolithographic mask using an

EXFS Novacure light source. The wafers were rinsed with deionized water on a spinner

at high speed and baked to complete SU-8 polymerization. They were then developed,

washed and hard baked. The quality of the SU-8 master and subsequent substrates is

determined by the resolution of the quartz mask and finding the optimal exposure dose and

bake times and temperatures. Liquid prepolymer of the elastomer polydimethylsiloxane

(PDMS; Slygard 184, Dow Corning; Midland, MI) was poured over the surface of the

SU-8 master, degassed under vacuum, cured overnight at 65◦C, then peeled off, leaving

a PDMS mold that has a complementary relief pattern (i.e., holes) to that of the SU-8

master. The PDMS mold was oxidized in a plasma cleaner for 30 seconds, then silanized

with (Tridecafluoro-1,1,2,2-tetrahyrooctyl)-1-trichlorosilane (United Chemical Technolo-

gies; Bristol, PA) under partial vacuum overnight. Liquid PDMS was then poured on

the surface of the silanized PDMS mold, degassed, and cured at 65◦C for 15 hours. The

cured elastomer was peeled from the PDMS mold to yield a Bed-of-Nails. By this process

approximately 70% of the BoNs we produced were useable.
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Reagents for Quantum Dot Synthesis

Tri-n-octylphosphine oxide (TOPO, 90% tech. grade), hexadecylamine (HDA 90%

tech. grade), dibutyl ether (99%+) and octadecene (ODE, 90% tech. grade) were purchased

from Aldrich and used as received. Cadmium oxide (CdO, 99.999% Puratrem), tri-n-

butylphosphine (TBP, 97%), and selenium powder (200 mesh) were purchased from Strem

and used as received. Sulfur powder (ACS Reagent Grade) was purchased from Fisher

and used as received. Dodecylphosphonic acid (DPA) was synthesized from commercially

available precursors using the Arbuzov reaction.

Synthesis of CdSe/CdS Core/Shell Quantum Dots

Hydrophobic CdSe/CdS quantum dots were synthesized via a one pot method. The

cores were synthesized in a similar fashion to that of Peng and Peng16. with modifications.

Briefly, the one pot technique works based on the principle that the reaction kinetics for

high quality CdSe favor being cadmium rich. By using a large excess of cadmium in

the initial core synthesis (5:1, Cd:Se), core/shells utilizing the same metal (in this case

cadmium) may be synthesized by simply adding a different nonmetal (in this case sulfur)

slowly to the reaction mixture once the cores cease to grow. After all reactions were

complete, the quantum dots were isolated by precipitation from methanol followed by

centrifugation. The resulting pellet was dissolved in a small amount of chloroform and

precipitated with the smallest amount of methanol required to cause precipitation, and the

quantum dots were again collected by centrifugation. This dissolution in chloroform and

precipitation were repeated four more times, yielding CdSe/CdS, core/shell quantum dots

which were readily dispersed in non-polar organic solvents (e.g. toluene).

Labeling of BoN array with quantum dots

We selected quantum dots for labeling because they are less prone to photobleach-

ing than organic dyes, making them an ideal choice. We coated the tops of the posts

with a very thin layer of PDMS in which was mixed a suspension of quantum dots. Fig-
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(A)

(B) (C)

Figure 3.2 Labeling of BoN array (A)Schematic showing labeling of BoN array with
fluorescent quantum dots. A glass slide is spin coated with PDMS containing quantum
dots, which are then contact printed onto the surface of a plasma-treated BoN (B)–(D)
Labeled BoN with cells. (B)Differential Interference Contrast (DIC) image of Human
airway smooth muscle cells (HASM)on posts 2 µm in diameter, 5 µm spacing and 7 µm
tall. (C) Fluorescent image of same posts labeled with quantum dots.

ure 3.2(A) is a schematic outlining the labeling process. Briefly, a toluene solution of

PDMS prepolymer was first prepared by dissolving PDMS prepolymer with toluene in

a 1:10 mass ratio17. Then 0.20 ml of a suspension of CdSe/CdS core/shell quantum dots

capped with TOPO/HDA (trioctylphosphine oxide/ hexadecylamine) in toluene was added

to the dissolved prepolymer and mixed well. This was then spin-coated on a glass slide at

2000 revolutions per minute (rpm) for one minute. The BoN was then gently brought into

contact with the coating on the slide for 10-15 seconds. The BoN was removed from the

slide and inverted in a curing oven at 60 ◦C for 30 minutes.
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(D) (E)

Figure 3.2 —cont. (D) Overlay image of DIC and fluorescent image. (E) Fluorescent
image of 3T3 fibroblasts on the beds labeled with CdSe/ZnS (green) quantum dots and
fixed and stained with Alexa Fluor®568 Phalloidin (red).

Cell Culture

Human airway smooth muscle (HASM) cells were cultured in plastic flasks in Hams

F12 medium with 10% fetal calf serum (FCS) supplemented with penicillin (100 U/ml),

streptomycin (0.1 mg/ml), amphotericin B (2.5 µg/ml), NaOH (12 mM), CaCl2 (1.7 mM),

and L-glutamine (2 mM). Culture media was changed every 3 - 4 days. Cells were passaged

with 0.25% trypsin and 1 mM ethylene diamine tetraacetic acid (EDTA) every 10 14

days. Prior to cell seeding, the BoN array was sterilized by soaking in 90% alcohol for 30

minutes and then allowed to dry. It was then soaked in Collagen I (5µg/ cm2) for 1 hour

at room temperature, rinsed in PBS and dried. Passaged cells were seeded on the BoN

array and allowed to settle and attach overnight. The culture medium was then changed

and cells were observed over a period of about 2 hours. Cells were also treated with 50

mM potassium chloride (KCL) and observed over the same period of time.

Differential interference contrast and fluorescence microscopy

The cells on top of the posts were observed using both Differential Interference Con-

trast (DIC) and fluorescence (excitation 400 nm,emission 605 nm) microscopy through 20
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and 40 air objectives on a Zeiss Axiovert 200M microscope with a Photometrics CoolSnap

HQ camera. The device was positioned with the posts pointing upwards and the images

were taken through the PDMS from beneath the array. Cells were also fixed in 100%

ethanol at -20◦C, washed several times with 1% BSA in PBS, permeabilized and stained

for actin with Alexa Fluor®568 Phalloidin (Molecular Probes).

Calibration of BoN array

To account for any variations in post profile or mechanical properties from the ideal

cylindrical cantilever, during the fabrication process, we measured the spring constant of

posts experimentally. We determined the spring constants of pulled glass micropipettes

(World Precision Instruments; Sarasota, FL) by measuring the deflection of the tip pro-

duced by single weights in the range of 1 6 mg made from various lengths of gold wire18,19.

We calibrated the posts for force by moving these micropipette tips against them using

a Lang Electronik (Httenberg Germany) motion controller (Ms 21 S) and observing the

relative deflections of the tips of the posts and micropipette tips. Using this method, we

found that posts 3 µm in diameter and 10 µm tall have spring constants of about 27 nN/µm.

Substituting Icircle into the force deflection relationship in Figure 3.1(B), we see that the

load P and the displacement δ are related by

P =

(
3
4
πE

r4

L3

)
δ

where the term in brackets is the spring constant of an individual post. Substituting values

of E, r, and L, we calculate the spring constant of a post to be 23.8 nN/µm, which is in

good agreement with the calibration experiment. Actual posts used in the experiment were

2 µm in diameter and 7 µm tall, which gives a spring constant of 13.6 nN/µm.

Image analysis and calculation of cell traction forces

We generated a stack of DIC and fluorescent images taken in time-lapse mode using

METAMORPH™. We then aligned the stack using image processing software from
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ImageJ20,21. The local deformation of the posts was tracked and measured using a

multi-particle tracking software written in MATLAB™ (Mathworks) and based on image

processing algorithms written for colloidal studies22. The fluorescence image produced by

the quantum dots greatly increases contrast between the post tips and the background and

enables the software to identify and track the centroids of fluorescent post tips to sub-pixel

accuracy. Prior to running the tracking algorithm, the fluorescent image was smoothed

and filtered. To account for error due to long term drift, we obtained a stack of fluorescent

images with posts at rest taken over the approximate duration of actual experiments. The

posts were tracked and the maximum displacement (1.2 µm) recorded was used as an

indicator of the error due to mechanical and thermal drift. The fluorescent image stack

from the experiment was also aligned and tracked. Given that the lateral resolution of the

optical microscope is limited to about 150 nm and the spring constant of the posts used is

13.7 nN/µm, we were able to resolve forces of 2.05 nN.

Results and Discussion

Minimum feature size in conventional contact photolithography is limited by wave-

length, resist thickness and the air gap between the mask and substrate23. The theoretical

resolution capability for contact lithography is given by23

2bmin =
3

√
λ

(
s +

1
2

d
)

where 2bmin is the grating period or in our case the post spacing, λ the wavelength of light

used, s the spacing between the mask and the photoresist surface and d the photoresist

thickness. The air gap introduces diffraction and interference patterns which can ruin small

features24, so we used a Contrast Enhancement Material to overcome the air gap problem.

The CEM then acts as a secondary mask, but with no gap between it and the photoresist25.

Thus s can be set to zero. Using this method we have been able to fabricate posts 2 µm

in diameter, 5 – 6 µm spacing and 7 – 11 µm tall (Figure 3.3). For the resist thicknesses

mentioned above and an exposure wavelength of 365 nm, 2bmin ranges from 3.4 µm to 4.4

59



(A) (B)

(C)

Figure 3.3 Fabrication of BoN array (A) Scanning Electron micrograph (SEM) of sec-
tion of PDMS master with 2 µm holes 6 µm spacing and 11 µm deep. (B) SEM of profile
of section of BoN 2 µm in diameter 5 µm spacing and 7 µm tall. (C)SEM of a human
airway smooth muscle (HASM) cell cultured for 24 hours while spanning about 75 posts.

µm with corresponding minimum feature sizes of 1.70 – 2.12 µm. The 2 µm feature size

with the corresponding 5 – 6 µm spacing is therefore close to the theoretical values that

can be obtained. Figure 3.3(A) is a SEM micrograph of a sectioned PDMS master mold.

The apparent variations in the profiles of the holes are due to the fact that the mold was

sectioned manually with a scalpel at an approximate angle of 45◦to the horizontal. This

ensured that at least some holes would be sectioned perfectly. Prior attempts at sectioning

the mold with the blade parallel to the holes were not successful. As can be seen from the

figure the second hole from the right is quite cylindrical. Figure 3.3(B) shows a section of

the posts in profile showing a uniform cylindrical profile without any variations in profile.

We examined the possibility of whether the quantum dot labeling affected the post

profile. Toluene, a non-polar solvent which is used as the suspension medium for the

quantum dots as well as a thinning agent is known to swell PDMS26. However, we found
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(A) (B)

(C) (D)

Figure 3.4 Results: Quantum dot labeling (A) DIC (B) fluorescent and (C)SEM of
approximately the same section of labeled BoN. (D) SEM close up of posts at 45◦showing
no change in post profile after labeling process.

(E) (F)

Figure 3.4 —cont. (E) Absorption and (F) emission spectra of quantum dots in toluene
and PDMS solution in toluene showing essentially no difference.
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that this had no significant effect (figure 3.4). Also of concern was whether the PDMS

used affected the emission and adsorption characteristics of the quantum dots. This was

found not to be the case. The absorption spectra were almost identical, and solutions of the

quantum dots in toluene and in dissolved PDMS in toluene, excited at 367 nm wavelength,

showed the same emission profile and peak wavelength. The difference in peak intensities

in figure 3.4(F) was due to slight concentration differences.

(A) (B)

(C) (D)

Figure 3.5 Artifacts (A) DIC image of rat aortic smooth muscle (RASM) cells on posts
3 µm in diameter and 11 µm tall with 8 µm spacing and its bandpass filtered version,
(B) showing two common artifacts that occurred due to poor contrast. The red arrows
show posts tips that could not be identified and the yellow arrows show artifacts that are
introduced by the cell body (C) Data from Figure 3.2(C) showing the line (red) along
which an intensity profile (D) is generated. The black arrows point to the location of post
tips. The blue arrows point to artifacts introduced by the cell that have intensity values
close to that of the posts.

Previous attempts to track and measure cell traction forces using differential interfer-

ence contrast images (DIC) on the BoN proved to be problematic. Image processing steps

include using a real–space bandpass filter which smoothes the image and subtracts the
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(E) (F)

(G) (H)

Figure 3.5 —cont. (E) and (F) Data from figure 3.2(D) and its corresponding intensity
profile showing the absence of the artifacts. (G) and (H) The bandpass filtered version
of figure 3.5(E) and its intensity profile. The blue marks correspond to posts that were
identified along the profile

background. However, in areas with significant cell coverage, location and tracking of

posts proved difficult if not impossible. Figure 3.5 shows a DIC image and its bandpass

filtered version. The particle identification algorithm was run on the bandpass filtered

version and the locations of the centroid of the post tips were plotted over both. The red

arrows point to post tips that could not be identified. Certain cell areas exhibited features

that were incorrectly identified as post tops (yellow arrows).

To test the accuracy and precision of the ImageJ alignment plug-in, we simulated

images that had been shifted laterally. The first slice from a stack was used as a reference

image and a shifted image was simulated by displacing the whole image either u(x) pixels

in the x or v(y) in the y direction, respectively, over a range of values from 0.5 µm to 1.2 µm.

The resulting image was then aligned using the plug-in and the maximum displacement

corresponded to the registration error. The algorithm used in the plug-in registered the

shifted image to within 60 nm.
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Neither this study or the others before it12,13 address the possibility that the differences

between the indices of refraction of the cell, the post, and the fluid media will produce

refractive artifacts that distort the image and the apparent position of a post relative to

cellular structures. With inverted microscopy, the cells are imaged through the PDMS

posts, which when bent may act as tilted cylindrical lenses. With upright microscopy, the

posts are viewed through the cell, which may have a curved surface that acts as either a

convex or concave lens that shifts the apparent position or size of objects beneath it.

To illustrate how our quantum-dot labeled BoN could be used for studying cellular

forces we made quantitative measurements of the interfacial forces on cells cultured on

the BoN array for 48 hours. Cells were observed under base conditions for 2 hours (Fig-

ures 3.6(A) and (B)). Cells were also stimulated with 50 mM KCl and observed for about

2 hours (Figures 3.6(C) and (D)). The range of forces observed for the cell without any

stimulation ranged from 0 nN to 7 nN. The cell stimulated with KCl showed a maximum

of 2.5 nN. These forces were computed from the displacement field obtained from the

tracking program. The histograms of the magnitudes of the forces over the time course of

the experiments for both cells are plotted in Figure 3.6(B) and (D). The distributions are

skewed with the mean value closer to zero. The distribution of these forces was well fit by

a Log-normal distribution, which is in good agreement with a previous study on HASMs

cells27.

A force map was computed from the displacements observed. Figure 3.6(A) and

3.6(C) show overlays of arrows representing the forces computed for both cells. We also

computed a force balance using the following metric for individual forces projected in the

x and y directions.

Fbalance =

∣∣∣∑N
i=1 fix,iy

∣∣∣∑N
i=1

∣∣∣ fix,iy

∣∣∣
where are the resolved forces either in the x or y direction for a particular post. The x

forces in figure 3.6(A) balance to within 1.4 % while the y forces balance to within 3.9%.

The forces balance to within 0.9% and 5.3% in the x and y directions respectively for the

cell in figure 3.6(C). We carried out an evaluation of the change in mean prestress for both

cells over the experimental period. The mean prestress (τ) is defined asτ = σAi/Ac where
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(A) (B)

(C) (D)

Figure 3.6 Measurement of microforces exerted by HASM cells (A) HASM cell recorded
under baseline conditions with a representative force map with arrows 3x the actual size.
The longest arrow is equivalent to 7 nN (C) HASM cell recorded after stimulation with
50 mM KCL. The longest arrow is equivalent to 2.5 nN. (B) and (D) Histogram of forces.
The fit to a log-normal distribution is shown as the red line over the histogram plot.
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(A) (B)

Figure 3.7 Temporal evolution of the change in mean prestress (A) Cell in Figure 3.6(A).
(B)Cell in Figure 3.6(C)

σ is the mean traction, Ai is the interfacial area of cell in contact with substrate, and Ac

is the cross sectional area of the cell section28,29. However, using this metric introduces

some error due to the difficulty of estimating the cross-sectional area of the cell section.

We estimate the mean prestress using

τ =

∑N
i=1 | fi|

aN

where fi is the traction force developed at each post, a is the cross-sectional area of an

individual post and N is the total number of posts that are identified and tracked. A possible

source of error using this method arises in the case where the cell did not cover an entire

post. To reduce this, we selected only the posts that were entirely covered by the cell for

analysis. Figure 3.7 shows the temporal evolution of the change in prestress.

We expected the cell stimulated with KCl to show, on average, a greater change in

mean prestress over the duration of the experiment; however, this was not the case. A

possible explanation is the fact that the initial prestress at the start of experiment was not

considered and in future experiments, the initial prestress will be determined by treating

the cells with trypsin and then acquiring an image which will be used as the reference

image. A previous study on HASM cells has shown that the baseline stiffness affects the

change in stiffness when the cells are stimulated by the contractile agonist histamine: stiff

cells showed only a 1.8 fold increase whereas less stiff cells showed as much as a 5.2

fold increase from baseline. In the same study, it was also noted that increase in stiffness
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relative to base line varied appreciably from cell to cell, with about 10% showing greater

than a 10 fold increase, another 10% showing less than 1.25 fold increase, and about 50%

showing between 1.25 and 2.5 fold increase30. Although the prestress is not equivalent to

the cell stiffness, it has been observed previously that there is a close association between

cell stiffness and prestress29 We also analyzed a cell that had been fixed and stained on

the BoN. A regular grid representing ideal undeflected positions of the posts was formed

over five areas where there was no cell attachment. Figure 3.8(B) is a histogram of the

displacements from the ideal for these regions. The mean displacement was 0.24 µm with

a standard deviation of 0.17 µm. Figure 3.8(A) shows the cell with the representative

computed traction forces.

(A) (B)

Figure 3.8 Force measurements on fixed cell (A) Overlay of traction forces on a
HASM cell fixed and stained on quantum dot labeled posts. The longest arrow is 53
nN. (B)Histogram of displacement of posts from ideal grids.

Conclusion

We have been able to microfabricate BoN arrays using a contrast enhancement pho-

tolithography technique. This is a relatively inexpensive microfabrication method that

allows feature sizes close to the theoretical limits for contact lithography. To better track

forces, we labeled the arrays with fluorescent quantum dots, which provide much better

contrast and longer experimental observation times without photobleaching thus improving
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the tracking of posts. We show how this can then be used for measuring traction forces

exerted by HASM cells. This technique can be extended to other cell types, including

dictyostelium, and could be used as a tool for investigating forces generated by cells during

chemotaxis.
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Abstract

While lift-off techniques are common in the fabrication of hard, silicon-based micro-

electromechanical systems (MEMS), these techniques are not yet in widespread use in

soft lithography, where polymer materials are used to fabricate MEMS devices for biologi-

cal applications (BioMEMS). We present fabrication steps that allow us to make use of

Poly(Vinyl Alcohol) (PVA) as a structure release agent in BioMEMS microfabrication. The

release method offers a simple, cost effective and reliable way to release microfabricated

structures that need to be bonded to other structures or are already bonded to them. We

use this technique to release discs made of SU-8 that are attached to a vertical cylindrical

microcantilever array that is replica-molded using PDMS. This approach may be used to

release structures made from a variety of materials that are not compatible with typical

lift-off chemistries, although we address only SU-8 and polydimethylsiloxane (PDMS) in

this technical note.

Introduction

The deflection of a cantilever is a well known method for measuring forces1. Micro-

cantilevers have a variety of applications in science and engineering2. Arrays of vertical

microcantilevers fabricated from PDMS have been introduced to measure cellular forces3,4.

Application of external forces to these cantilevers is problematic because of their small

diameter and close spacing. To overcome this limitation, we have developed a technique

to enable fabrication of 60, 20 and 10 µm diameter by 2 µm thick SU-8™(MicroChem

Corp Newton MA) discs that are attached to the vertical cylindrical microcantilever arrays

fabricated from PDMS. These disc structures are designed to enable the application of

active forces to individual vertical microcantilevers as well as cells that are cultured on the

vertical microcantilever arrays and touching one or more of the attached discs.

The traditional metal lift-off process is an additive pattern-transfer technique that was

developed mainly as a means for patterning metals in the microelectronics and semicon-

ductor industry5–7 and involves deposition and patterning of a sacrificial layer (normally
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photoresist) followed by another deposition of the metal before lift-off of the sacrificial

layer. It has also been used in the production of thin-film optical devices and electro-

chemical transducers and sensors8–11. A process similar to the lift-off technique has also

been widely used in surface micromachining, mainly in the MEMS field. It involves first

depositing and sometimes patterning a sacrificial layer. Polysilicon or its variants are

then deposited and patterned on the sacrificial layer. The sacrificial layer is then etched

from underneath the silicon to release the structure. In most cases the released structure

has anchors to a fixed substrate12–15. While photoresists are commonly used for MEMS

lift-off, the chemistries used are often incompatible with the materials or processing used

for soft-lithographic BioMEMs. Many biological materials, gels and some polymers

that are currently used for BioMEMS cannot be patterned or released using the common

photoresists because the release methods (chemical or thermal degradation) may be too

harsh or toxic. Alternative methods that have been developed include the use of patterned

elastomeric membranes16,17, polystyrene18, parylene-C (poly para-xylylene)19, poly(Vinyl

Alcohol) (PVA)20–22 and functionally modified poly(acrylic acid)23.

PVA has traditionally been used in industry as a mold release agent24–26. It also has

applications in drug delivery and, because of its biocompatibility, it has been used in

conjunction with extra-cellular matrix proteins as a tissue scaffold27,28. The advantages

of using PVA over other materials used to release SU-8 are its low cost and solubility in

water, which reduces its environmental impact and makes it more user-friendly29–31 than

most other sacrificial chemistries. An added advantage we found was that water will not

attack the PDMS structures and has no noticeable effects on the SU-8 2000™features that

were attached to the PDMS vertical microcantilever arrays, which cannot be said for other

methods reported in the literature. Toluene, for example, has been used in conjunction

with polystyrene to release SU-8 membranes18. Though it was shown not to have any

effects on SU-8 it is known to swell PDMS32 and hence would not be an ideal choice.

One group33 has used OmniCoat (MicroChem Corp MA, USA) to release SU-8 structures.

We were not successful in creating a thick enough layer of OmniCoat to release without

solvent damage to 2 mm × 2 mm arrays of 60 µm microfabricated SU-8™objects and the
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underlying substrate. Table 4.1 is a short summary of various lift-off materials and their

corresponding sacrificial or release layers.
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Table 4.1 Summary of various lift-off materials and corresponding sacrificial /release
layers.

Lift-off

Material

Sacrifical/release

layer

Etch Chemistry Application

Pb Alloy AZ1350 photoresist Acetone Metal line pattern7

Cr-Ni AZ1350 photoresist Acetone Schottky-barrier FET’s6

SU-8 Polystyrene Toluene SU-8 Membranes18

SU-8 OmniCoat™-

(Microchem)

Hot NMP(1-methyl-2-

pyrrolidinone)

DWP™33

SU-8 Polycrystalline sili-

con

Dry etch. Xenon difluo-

ride (XeF2)

SU-8 microgripper34

SU-8 Poly(acrylic

acid)(PAA)

Water SU-8 discs,metal coated

SU-823

SU-8 Copper Sodium peroxodisulfate

(Na2S2O8)

Compliant check valves35

SU-8 Cr/Au/Cr Wet Chromium etch Polymeric cantilever ar-

rays36

Organic

electronic

film

Parylene Scotch tape (physical

peel off)

Organic LEDs19

TPD1,Alq3
2 PDMS elastomeic

membrane

None (physical peel off) Electroluminescent mate-

rials for optics17

Reflective

alu-

minium

alloy

Silicon dioxide Proprietary TI digital miromirror de-

vice (DMD™)37,38

Continued on next page

1N,N’-diphenyl-N,N’-bis(3-methlyphenyl)-1-1’-4,4’-diamine
2Tris(8-hyrdroxyquinoline)aluminium.
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Table 4.1 (continued)

Lift-off

Material

Sacrifical/release

layer

Etch Chemistry Application

Poly-

silicon

Silicon dioxide Buffered Hydrofluoric

acid(BHF)

Cantilever beams15

Poly-

silicon

Phosphosilicate

glass (PSG)

Concentrated (49%) hy-

drofluoric acid

Plate-on-a-

hinge14,accelerometers39,

micromotors13

Au Poly(vinyl)alcohol

(PVA)

Water Au lines and patterns22

AuPd Polymethyl-

methacrylite

(PMMA)

Acetone AuPd electrodes40

Materials and Methods

Fabrication and attachment of polymer structures

To microfabricate our array of discs from SU-8 2005™, we made a chrome-on-glass

mask so we could use photolithography to create the small features directly on the mask.

This negative mask had circular transparent regions with diameters of 60, 20 and 10 µm.

The mask was first spin-coated (1500 RPM for 30 s with a ramp from 500 RPM) with a

filtered solution of PVA (BC-7.5, ShinEtsuMicroSi, Inc Phoenix AZ) and allowed to dry.

The substrate was then spin-coated (3000 RPM for 30 s) with SU-8 2005™that had been

thinned out with SU-8 Thinner™in a 3:1 volume ratio to achieve a spin thickness close to

2 µm. Prior to the softbake step, we aligned on the SU-8-coated mask a PDMS vertical

microcantilever array that had previously been fabricated using soft lithography methods32.

The array was gently placed on the glass substrate in contact with the uncrosslinked SU-8

such that the vertical microcantilever arrays were positioned directly over the areas with
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the transparent holes. This caused a slight deformation of the uncross-linked SU-8 in the

process. The array/SU-8/PVA/mask assembly was then softbaked on a hot plate (ramp of 1

degsign C/min from RT to 95 ◦C plus an additional 10 mins at 95 degsign C) to remove

completely the solvent in the SU-8 layer and also to fix the vertical microcantilever arrays

firmly in place. The glass substrate was then exposed to UV light through the back side

to initiate cross-linking of the photoresist, and the assembly was baked again (ramp of 1

◦C/min from RT to 95 ◦C plus an additional 15 mins at 95 ◦C).

In a manner similar to the removal of an edge bead, we used SU-8 developer solution

on the spinner at a speed of 3000 RPM to remove photoresist at the edges of the substrate in

order to expose the underlying PVA. The assembly was treated in a plasma chamber for 30

seconds to clean the PVA and render it more hydrophilic. We then immersed the assembly

in a stirred water bath at 60 ◦C for about 3 hours. This dissolved all the PVA, thereby

releasing the vertical microcantilever array and the attached thin layer of SU-8 from the

glass mask. The vertical microcantilever array with SU-8 layer was then immersed in

developer solution for 2 minutes to remove all SU-8 that was not cross-linked by the UV

exposure, revealing the isolated SU-8 discs. The vertical microcantilever array with discs

was then rinsed in isopropyl alcohol (IPA) and gently dried under a stream of nitrogen.

The resulting composite PDMS/SU-8 device was hardbaked at 110 ◦C (ramp of 1 ◦C/min

from RT to 110 ◦C) for an hour on a hot plate to complete the cross-linking of SU-8. This

temperature was chosen to ensure complete cross-linking of SU-8 without affecting the

properties of PDMS. PDMS can be cured at 110 ◦C for 20 hours with negligible effects3

and is known to be stable and flexible from -50 ◦C to +200 ◦C41. It must be noted here

that this step is not required or may be modified to accommodate materials with lower

temperature tolerances.

Figure 4.1 is a schematic summary of our fabrication and lift-off technique. Using this

process, we were able to readily create on a prefabricated PDMS vertical microcantilever

array thin secular isolated discs, approximately 60, 20 and 10 µm in diameter, mechanically

attached to the ends of the vertical microcantilever array by means of their intimate contact

with the deformations in the crosslinked SU-8 areas which had been exposed through the
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(A)

(B)

(C)

(D)

Figure 4.1 Schematic outlining the structure lift-off process (A)Create chrome mask
with features (circles) that will be transferred to anchor device (cantilever post array).
(B)Spin PVA on substrate and dry for two minutes (C)Spin photoresist (SU-8) on substrate.
Align and place cantilever post array on resist layer and softbake (D) Expose the substrate
to UV light through the back side of it and do the post exposure bake.
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(E)

(F)

Figure 4.1 —cont. (E) Remove edge of photoresist to expose PVA layer. Plasma clean
device for 30 seconds. (F) Immerse substrate with cantilever post array attached to pho-
toresist layer in bath of DI water at 60 ◦C with stirring for three hours till PVA completely
dissolves and cantilever post array easily detaches. Develop to get final structure with discs
attached to tip of cantilever posts.

back side of the glass mask.

Determination of adhesion strength

We determined the adhesion strength both qualitatively, using a basic ”Scotch tape”42,43

test, and quantitatively, using a modified ”blister test”44. For the Scotch tape test, a piece of

3M™Magic Tape was carefully placed on the device and very gentle pressure was applied

to ensure the best possible attachment of the tape to the SU-8 structures. The tape was

then pulled back at an angle of about 180◦and the sample was examined under an optical

microscope to see if there was detachment of the discs from the vertical microcantilevers.

This tape test provides a good/poor measure of adhesion. We found that the tape peeled

off cleanly, leaving behind the SU-8 structures on the vertical microcantilevers, and this

showed that the adhesion was good. We could not provide direct quantitative measure-

ments on the discs that had been attached to the vertical microcantilevers and therefore

employed the blister test as a means to determine quantitatively the adhesion strength of

SU-8 to PDMS. We cut out a block of cured PDMS about 1 cm2 and punched an access

hole using steel tubing. We then placed this block of PDMS onto a layer of SU-8 that
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we had spun on a glass slide pretreated with PVA. We subsequently followed a similar

protocol to that described above, eventually ending with a membrane of SU-8 adhered

to a freestanding block of PDMS. We inserted a steel needle with the appropriate gauge

into the hole that had been punched in the PDMS and connected the needle to a source

of nitrogen gas (N2). We increased the pressure from atmospheric in steps of about 5 psi

(34 KPa) while observing the block of PDMS under an optical microscope to detect the

pressure at which the SU-8 peeled off from the PDMS, creating a blister. However, this

initial method proved unsuccessful since the SU-8 (about 10 µm thick) was rather brittle

and failed (crack formation) at about 30 psi (206 KPa) before a blister could be observed.

We modified our protocol by keeping the PDMS/SU-8 attached to the glass slide on which

the SU-8 had been spun. We then applied pressure using nitrogen gas again, this time

monitored for the pressure at which the PDMS would peel off from the SU-8.

Mechanical agitation of SU-8 structures

The SU-8 discs were mechanically agitated to observe their response. A pulled glass

micropipette tip was brought into contact with the discs at a constant speed using an

Eppendorf™5171 micromanipulator. The movement of the discs was recorded at 140

fps using a DALSA™CCD camera and a MATLAB™image capture program. A total of

five trials each were performed on five different 60 µm discs. 18 trials (11 and 7) were

performed on two 20 µm discs and 11 trials were done on the single 10 µm disc that was

located. The stack of raw images were again processed in ImageJ™and imported into

Metamorph™. The individual microcantilevers under each disc were tracked using an

object tracking algorithm. The Euclidean distance of each microcantilever tracked from

the contact point of the pipette tip was calculated. The maximum displacement of each

microcantilever in the x direction from its initial valid point tracked was extracted. The

frame number associated with the maximum displacement was also identified.
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(A) (B)

(C) (D)

Figure 4.2 DIC and SEM images of attached structures (A)Differential Interference
Contrast (DIC) and (B) – (D) Scanning Electron Micrograph (SEM) images of SU-8 discs
with diameters of 60 µm, 20 µm and 10 µm.

Results and Discussion

Figure 4.2 shows images of 60, 20 and 10 µm discs that were attached to a vertical

microcantilever array using this technique. Due to the 5 µm spacing between the individual

vertical microcantilevers, the 10 µm diameter discs could adhere to no more than two

vertical microcantilevers, and hence this disc size represented the smallest that could

be fabricated and attached to the vertical microcantilever array with a reasonable yield

(∼30%). The thermal conductivities of crosslinked SU-8 and PDMS are 0.2 W m −1

K−1 45 and 0.18 W m−1K−1 46 respectively. These values indicate that the two materials

conduct heat energy at almost the same rate. There is, however, a significant difference

in their linear coefficient of thermal expansion, with values of 52 × 10−6 K−1 45 and 310

× 10−6 K−1 47 respectively. The fractional change in length, area and volume when the

temperature of a solid material changes by ∆T is α∆T, 2α∆T and 3α∆T respectively, where
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α is the linear coefficient of thermal expansion48. Here α is assumed to be constant within

the working temperature range of the material, and the material must be isotropic. The

relations for area and volume are approximations which can be made for PDMS and SU-8

since α is very small and the temperature changes considered are on the order of 100 K48.

We use percentage change in area as a basis of comparison for expansion and contraction

experienced by the PDMS and SU-8 materials. During the softbake and post-exposure

bakes we are concerned primarily with changes in the PDMS since the SU-8 is not fully

crosslinked. The percentage increase in area of the PDMS during these two processes is

about 4.7%. However, since the substrate is allowed to cool back to room temperature, the

PDMS will shrink back by the same percentage, assuming the expansion and contraction

processes are completely reversible. During the hardbake we consider both the PDMS and

the SU-8. The percentage increase in area is 5.6% and 0.9% respectively for the PDMS

and SU-8. We again make the assumption that for a completely reversible process both

materials shrink back to their original dimensions after cooling. However, to reduce the

impact of thermal stresses that could be induced due to rapid changes in temperature, we

performed the softbake, post-exposure bake and hardbake with a very slow ramp. As can

be seen from Figure 4.2(A) there is no noticeable distortion when a row or column of

vertical microcantilevers is traced, including areas covered by the discs.

Since cured PDMS is elastomeric it was less likely to fail before debonding occurred.

With a 3.8 mm thick PDMS block attached to a layer of SU-8 about 10 µm thick and a

with a hole diameter of 0.81 mm, the PDMS block also failed at a pressure of 120 psi (927

KPa) above atmosphere without the formation of a blister. The resulting surface energy

can be calculated using the formula44

λ =
0.0883P2

f a
4

Et3
w

where P f is the critical pressure for debonding, a is the radius of hole, E is Youngs modulus

of PDMS and tw is the thickness of PDMS, and should therefore be greater than 0.050 Jm−2.

Comparing this to a pressure of 30.7 Torr (4 KPa) above atmosphere (reported by Kastantin

et al.44) for a 70 µm thick PDMS slab with a hole of 300 µm and with a calculated value of
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0.047 ± 0.018 Jm−2 surface energy, we can conclude that the adhesion strength is at least

as strong as that reported by Kastantin et al. and is probably significantly greater. One

conservative upper estimate using the relation above for the case of the 10 µm thick SU-8

membrane on the free standing PDMS block where the SU-8 fails at a pressure of 30 psi,

the surface energy was found to be 135 KJm−2. For this estimate, tw is the thickness of

SU-8.

(A) (B)

(C) (D)

Figure 4.3 Displacements of microcantilevers with 20 and 10 µm discs (A) –
(B)Maximum displacement (pixels) and frame number at which the maximum displace-
ment occurs for the 20 µm disc. (C) – (D) Maximum displacement and frame number at
maximum displacement for the 10 µm disc.

Figure 4.3(A) – (D) shows data for one of the 20 µmm discs and the 10 µmm disc

whiles figure 4.4(A) – (D) shows representative data for two of the five 60 µm discs that

were tracked when they were mechanically agitated with the pulled glass micropipettes.

The plots are of the maximum displacement versus the Euclidean distance as well as the
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(A) (B)

(C) (D)

Figure 4.4 Displacements of microcantilevers with 60 µm discs (A) – (B)Maximum
displacement (pixels) and frame number at which the maximum displacement occurs
for five trials for the first disc. (C) – (D) Maximum displacement and frame number at
maximum displacement for the fifth disc.

frame number at the maximum displacement against the Euclidean distance. During the

tracking procedure any microcantilevers that were not tracked for greater than 90% of the

tracking period were discarded. The means and standard deviations are also plotted on

the graphs. In the ideal case it was expected that each microcantilever would show the

same maximum displacement independent of the Euclidean distance. This was not the

case and for the most part the deviations from the mean maximum displacement can be

attributed to inaccuracies and the ability of the tracking program to track all the points at

every time point. Moreover for the 60 µm discs, some of the microcantilevers at the edge

of image tracked leave the field of view of the camera close to the maximum displacement

and this affects the data. Since the discs are ridged in nature it was also expected that

all the microcantilevers would move in unison and hence the frame number at which the

maximum displacement occurred would be the same. The data shows that for example
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(A) (B)

Figure 4.5 Summary of displacements (A) Mean maximum displacement and (B)Mean
frame number for maximum displacement for five 60 µm discs tracked.

the standard deviation of the frame number at which the maximum displacement occurred

for trial one for the fifth 60 µm disc, or trial five for the third 60 µm disc, are 10.4 and 4.1

frames respectively equivalent to about 74 and 28 ms. Figure 4.5 shows a compilation of

the mean maximum displacements as well as the mean frame number for the maximum

deviations for the five 60 µm discs. The error bars represent the standard deviations from

the mean values for each trial. Looking at these individual trials one can reasonably

conclude that the microcantilevers do move together in unison.

Conclusion

These results demonstrate that PVA can be used reliably as a structure release agent

for fabrication and assembly of composite BioMEMS devices. Using this technique we

have shown that we can attach SU-8 structures to microfabricated vertical cantilever arrays

and subsequently move the attached structures with pulled glass micropipettes which also

cause the underlying microcantilevers to move. Our approach could potentially be also

used for assembling multi-layered structures using successive lithography and release

steps.
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Abstract

We present well-defined vertical microcantilever arrays made of polydimethylsiloxane

(PDMS) as a platform for studying the adhesion, growth, remodeling and contractile

function of cultured rat adult cardiomyocytes. The microcantilever arrays are made using

soft lithographic methods as well as from master molds fabricated from cryogenic etching

of silicon. We investigate how microcantilever geometry characterized by diameter and

spacing affects myocyte attachment and morphology. We also investigate how different

surface treatments of the microcantilever arrays affect myocyte attachment. We found that

microcantilever spacing seems to affect the ability of myocytes to develop growth processes

and organize sarcomeres in culture. When myocytes attach and adapt to microcantilevers

with edge-to-edge spacing of 8 - 10 µm, sarcomeres develop normally, similar to those

cultured on laminin-coated culture dishes, and their organization does not appear to be

influenced by the array geometry. When the edge-to-edge spacing is reduced (4 - 6 µm),

the myocytes develop long lamellipodia-like outgrowths mainly composed of actin stress

fibers that appear highly influenced by the array. Moreover, the smaller spacing appears to

suppress formation of sarcomeres within these processes. These structures with precise

geometry provide a platform for studying the processes that regulate cardiac myocyte

adhesion, and the growth and remodeling of sarcomeres. These structures can also be used

to investigate how extracellular substrate geometry influences organization of the cardiac

myofilaments, a critical parameter necessary to consider for successful tissue engineering.

Analysis of myocytes contracting on the microcantilever arrays using a pseudo divergence

metric with a 2 × 2 kernel shows alternating regions of contraction and relaxation which

are not as evident when pure displacement data are plotted. A space-time plot of averaged

divergence values, however, does not reveal the calcium/contraction waves as was expected

probably due to the course sampling time during time lapse capture. The space-time plot

still shows alternating regions of contraction and relaxation. Analysis of a curl metric using

the same 2 × 2 kernel was more difficult to interpret. However, we found no correlations

between the sign of the divergence and the curl. It was determined that in 22.4% of the

cases when there was a positive divergence, the corresponding curl was also positive. The
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other values were determined to be 22.8% for negative to negative, 26.8% for positive

divergence to negative curl, and 27.9% for negative divergence to positive curl.

Introduction

Myofilament structure and physiology

Myocardial contraction and its control can be understood in terms of the interaction

among seven myofibrillar proteins (myosin, actin, tropomyosin, troponin C, troponin I,

troponin T, and titin) that, when assembled in vitro, exhibit three salient features of cardiac

contraction. They hydrolyze adenosine-5’-triphosphate (ATP) and thus are able to liberate

chemical energy; when they hydrolyze ATP, they undergo physicochemical changes that

are manifestations of tension development and shortening in living muscle; and their

interactions are controlled by calcium in a manner that reflects the ability of this ion to

couple excitation at the cell surface to the initiation of contraction.

The characteristic light and dark striations in cardiac myocytes differ in brightness

when viewed through crossed polarizing lenses. The dark striations are called A-bands

and they contain a highly ordered parallel array of thick filaments (Figure 5.1 and Figure

5.2). The light striations are called I-bands and they contain mainly the thin filaments. A

dense M-band is found at the center of each A-band, while I-bands are bisected by darkly

staining Z-lines, which delimit the fundamental morphological units of striated muscle

called sarcomere. The cross striation of the myocardium reflects the organization of the

contractile proteins into thick and thin filaments. The thick filaments are mainly composed

of myosin and they extend for the entire length of the A-band. Thick filaments also contain

supporting proteins, including titin, nebulette, and myosin binding protein C. The I-band

is made mainly of thin filaments and extends from the Z-band toward the center of the

sarcomere. The thin filaments are composed of actin, which interacts with the myosin

cross bridges, and the regulatory proteins tropomyosin and the troponin complex (troponin

T, troponin C, and troponin I) (Figure 5.3).

Myosin, the major protein of the thick filament of muscle, is an elongated molecule
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Figure 5.1 Illustration showing the typical structure of the cardiomyocyte. Heart my-
ocytes differ from skeletal myocytes in the absence of syncytia and the presence of
intercalated discs. Image from Kristic, R1

whose rigid tails are woven and form the backbone of this filament. The globular heads,

which project as the cross-bridges, interact with actin in the thin filaments and contain an

actin-activated ATPase. Actin is found in all eukaryotic cells. In muscle, actin is abundant

in thin filaments and as sarcomeric actin. It provides a scaffold for the rowing movements

of the myosin cross-bridges that power contraction. Two actin isoforms, the skeletal actin

and the cardiac actin, are found in the heart; these proteins are encoded by distinct genes.

The adult human heart contains mainly the cardiac isoform; the fetal heart contains a small

amount of skeletal isoform. In the rodent heart, skeletal actin is the predominant isoform

during the fetal life and is re-expressed in response to chronic pressure overload. In the

failing human heart a similar switch in isoforms occurs. Tropomyosin forms a rigid coiled

structure and per se this protein has no mechanical function but plays an important role in

muscle regulation. The troponin complex includes three proteins. Troponin I, in concert

with tropomyosin, regulates the interaction between actin and myosin; because the most

important of these effects is to inhibit the interactions between actin and myosin, this

93



Figure 5.2 Schematic showing basic structure of myofilaments. Myofilaments are a com-
plex structure of thick and thin filaments that slide one over the other during contraction.
Image from Alberts et al.2

Figure 5.3 Schematic showing proteins and molecules that make up the sarcomere.
Image from dissertation by Hefti, M.
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protein was named troponin I. Troponin T binds the troponin complex to tropomyosin,

and troponin C, which is a member of the EF-hand family of calcium-binding proteins,

contains the calcium-binding sites that regulate muscular contraction. Titin is the largest

known protein and is an integral part of the myofilament system in vertebrate striated

muscle. Full-length titin extends the half-sarcomere from the Z-disk to the M-line, with

the I-band region composed of distinct elastic segments that account for the extensibility

of titin. Titin has been implicated in the process of sarcomerogenesis, where it is thought

to serve as a framework for ordered assembly of myofilament proteins3.

Excitation contraction coupling

Excitation contraction coupling (EC-coupling) is a term used to describe the association

between calcium signaling and sarcomere contraction. In a cardiac myocyte the depolar-

ization of the membrane triggers the influx of calcium from the extracellular environment.

This influx is not sufficient in itself to activate the contractile apparatus but triggers calcium

release from the saracoplasmatic reticulum. This phenomenon is called calcium-induced

calcium release and is essential to initiate sarcomere contraction. Cardiac troponin C has

one specific site for calcium and two sites that bind either Ca 2+ or Mg 2+. At rest, the

Ca/Mg sites are occupied by either Ca 2+or Mg 2+ and these sites will be almost completely

saturated. In this condition troponin I interacts with the actin filaments, inhibiting the

formation of cross-bridges. When intracellular calcium rises, as a result of calcium-induced

calcium release, the Ca-specific sites are occupied and troponin C affinity for troponin I

significantly increases. In these conditions, troponin I can no longer interact with actin

and the myosin head will form cross-bridges, initiating contraction. The subsequent steps

require ATP to generate mechanical work. For simplicity, we can describe contraction and

relaxation in four main steps (Figure 5.4).

1. Hydrolysis of myosin-bound ATP

2. Formation of the active complex with actin

3. Dissociation of ADP
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4. Dissociation of actin and myosin

Figure 5.4 Representation of contraction and relaxation of myofilaments. The process
can be identified by four key steps. The role of calcium is also highlighted. (Adapted from
“Physiology of the Heart” third edition by Katz.

In the relaxed state myosin is bound to ATP and is dissociated from the actin filaments.

ATP is rapidly hydrolyzed into adenosine diphosphate (ADP) and a phosphate group, both

of which remain attached to the myosin head. The energy release by the hydrolysis of

ATP is transferred to the myosin, which becomes energized (step 1). At this point the

phosphate group is released and the myosin head interacts with the actin filaments to form

cross-bridges (step 2). Once the interaction is established, the chemical energy can be

converted into mechanical work. ADP is released at this point, allowing the rowing motion

that pulls the thin filaments toward the center of the sarcomere, resulting in the muscle

contraction. ADP release is also the limiting step in muscle contraction, being 1000 times

slower than the hydrolysis of ATP. As step 2 is the state of highest energy, step 3 is, on the

contrary, the state of lowest energy, called rigor complex. The rigor complex causes rigor

mortis in dead animals (step 3). To initiate a new cycle of contraction, the cross-bridges
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need to dissociate, which is induced by the binding of ATP to the myosin heads (step 4).

Extracellular matrix and cardiac dysfunction

The extracellular matrix is a complex collagen network that supports the cellular and

structural integrity of tissue. It plays a critical role in the physiology of the heart, and

alterations in the quantity and quality are associated with pathological conditions, such as

heart failure and dilated cardiomyopathy. Fibrosis is an event common to several cardiac

dysfunctions and consists in the deposition of interstitial tissue in the walls of the heart.

It is characterized by an increase in collagen content and type. The type of collagen

deposited varies according to the stage and type of cardiac dysfunction. Fibrosis has both

maladaptive and adaptive functions. The presence of fibrotic tissue induces myocardial

injury, arrhythmias, and impairs filling of the chambers. On the other side, deposition

of extracellular matrix proteins allows an increase in wall stiffness, at the same time that

it decreases wall stress in the failing heart. In hypertrophy, the presence of fibrosis may

explain the differences between pathological (presence of fibrotic tissue) and physiological

(“athlete’s heart”, with little or no fibrotic tissue) condition (Katz,A,M3). Alterations in

the matrix components and stiffness have been also associated with diabetes. Analysis

of diabetic hearts revealed an increased accumulation of collagen, which could lead to

hypertrophy of the left ventricle. Several animal models have demonstrated that deposition

of collagen is indeed due to diabetes. Moreover, in diabetic hearts left ventricle remodeling

and myocytes apoptosis after infarction are higher than in normal hearts4. Disruption of

the extracellular matrix can lead to cardiac dysfunction too. So far, several factors have

been identified to influence the balance between collagen synthesis and degradation, such

as inflammation triggered by viral infection. Metalloproteinases are a family of 20 different

species of zinc-dependent enzymes that are either membrane-bound or secreted in the

extracellular space. These proteins can selectively cleave components of the extracellular

matrix and can be activated by interleukins and by tumor necrosis factor (TNF), expressed

during myocardial inflammation. These same factors are expressed during inflammation

and they can down regulate the expression of TIMP proteins, endogenous inhibitors of
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metalloproteinases5.

Cardiac myocyte mechanotransduction

Mechanical signaling and force transmission within and outside the cardiac myocyte

are important players in the mechanotransduction process, and the cytoskeleton is a signifi-

cant link between the force-generating sarcomere, the cell membrane, and intracellular

stress-sensing components. Another mechanical factor involved in the maintenance of

cardiac myocytes is attachment. Cardiac myocytes are known to form focal adhesions for

attachment at the distal ends. However, they have also been shown to form cytoskeletal-

sarcolemmal attachments normally at points where their Z lines form.6 These sites are

termed costameres and have certain attributes that make them similar to focal adhesions.

They contain the proteins vinculin, talin and β1-integrin, which are commonly found in

focal adhesion sites. They tend to form on the cell closest to the cell-substrate interface,

and extracellular matrix (ECM) proteins are deposited on the outer surfaces7. It has

been suggested that the composition of these costameres makes them likely candidates

to mediate the attachment of the lateral aspects of the myofibrillar apparatus to the sar-

colemma, and that these sites, like the focal adhesion counterparts, are also responsible

for the physical transduction of mechanical forces8. Also important in cardiac research

with clinical significance are changes in cell shape, size, and contractility as a result of

adaptation due to changes in the physiological and patho-physiological environment of

cardiac myocytes. For example, heart failure is normally associated with dilated ventricles

which are also characterized by increased fibrosis9. The increased fibrosis results in a

stiffer matrix and a decrease in cardiac contractility.

Myofibrillogenesis

Myofibrils are cylindrical organelles found within muscle cells. They are bundles

of filaments that run from one end of the cell to the other and are attached to the cell

surface membrane at each end. Contractile proteins responsible for force generation and

transmission are supported by these structures. It has been demonstrated that the assembly
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of these proteins into their functional units (sarcomeres) is a well coordinated process10.

Many studies have been performed using primary cardiac myocyte cultures to try to explain

this assembly process, also termed myofibrillogenesis. Results from these experiments

have led to several models postulated to explain this process.

The importance of studying myofibrillogenesis cannot be overemphasized. Disruptions

and mutations in some of the proteins that are involved the process have been linked to

certain cardiac diseases, such as familial hypertrophic cardiomyopathy (FHC) and some

forms of hereditary dilated cardiac myopathy (DCM)11.

Stress fiber-like structures as templates

In the model first introduced by Dlugosz et al.12, components of stress fiber-like struc-

tures (SFLS) serve as templates for assembly of myofibrils. It proposes that the assembly

occurs in two phases. During phase one, small numbers of thick and thin filaments assem-

ble in close proximity to a single SFLS. The second phase involves displacement of the

newly forming myofibril from its subcortical domain during which the SFLS to which

it had been linked gradually disappears. Other experimental observations which could

potentially support this line of arguments were reported by Wang et al.13 and Schultheiss

et al.14

Assembly from several subunits

This model postulates that individual Z band-like materials, which are components

of the future I-Z-I bands,15 are originally in separate areas from which assembly of the

myofibrils takes place, and are in scattered arrays16,17. Titin, a sarcomeric protein, then

promotes assembly of these bodies into mature myofibrils by serving as a joining agent for

these scattered I-Z-I bands. Lu et al.18 proposed this model to explain myofibrillogenesis

in chick cardiac myocytes isolated from seven day old embryos.
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Premyofibrils as myofibril precursors

Rhee et al.19 use immunofluorescence to analyze embryonic cardiac muscle cells in

the early stages of spreading in culture. They introduce a premyofibril model of myofibril-

logenesis. This model characterizes maturation as a three-step process from premyofibrils

which become nascent myofibrils before fully maturing. They identify these three differ-

ent populations within specific regions of the cardiac cells. The mature myofibrils tend

to be centrally positioned and contain muscle-specific proteins. The premyofibrils are

located primarily in the periphery of the spreading cells and are dominated by non-muscle

myosin II and an absence of muscle-specific myosin. The nascent myofibrils constitute the

intermediate phase between the premyofibril state and the mature state and are spatially

distributed between the other two.

Assembly without any intermediate structures

Costa et al.20 describe myofibrillogenesis during zebra fish myogenesis in situ. Using

stains for cytoskeletal proteins actin, myosin, desmin, α-actinin, troponin and titin they

propose a very different model for myofribrillogenesis. Experimental observations lead

them to conclude that either the accumulation period is very short or there is no need

for the formation of the intermediate and transitional SFLS structures. Other sarcomeric

proteins such as troponin also appeared striated at the very beginning of myogenesis and

seemed to reinforce the notion that myofibrils matured very quickly during myogenesis in

the zebra fish. α-actinin, another of the very important proteins shown to be instrumental

in myofibrillogeneis19 in cultured chick cells also appeared striated and no transitional

state was detected. Costa’s group suggested that the interval between α-actinins expression

and striation was too short to detect and could explain this observation. They point out

that the intermediate stages where, for example α-actinin, appears as a dotted distribution

before becoming striated have been observed mainly in cultured myocytes.

As Sanger et al.16 point out the very nature of culturing myocytes in vitro may lead

to the formation of intermediate structures which may be the reason for the models that
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have been postulated. This idea has also been examined by Ehler et al.10 They argue that

cultured cells isolated from hearts already have myofibrils and therefore that situation

may not adequately reflect the actual processes that occur in situ. They point out that

degradation and recycling of myofibrils may occur during adaption to the underlying

two-dimensional substrate and that these specific culture conditions may drive formation

of intermediate structures such as stress fibers17,21.

In their study of immunostained whole mount preparations of embryonic chicken hearts,

Ehler et al.10 make important comparisons between observations of myofibrillogenesis in

vitro and in vivo. Table 5.1 summarizes these similarities and differences.

Table 5.1 Similarities and differences between myofibrillogenesis in vitro and in situ

In vivo In situ

Striations Striated in the center of the cell

with non-striated extensions into

the periphery

No transitions between striated and

non-striated are seen

Subsarcolemmal

adhesion

plaques (SAP)

Characterized by concentration of

the cell-substrate contact protein

vinculin and thought to represent

region of new myofibril assembly

No evidence for SAP

Maturation of

myofibrils

Nascent myofibrils are intermedi-

ates between premyofibrils and ma-

ture myofibrils

Observed myofibrillar structures

are always either immature or ma-

ture with all sarcomeric proteins in

correct striation pattern

Premyofibrils Shown to be present.19 No detection of premyofibrils

Importance of

non-muscle

myosin IIs

Non-muscle myosin IIB must be

present as a defining component in

premyofibrils that act as a space-

holder for muscle myosin isoforms

No evidence for a function of non-

muscle myosin IIB

Continued on next page
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Table 5.1 (continued)

In vitro In situ

Dense body-

like structures

Present and composed of α-actinin,

N terminus of titin, and actin

Also present

The experiments we conducted did not involve investigation of the other proteins (α-

actinin, desmin, titin, vinculin) that have been implicated in myofibrillogenesis in cardiac

and other striated muscle cells, therefore we cannot claim that the data presented in this

paper necessarily support any of the above mentioned models of myofibrillogenesis. More

importantly, as others have attested, myofibril assembly as studied in cultured myocytes

may not accurately describe this process.

Investigative tools

Some of the systems that have been designed to investigate these mechanisms in

vitro have traditionally involved culturing of primary or neonatal myocytes on flat two-

dimensional (2D) dishes or membranes22,23. Other systems which have tried to mimic more

closely the in vivo environment involve the use of three-dimensional collagen matrices24 ,

microgrooves in polymer substrates25,26, and biodegradable polymers27. Motlaph et al.28

have also used microtextured substrata consisting of pegs or grooves or a combination of

and have shown that these substrata alter gene expression, protein localization, and cardiac

myocyte shape. Their pegs are on the order of 10 µm in diameter with spacings of 100 µm

which is much greater than the individual size of single myocytes.

Recent advances in tissue engineering have required the development of three-

dimensional cell culture models in vitro29. Various techniques have been used in the

manufacture of the scaffolding required, including molding from micromachined silicon

molds30 and also from soft lithography methods31,32. These methods have been applied to

cardiac tissue engineering as well33.

The microcantilever arrays that have been developed can further be used to address
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questions regarding cardiac mechanobiology and remodeling in vitro and possibly cardiac

tissue engineering. Since the microcantilever arrays that were used have dimensions much

smaller than individual cardiac myocytes, it provides a substratum on which remodeling

can be investigated. An added advantage is that it can simultaneously be used to measure

force generation by the myocytes during contraction. The ability to also modify the di-

mensions provides an avenue by which the stiffness of the substrate can be altered without

changing the surface chemistry.

Materials and Methods

Fabrication of vertical microcantilevers

The vertical microcantilever arrays were designed and fabricated using standard soft

lithography methods and SU-8 2000™ negative photoresist (Microchem; Newton, MA) in

a clean room with some modifications to improve the minimum feature size that could be

obtained as previously described34. After the photolithography step, liquid prepolymer of

the elastomer polydimethylsiloxane (PDMS; Slygard 184, Dow Corning; Midland, MI)

was poured over the surface of the SU-8 master, degassed under vacuum, cured overnight

at 65◦C, then peeled off. The PDMS mold was oxidized in a plasma cleaner for 30 sec-

onds, then silanized with (Tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (United

Chemical Technologies; Bristol, PA) under partial vacuum overnight. Liquid PDMS was

then poured on the surface of the silanized PDMS mold, degassed, and cured at 65◦C for 15

hours. The cured elastomer was peeled from the PDMS mold to yield a the microcantilever

arrays. Some of the microcantilevers were also fabricated from silicon master molds that

had been etched using cryogenic etching techniques35. Similarly, the silicon master molds

were also silanized after plasma cleaning and liquid prepolymer was poured on them and

degassed under vacuum. However these were cured at 110◦C for 20 hours before mold

separation.
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Cell isolation and culture

Rat cardiac myocytes were isolated using protocols similar to those described in Lim

et al.36 Wistar rats weighing 200-250 g were anesthetized (50 mg/kg ip pentobarbital

sodium) and heparinized (200 IU iv). The hearts were rapidly excised and immersed in

an ice-cold modified cardioplegic Krebs-Bulbring (KB) solution [containing (in mM) 85

KOH, 30 KCl, 30 KH2PO4, 3 MgSO4, 0.5 EGTA, 10 HEPES, 50 L-glutamic acid, 20

taurine, 10 2,3-butanedione monoxime (BDM), and 10 glucose]. The hearts were cannu-

lated via the aorta and perfused in a retrograde fashion at a constant perfusion pressure of

90 cmH2O. The hearts were first perfused for 5 min with nonrecirculating 1.8 mM Ca 2+

Tyrode solution [containing (in mM) 137 NaCl, 5.4 KCl, 1.8 CaCl2, 0.5 MgCl2, 10 HEPES,

and 10 glucose; pH 7.4] followed by Ca 2+-free Tyrode solution [containing (in mM) 135

NaCl, 4 KCl, 1 MgCl2, 10 HEPES, 0.33 NaH2PO4, and 10 glucose; pH 7.2] for another 5

min. Hearts were then perfused with a digestion solution containing 0.08% collagenase

A (Collagenase A, Boehringer-Mannheim; Indianapolis, MN) and 0.02% protease XIV

(Sigma; St. Louis, MO). After the hearts were palpably flaccid, the digestion solution was

washed out with Ca 2+-free Tyrode solution for 30 s. The hearts were then removed from

the cannula, and the LV (including septum) was separated, minced, and gently agitated,

allowing the myocytes to be dispersed in KB solution. Prior to seeding, the microcantilever

arrays were sterilized and then either soaked or stamped with laminin to promote adhesion

of the cells to the substrate. The myocytes were cultured for 12 - 14 days and culture

medium was changed every 3 - 4 days. The myocytes were monitored for spreading as

well as spontaneous contraction. The experiments were performed on microcantilever

arrays with differing geometries based on microcantilever size and spacing to see how

this affected cardiac myocyte maintenance. As controls to most of the experiments, cells

were also cultured on laminin-coated culture dishes and results were compared to those on

the microcantilevers. The cells were also fixed and stained for actin and the myofibrilla

M-band protein myomesin
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Image analysis

Time lapse images when required, were acquired and analyzed for microcantilever

displacement using a combination of Metamorph™ and a modified image particle track-

ing algorithm written in MATLAB™. This represented contractile forces generated by

contracting myocytes. In cases where the tracking algorithm could not detect any of the

microcantilevers for a particular frame a displacement of zero was assigned. Fluorescent

images were acquired using the Zeiss LSM510™ confocal imaging system. This was used

to access the degree of sarcomere formation, remodeling, and cell shape and morphology.

To be able to access how the spatial arrangement of the microcantilevers could affect the

2D- fast fourier transform (FFT) used to in our analysis, differential interference contrast

(DIC) or phase contrast images were taken of plain microcantilevers without an cells

attached. These images were converted to binary images using an appropriate automatic

threshold algorithm (Otsu thresholding37,38) and then 2D-FFTs were computed.

(A) (B)

Figure 5.5 Divergence and curl schematics. (A) 2 × 2 kernel for divergence. Arrows
represent direction used to represent positive divergence. (B) 2 × 2 kernel curl. Arrows
represent directions used to represent positive curl.
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Computation of divergence and curl

The force data extracted from the deflection of the microcantilevers (Figure 5.21 -

5.22) does not take into consideration the fact that force is a vector quantity and hence

has a directional component to it. To obtain a different perspective on the way the forces

are distributed, divergence and curl metrics were computed over the duration of the time

lapse movie. Figure 5.5(A) and (B) show schematics of the 2 × 2 kernel that was used for

computation of the metric. The arrows represent the notation that was used to represent

positive values. The divergence and curl were calculated using the following equations,

respectively:

∇.Di+ 1
2 , j+

1
2

= Dxi+1, j+1 + Dyi+1, j+1 − Dxi, j+1 + Dyi, j+1

− Dxi, j − Dyi, j + Dxi+1, j − Dyi+1, j

(5.1)

and

∇ × Di+ 1
2 , j+

1
2

= Dyi+1, j+1 − Dxi+1, j+1 − Dxi, j+1 − Dyi, j+1

+ Dxi, j − Dyi, j + Dxi+1, j + Dyi+1, j

(5.2)

The computation was skipped in cases where all four microcantilevers could not be identi-

fied. Computations on the boundaries were also skipped and not assigned a value (Dirichlet

or first type boundary conditions) as is normally the case in finite difference or finite el-

ement methods. The computed value was assigned to a complementary grid which is

actually the midpoint of the four microcantilevers which are used for computation (red

circle in Figure 5.5(A) and (B)).

Results and Discussion

Two dimensional FFTs of plain microcantilevers

Images from the fixing and staining of the myocytes on the microcantilevers sometimes

included silhouettes of the microcantilevers and their frequency components appeared in

the 2D-FFTs. To determine if these were of any consequence, 2D-FFTs of DIC or phase
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Figure 5.6 Binary image of Figure 5.7(I) used for computing the corresponding 2D-FFT
(Figure 5.7(L)).

contrast images of plain microcantilevers with diameters of 1 and 3 µm and edge-to-edge

spacings of 1, 2, and 4 µm and 6, 8, and 9 µm respectively were computed. These images

were first converted to binary images as shown in Figure 5.6. DIC and phase contrast

images and their corresponding 2D-FFT outputs are shown in Figure 5.7(A) - (L). It

can clearly be seen that as the edge-to-edge spacing increases for the same diameter of

microcantilever, the corresponding spacings in the frequency domain image decrease. This

is in agreement with fourier theory where it is known that the fourier transform of a grid is

also generally a grid with the reciprocal directions and spacings. The difference between

the patterns observed for the 1 µm diameter microcantilevers and the 3 µm diameter

microcantilevers is due to the difference in the spatial arrangement of the microcantilevers

with the 3 µm diameter ones being in a square arrangement and those with 1 µm diameter

being in an hexagonal arrangement.

Comparison of sarcomere formation

In an attempt to quantify the quality/extent of sarcomere formation in the myocytes,

the peaks of the intensity values of the fundamental frequency from the two-dimensional

FFT were plotted on a logarithmic scale. The values for myocytes fixed and stained after

allowing the cells to adhere were compared for cells seeded in the Petri dishes, on the

microcantilevers, and those that attached to areas of PDMS where there were no microcan-

107



(A) 1 µm, 1 µm (B) 1 µm, 2 µm (C) 1 µm, 4 µm

(D) 2D-FFT; 1 µm, 1 µm (E) 2D-FFT; 1 µm, 2 µm (F) 2D-FFT; 1 µm, 4 µm

(G) 3 µm, 6 µm (H) 3 µm, 8 µm (I) 3 µm, 9 µm

(J) 2D-FFT; 3 µm, 6 µm (K) 2D-FFT; 3 µm, 8 µm (L) 2D-FFT; 3 µm, 9 µm

Figure 5.7 Plain microcantilevers and their corresponding 2D-FFTs. The first number in
the label represents the diameter and the second, the edge-to-edge spacing. Scale bars are
20 µm.
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tilevers. The same comparison was made for cells that were fixed and stained after 6 days

in culture medium.

(A) (B)

(C) (D)

Figure 5.8 Cardiomyocytes fixed and stained at isolation in Petri dishes. (A) Projection
of a Z-stack of images taken with the confocal microscope. Sarcomeres are clearly visible
and cells are rod shaped, as expected. (B) One slice of the Z-stack of the confocal scan
from (A). (C) Two-dimensional fast fourier transform (FFT) of Figure 5.8(A) showing
four selected points whose spatial period is determined. (D) Intensity values from Figure
5.8(B) plotted on a logarithmic scale.
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Adaptation on culture dishes

Controls for the experiments were done with myocytes that were cultured on Petri

dishes. Figure 5.8(A) shows a fluorescent image of myocytes at the time of isolation in

Petri dish. The cells were fixed and stained for myomesin. This image is a Z-projection of

a confocal stack of images, thus the image shows some blurring though the sarcomere is

clearly visible. A two-dimensional FFT of each slice of the stack of images was computed

and Figure 5.8(B) shows a projection image of the computed FFT with the quadrants

swapped. The spatial frequency in C/µm for the first harmonic/peak was determined. The

four values had a mean value of 1.7675 ± 0.0395 which is very close to the reported length

of a typical sarcomere (1.842 ± 0.078 µm) for intact rat cardiac myocytes at rest.39 The

magnitude of the intensity values of the two-dimensional FFT on a logarithmic scale was

also plotted and the peak values at the fundamental frequency were determined as shown

in Figure 5.8(D).

Results after fixing and staining myocytes that had been cultured for six days on the

Petri dishes are shown in Figure 5.9(A) – (C). Figure 5.9(A) is a Z-projection of the

individual slices of the confocal images and Figure 5.9(B) shows a single slice from

the confocal image stack used to generate the Z-projection image. The flattening of the

myocytes as they spread out is clearly visible. In this case myofibrils are not in the orderly

arrangement of the myocytes fixed at isolation. This makes individual sarcomere more

difficult to identify. This outcome manifests in the two-dimensional FFT of the image

(Figure 5.9(B))which shows the fundamental frequency peak to be almost circular in

shape as a result of the varied orientation of the myofibrils.

The peak intensity value on the logarithmic scale for the fundamental frequency was

close to that of the case at isolation, (2.765 ± 0.012728 after 6 days and 2.7695 ± 0.1351

at isolation) showing that sarcomere formation had not really been affected after 6 days in

culture. This observation was the same for myocytes that attached to flat areas of PDMS

not covered by the vertical microcantilever arrays (2.7790 ± 0.0156 after 6 days and 2.771

at isolation), though they did not seem to have spread out as much as cells did in the flat

Petri culture dishes. Figure 5.10(A) and 5.10(B) show Z-projections of confocal images
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(A) (B)

(C) (D)

Figure 5.9 Myocytes fixed and stained at six days of culture on Petri dishes. (A) Pro-
jection of a Z-stack of images taken with the confocal microscope. Sarcomeres not as
visible in this case as myofibrils are not in an orderly arrangement as is the case at isolation.
(B) Single slice of the Z-stack from (A) showing arrangement of myofibrils. (C) two-
dimensional FFT of (A) with quandrants swapped (D)Intensity values from (B) plotted on
a logarithmic scale
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(A) (B)

(C) (D)

Figure 5.10 Adaptation of cardiomyocytes that were cultured on a flat PDMS surface
and fixed and stained after six days ((A) Z-projection, (B) single slice) and after eight ((C)
Z-projection, (D) single slice).

for the myocytes after six and eight days of culture on PDMS, respectively.

Adaptation to microcantilever arrays

Myocytes that were fixed and stained a few hours after seeding on the microcantilevers

exhibited the same morphological characteristics as those that were fixed and stained a

few hours after seeding in the Petri dishes, irrespective of the specific geometry of the

microcantilevers. Figure 5.11 and 5.12 show images from two such isolations, showing

myocytes that look the same as those isolated on the Petri dishes. These myocytes were
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(A) (B)

(C) (D)

Figure 5.11 Myocytes fixed and stained at the time of isolation on 9 µm separation mi-
crocantilevers. (A) Projection of a Z-stack of images taken with the confocal microscope.
(C) Two-dimensional FFT of (A) with quadrants swapped (D) Intensity values from (B)
plotted on a logarithmic scale.

isolated on microcantilevers that were 3 µm in diameter 11 µm tall with 9 µm edge-to-edge

separation (Figure 5.11) and 2 µm in diameter 7 µ tall with edge-to-edge separation of 5

µm (Figure 5.12) respectively.

Cells were removed from culture medium, fixed and stained every two days and confo-

cal images were taken. It was observed during the first two days after isolation that the

cells lost their rod shape structure and became more rounded, with a corresponding loss in

the orderly arrangement of the sarcomeres. This may be due to protein turnover during the

remodeling and adaptation process.17

There were noticeable differences between the cells cultured on the Petri dishes and
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(A) (B)

(C) (D)

Figure 5.12 Myocytes fixed and stained at the time of isolation on 5 µm separation
microcantilevers. (A) Projection of a Z-stack of images taken with the confocal micro-
scope. (B) Single slice of Z-stack of (A) in which sarcomeres are more clearly visible. (C)
Two-dimensional FFT of (A). (C) Intensity values from (D) plotted on a logarithmic scale.

those cultured on the microcantilevers. At six days of culture the myocytes on the Petri

dishes were mostly spread out with a disorganized arrangement of myofibrils. Cells

cultured on the microcantilevers, however seemed to adapt and remodel based on the ge-

ometry. Figure 5.13 shows myocytes cultured on microcantilevers with 6 µm edge-to-edge

separation and fixed and stained after six days of culture. A Z-projection is shown in

Figure 5.13(A). As was observed in the case of myocytes cultured on the Petri dishes,

the fundamental frequency band of the two-dimensional FFT was almost circular as well,

indicating that the fiber orientation was not orderly as in the case of freshly isolated

myocytes.
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(A) (B)

(C) (D)

Figure 5.13 Myocytes fixed and stained after six days of culture on 6 µm separation
microcantilevers. (A) Projection of a Z-stack of images taken with the confocal microscope.
(C) Two-dimensional FFT of (A) showing almost circular arrangement of fundamental
frequency which represents the regularly spaced sarcomeres (D) Intensity values from (C)
plotted on a logarithmic scale.

It was observed that microcantilevers with 2 µm diameter and 5 µm edge-to-edge

separation inhibited the ability of myocytes to form sarcomeres adequately. In this case

the myocytes seemed to form long actin-like structures in between the microcantilevers

but with very limited formation of sarcomeres. Figure 5.14 shows projections of cells

cultured, fixed and stained on day eight of culture and that show this morphology. Figure

5.14(A) shows the myomesin stain and Figure 5.14(B) shows a merged image of the

actin and myomesin stains. The two-dimensional FFT of Figure 5.14(A) shows that

the fundamental frequency band is barely visible. Other frequencies representing the
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microcantilever array are also present and can be seen more vividly in the intensity plot on

the logarithmic scale. Myocytes cultured on microcantilevers that were 1 µm in diameter

with edge-to-edge spacing of about 1 µm (Figure 5.15) also displayed morphology very

similar to those cultured on microcantilevers with 2 µm diameter and 5 µm edge-to-edge

separation. However, the actin fibers were not as long as those in Figure 5.14. Sarcomere

formation was also inhibited in this case. Figure 5.15(A) and 5.15(B) show a merged

image of the actin and myomesin stains and the intensity profile on a log magnitude scale

of the two-dimensional FFT, respectively.

(A) (B)

(C) (D)

Figure 5.14 Adaptation of myocytes to 5 µm edge-to-edge separation and 2 µm diameter
microcantilevers (A) Myomesin stain. (B) Merged image of the actin and myomesin stains.
(C) Two-dimensional FFT of (A) (D) Intensity values from Figure 5.14(C) plotted on a
logarithmic scale.
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(A) (B)

Figure 5.15 Adaptation on 1 µm edge-to-edge separation and 1 µm diameter micro-
cantilevers (A) (B) Intensity values from two-dimensional FFT plotted on a logarithmic
scale

Depth dependence of sarcomere organization

Another interesting observation was that in some cases the myocytes displayed a more

orderly arrangement of fibrils for a few µm when scanning down from the top of the

cell. As the cell was progressively scanned from top to bottom there was a noticeable

rearrangement of fibrils. Figure 5.16(A) – to (P) is a montage of part of the myocyte in

Figure 5.13(A) showing myofibril arrangement at different depths of the confocal scan.

The remodeling of the myofibrils is prominent between 19 and 25 µm of the z-scan. At

22 µm the displacement of four microcantilevers is evident and the equivalent forces have

been indicated. Figure 5.17(A) – to (F) is another montage of z-scans showing similar

effects. To obtain the different perspective on the arrangement of the myofibrils, Figure

5.17 was resliced at an angle of about 50◦ to the horizontal in steps of 0.5 µm. Figure

5.18(A) and 5.18(B) show results from this reconstruction. Figure 5.18(A) shows four

consecutive slices in an area where there are no microcantilevers and Figure 5.18(B)

shows four consecutive slices from an adjacent area with microcantilevers.

This was observed for several other myocytes as well. Figure 5.19 shows individual
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(A) 1 µm (B) 8 µm (C) 10 µm (D) 12 µm

(E) 14 µm (F) 15 µm (G) 16 µm (H) 17 µm

(I) 18 µm (J) 19 µm (K) 20 µm (L) 21 µm

(M) 22 µm (N) 23 µm (O) 24 µm (P) 25 µm

Figure 5.16 Montage of z-scan of Figure 5.13 from 1 µm (A) where the cell is not
visible at all to 25 µm (P). Between 7 µm and 10 µm an almost parallel arrangement of
fibrils similar to freshly isolated myocytes is evident. After that remodeling seems to
affect arrangement of the fibrils with the effect greatest between 19 µm (J) and 25 µm
(P) when the scan ends. Arrows shown in (M) represent approximate forces exerted on
microcantilevers by surrounding myofibrils.
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(A) 8 µm (B) 10 µm (C) 12 µm

(D) 14 µm (E) 16 µm (F) 18 µm

Figure 5.17 Montage of z-scan of a myocyte showing adaptation from 8 µm (A) to 18
µm (F). Remodeling seems to affect arrangement of the fibrils, with the effect greatest
between 10 µm (B) and 16 µm (E).

(A) (B)

Figure 5.18 Reslice of z-scan of Figure 5.17 at an angle of about 50◦ to the horizontal
showing a different perspective of adaptation to microcantilevers. (A) Four consecutive
slices in areas with no microcantilevers (B) Four consecutive adjacent slices that pass
through microcantilevers. Slices are at 0.5 µm intervals.
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(A) (B)

(C) (D)

Figure 5.19 Adaptation on microcantilevers. Images showing other observations of
myocytes adapting to microcantilevers. (A) - (C) Microcantilevers with 3 µm diameter, 10
µm tall and ∼9 µm spacing. (D) Microcantilevers with 3 µm diameter, 10 µm tall and ∼8
µm spacing.
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slices of z-stacks of some of these other observations. Figure 5.19(C) is an overlay of

the stains for actin and myomesin. Figure 5.19(D) shows a circular arrangement around

individual microcantilevers and the insert in this figure shows an intriguing “figure 8”

arrangement of a fibril.

In summary we observed that at the time of isolation, there was no distinct difference

in the peaks for myocytes seeded on microcantilevers with edge-to-edge spacing of 5

µm (2.8205 ± 0.0219), 6 ,8 and 9 µm (2.7680 ± 0.1507), in the Petri dishes (2.7695 ±

0.1351) and those on plain PDMS (2.7710). After 6 days of culture, there were noticeable

differences for the myocytes cultured on microcantilevers (edge-to-edge spacing of 2 and

5 µm = 2.1020 ± 0.0594, edge-to-edge spacing of 6,8 and 9 µm = 2.0788 ± 0.1947)

as compared to those in the Petri dishes (2.7650 ± 0.0127) and the flat areas of PDMS

(2.7790 ± 0.0156). Those on the microcantilever arrays displayed lower values for their

peaks while those on the flat areas of PDMS and the Petri dishes had no significant change.

Figure 5.20(A) and 5.20(B) show a summary of this data.

(A) (B)

Figure 5.20 Summary of peak data (A) Peak of intensity value on a logarithmic scale
for 2D FFT for myocytes fixed and stained at isolation. Data show about the same values
irrespective of substrate type. (B) Peak data in the case of myocytes fixed on day 6 after
isolation.

Another important consideration in looking at these data is remodeling and growth of

the sarcomeres in relation to certain pathological situations in which changes in myocyte

phenotype and structure are driven by changes at the sarcomere level17. The microcan-
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tilevers provide a unique platform that can be used to further elucidate how the nature of

three dimensional substrates could affect the remodeling of the sarcomeres. This may not

necessarily reflect what happens in vivo but could prove important in understanding the

various remodeling mechanisms.

It is our opinion that more experiments may have to be done to determine which of the

myofibrillogenesis models the data presented here support. However, based on just these

observations, it seems the first three models discussed in the subsection myofibrillogenesis

(stress fiber-like structures as templates, assembly form several subunits, and premyofibrils

as myofibril precursors) are the most likely candidates.

(A) (B)

(C) (D)

Figure 5.21 Contracting myocytes. (A) Myocyte with overlay showing eight microcan-
tilevers (colored) whose force data have been plotted in (B). (C) Myocyte with overlay
showing eight microcantilevers (colored) whose force data have been plotted in (D)
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(A)

(B)

Figure 5.22 Force distribution in myocytes. (A) Force distribution for the myocyte
shown in Figure 5.21(A). The fit to a log normal distribution is shown. The insert is a
distribution for the two microcantilevers tracked representing noise. (B) Force distribution
for the myocyte shown in Figure 5.21(C).
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Figure 5.23 Shear forces exerted.

Analysis of contracting myocytes

Spontaneous contraction of myocytes on the microcantilevers was observed in some

cases. This provided an opportunity to access the ability of the myocytes to generate force

and contraction on the microcantilevers. Figure 5.21(A) and (C) show the outlines of two

such cells that were observed. The variation of the magnitude of force with time for these

two cells has been shown (in this case only eight of the identified microcantilevers have

been plotted).

Two microcantilevers which did not have any myocytes attached were also tracked and

plotted. This gives an indication of the noise due to image shifts. Using the number of

peaks observed over the time period, the frequency of contraction (beat frequency)was

calculated to be 1 Hz. The average shear force generated by these two cells was also

computed by summing the total force generated by each cell over the same time period and

dividing this by the approximate area that each cell covered. This area was estimated by

counting the total number of microcantilevers that each cell covered and then multiplying

this by the individual cross sectional area of a single microcantilever. The mean value was

determined for both cases and it was observed that the myocyte identified in Figure 5.21(C)

had a greater shear stress (1284 Pa) than the myocyte in Figure 5.21(A) (891 Pa). This is

plotted in Figure 5.23. The distribution of the forces for both cells was also determined

by computing a histogram. In both cases the distribution of forces followed a log normal
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distribution, as shown in Figure 5.22(A) and (B). This is in agreement with observed force

distributions for smooth muscle cells that have been reported in the literature cite34,40.

Divergence and curl

To better represent the directional nature of the forces generated, raw displacement

data were plotted for positive and negative deflections in the x and y directions for the

three regions observed to have contracting myocytes two of which are shown in Figure

5.21. A non-linear color table was used for representing the values due to the non-uniform

distribution of computed displacements. The plots for four consecutive frames for the

displacements in x and y are plotted in Figure 5.24(A) - 5.24(D) and 5.24(E) - 5.24(H) re-

spectively. Close examination of these show that while there are some observable patterns,

they provide very little additional information from what can be learned from the absolute

force plots in Figure 5.21. The divergence and curl using a 2 × 2 computational kernel was

(A) T = 4.176 secs (B) T = 4.350 secs (C) T = 4.524 secs (D) T = 4.698 secs

(E) T = 4.176 secs (F) T = 4.350 secs (G) T = 4.524 secs (H) T = 4.698 secs

Figure 5.24 Raw displacements in the x and y directions plotted using the same color
table as that for the divergence. (A)- (D) Raw displacements in the x direction. As can
be seen they do not exactly match the pattern observed in the divergence in Figure 5.26.
(E)-(H) Raw displacements in the y direction. The alternating areas of contraction and
relaxation cannot be observed though this is much closer to the divergence case.
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evaluated using Equations (5.1) and (5.2), respectively. In both cases the corresponding

displacements in the x and y directions for each of the four nearest microcantilevers were

utilized. The divergence and curl metrics were computed for four nearest microcantilevers

and the resulting value was assigned to a point midway between them.

(A) (B)

Figure 5.25 Divergence and curl computed with a 2 × 2 kernel for frame five (time=696
ms) of a movie using non-linear color tables. (A) The computed divergence metric and (B)
the computed curl metric.

The two metrics were computed at each time frame for all identified microcantilevers

within a certain area of interest using an algorithm written in MATLAB™. The outputs

were stored as a sequence of images in *.avi movie format. Figure 5.25(A) and 5.25(B)

show the divergence and curl computed for frame five (time=696 ms) in the 120 frame

(20.76 seconds) time lapse movie. The distribution of computed values in both cases were

not uniform over the full range of possible values. This required the use of non-uniform

intervals for representation of the values for the color table with a finer division assigned

to the range of values with a higher frequency of occurrence and a coarser division for the

range of values with a lower frequency. As can be seen from these images there was a

significant difference between the divergence metric and the curl metric.

Computing the divergence and curl metrics provided an opportunity to examine the

displacement data in a different light. Not only did it provide a directional element, but

the computed metrics gave a representation of the relative movements of the microcan-

126



(A) T = 4.176 secs (B) T = 4.350 secs (C) T = 4.524 secs (D) T = 4.698 secs

Figure 5.26 Divergence using a 2 × 2 kernel showing alternating regions of contraction
and relaxation (A) – (D) across the cell highlighted in Figure 5.25(A).

tilevers with respect to each other. It was observed that especially in the case of the region

representing the cell that has been highlighted with the oval in Figure 5.25(A), there are

noticeable differences between areas that were contracting and areas that were relaxing for

a particular time frame. In some cases opposite ends of the cell showed in general a positive

divergence (relaxation) while the middle of the cell showed the opposite (contraction of

the cell). Figure 5.26(A) - 5.26(D) shows this clearly. Computing the divergence and curl

metric thus provided a different perspective in analyzing the raw displacement data. These

metrics can also be compared to computation of volumetric strain41,42 and volumetric

distortion43 respectively.

(A) (B)

Figure 5.27 Average positive (A) and negative (B) divergence computed using a 2 × 2
kernel and represented using a linear color table.
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Figure 5.28 Root mean square of divergence using 2 × 2 kernel showing the distribution
represented using a linear color table assignment.

The above observation, was unexpected. However, there have been extensive reports in

the literature on calcium and contraction waves in cardiac myocytes44–46. Lamont et al.47

also showed that calcium waves originate from either one end or the center of the cell and

propagate towards the other end. It is also well known that calcium waves are responsible

for contraction waves in cardiac myocytes48,49.

To provide a hopefully better visualization of these alternating regions of contraction

and relaxation, we averaged the divergence values longitudinally or horizontally, depending

on the orientation of the areas being analyzed and plotted the average values on a linear

grid with time (frame no.) on the vertical axis and space (averaged values along particular

dimension) on the horizontal axis to create a space-time plot. Figure 5.29 shows the

plots that were obtained for the three different regions shown in Figure 5.25. We did not

observe diagonal lines that would represent waves of contraction and relaxation as we were

expecting, but rather the same kind of alternating regions of contraction and relaxation that

we saw in the divergence data. The reason for this could be due to low sampling frequency

during capture of the time-lapse images (5.7 Hz), which could lead to an aliasing effect.

This however does not exclude the possibility that the alternating regions we observe are

actually due to propagation of slow cardiac calcium waves45. Another observation is the

fact that in some cases certain areas of the cell remain contracted or relaxed for more than

one frame interval.
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(A)

(B)

(C)

Figure 5.29 Space-time plots for average divergence for three regions shown in Figure
5.25.
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In order to identify possible hot spots of contraction, average values for each metric at

each pseudo point were computed for only positive divergence and negative divergence

values. Figure 5.27 shows the average values computed. In this case the values were

represented using a linear color table. One conclusion we could draw was that there was

no significant difference in the average values for positive and negative divergence. This

meant that for the most part, the regions analyzed contracted and stretched to about the

same degree. One possible explanation could be the alternating contraction and relaxing

regions that we have mentioned. The root mean square (RMS) of the divergence was

also computed. This provides an insight into the regions that exhibited the most energy

dissipation or the areas where the most work was done. This is plotted in Figure 5.28.

Generally there was a correlation between the areas that showed the highest values in

terms of the average negative or positive divergence and those that showed the most energy

dissipated.

The curl metric was computed to investigate the possibility of rotational patterns occur-

ring during the contraction, relaxation, and streching process. The curl operator produces

a vector. Because our displacements were restricted to the x-y plane we only needed to

compute the z component of the curl. In this case these values represent the rotation or

circulation in the plane of the top of the posts per unit area. No significant patterns were

observed in the case of the curl metric.

To determine if there were any relations between the signs of divergence and curl, we

determined when the positive divergence and curl did and did not coincide. In making

this comparison areas with zero values were ignored. It was determined that in 22.4% of

the cases when there was a positive divergence the corresponding curl was also positive.

The other values were determined to be 22.8% for negative to negative, 26.8% for positive

divergence to negative curl, and 27.9% for negative divergence to positive curl. These

numbers show that there was no significant relation between the divergence at a point and

the corresponding curl. It must be noted that we did not consider the strain-rate dependence

of the the elastic modulus of PDMS that has been reported in the literature50
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Summary and Conclusions

We examined the use of a microfabricated microcantilever array as an assay to examine

cardiac myocyte adhesion, remodeling, and contractile function. It was observed that

generally myocytes adhered better on the plastic-coated dishes than on the microcantilevers.

Our observations showed that there was no difference in myocyte sarcomere structure at

the time of isolation irrespective of the nature of the substrate the myocyte was adhering to.

After culturing the myocytes for about six days we noticed differences in structure between

myocytes growing on the flat Petri dishes and on the PDMS microcantilever arrays. The

microcantilever arrays seemed to affect the way in which the myocytes adapted, causing a

considerable rearrangement of the myofibril structure. Comparing two dimensional (2D)

FFT outputs showed significant differences as well. There was no noticeable difference

for myocytes cultured on the Petri dishes and those cultured on flat PDMS substrates.

In the case of the myocytes on the microcantilevers, array spacing seemed to affect the

ability of myocytes to form sarcomeres in culture. Microcantilevers having edge-to-edge

spacings of 5 µm were observed to have the greatest inhibitory effect. It must be noted

that in computing the two-dimensional FFT the myofibril orientations were not taken into

consideration. This could have an effect on the computation and could be responsible

for the spreading out of the peak values for the three-dimensional projection on the log

scale. A radial profile plot of the two-dimensional FFT instead of the three-dimensional

projection could be a possible solution.

We also analyzed spontaneously contracting myocytes on the microcantilever arrays.

Absolute force data for some of the tracked microcantilevers fit log-normal distributions.

Computing a divergence metric provided a means to observe contraction and relaxation

patterns in some of the myocytes. These patterns were not observed when corresponding

raw displacement data were plotted. It was also observed that there was no significant

relation between the computed divergence at a particular point and its corresponding curl.

These results and observations demonstrate that the microcantilever array can used to

investigate myocyte mechanotransduction as well as remodeling in vitro especially since

it provides an assay to study these phenomena for the case where the cardiomyocyte is
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anchored at multiple points unlike other studies where the cardiomyocyte is either free or

held at its end. It could also be used as a possible assay for myofibrillogenesis.
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Abstract

This paper examines the use of deep reactive ion etching (DRIE) of silicon to produce

master molds for vertical microcantilever arrays using fluorine high-density plasmas at

cryogenic temperatures. The resultant profiles achieved depend on the rate of deposition

and etching of a SiOxFy polymer, which serves as a passivation layer on the sidewalls and

the bottom of the etched structures in relation to areas that have not been passivated with

the polymer. We look at how optimal tuning of two parameters, the O2 flow rate and the

capacitively coupled plasma (CCP) power, determine the etch profile. All other pertinent

parameters are kept constant. We examine the etch profiles produced using e-beam resist

as the main etch mask, with holes having diameters of 750 nm, 1 µm, and 2 µm.

Introduction

The use of plasma etching techniques for fabrication of devices in silicon has gained

widespread use. The semiconductor and microelectronics industry has been the driving

force behind this trend. More recently plasma etching has found widespread use in the

microelectromechanical (MEMS) and biological micoelectromechanical (BioMEMS) in-

dustry. There are some differences between its use in the integrated circuit (IC) industry

and the more recent MEMS and BioMEMS applications. Feature sizes are normally in the

submicron region and are actually getting smaller for IC fabrication, while those for MEMS

and BioMEMS are normally a few microns wide. On the other hand, while the etch depths

are only a few microns in ICs, etch depths can reach a few hundred microns in MEMS

and BioMEMS fabrication. Some of the requirements in reactive ion etching for MEMS

and BioMEMS include generation of high aspect-ratio structures without sacrificing etch

rate unduly, maintaining high selectivity of photoresist or etch mask relative to silicon

and precise control of sidewall profile. In some applications a smooth surface (average

roughness less than 200 nm) is required, as is the case for molds used for polymer hot

embossing processes1,2 or for microneedles used in drug delivery3.

Anisotropic reactive ion etching involves the delicate balance between passivation of

137



the side-walls and etching of the bottom of the structures. The etch is mainly produced by

bombardment of ions from the plasma discharge. Lærmer and Schilp4 first developed this

etch technique at Borsch. It is also commonly referred to as the “Borsch Process.” This

technique involves alternating etch and passivation steps in a continuous cycle to achieve

the high aspect ratio structures. Both steps are done at room temperature. This technique

was later co-developed and marketed by Surface Technology Systems plc(UK) and Alcatel

Vacuum Technology (France) on their inductively coupled plasma (ICP) tools5. Some of

the earliest products using this technology were surface micromachined devices such as

the accelerometer for airbag deployment6. Another notable application is the fabrication

of gyroscopes used in cars for stability control7. Typical etch rates are about 2 µm/min,

though rates as high as 10 µm/min are achievable today5,8.

An alternative technique was introduced by Tachi et al.9 This involves etching sub-

strates at cryogenic temperatures, also using fluorine-based high-density plasmas. The

main chemical reactions that occur in reactive ion etching are those due to spontaneous

etching and those due to ion-assisted reactions9. The spontaneous reactions which occur

on both the sidewalls and the bottom account for the isotropic etch. To produce anisotropic

etches the spontaneous reaction has to be slowed down considerably, and Tachi et al

accomplished this by controlling the substrate temperature, the rationale for this being that

cooler temperatures will reduce the reaction probability or the incident flux of radicals on

the sidewalls. It must be noted that the original cryogenic technique described by Tachi

et al. did not include the use of oxygen (O2) in the plasma though its use had previously

been reported by other labs10.

Other researchers in this area11–13 recognized this and combined the Tachi group’s orig-

inal technique with that of Zhang et al.10 and were able to use the addition of O2 as a very

sensitive method for control of the anisotropic etch of silicon (Si). In SF6/O2 high-density

plasma etching, the decomposition of SF6 into free fluorine (F) radicals is responsible

for the isotropic component of the etch cycle by formation of volatile components which

include SiF4
8,14,15. Other decomposition by- products include ions like SF+

5
8,14 which are

able to etch SiOxFy (ion assisted etching) though this occurs mainly at the bottom of the
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structures. Combining the two techniques to produce the desired etch profiles requires

tuning of various parameters to achieve the right balance between etching of unpassivated

silicon, sidewall passivation, and etch of the bottom of the structures. Even when the

desired parameters are obtained they are not necessary applicable to all mask layouts and

the process has to be tuned for each specific layout and final desired etch profile.

Vertical microcantilever arrays have been used to study cell mechanobiology and

traction forces and provide a platform for investigating cellular biomechanics in vitro16–21.

One advantage they provide over other traditional methods that use for example flexible

continuous sheets is that deflections are independent of each other. The original techniques

for making these vertical microcantilever arrays have involved using soft lithography on

silicon wafers followed by double casting of polydimethylsiloxane (PDMS) to yield the

final microcantilever arrays. The double casting results in the use of a secondary master

mold for casting the final arrays. The motivation for pursuing the cryogenic etching

approach is to overcome the limitations of the original soft lithography techniques that

have previously been reported16,18.

This paper looks at how the cryogenic etching technique is used to create master molds

for vertical microcantilever arrays in silicon. We look at how two main parameters, the

oxygen flow rate and the radio frequency (RF) excited capacitively coupled plasma power,

affect the profile characteristics. The wafer temperature and other pertinent parameters

e.g, SF6 flow rate, are kept constant. Other labs17,22 have reported the use of the Borsch

process for making similar master molds in silicon. However, unless process parameters

are carefully optimized, it appears that DRIE can produce scalloping on the sidewalls of

the silicon master mold, making separation of the polydimethylsiloxane (PDMS) mold

very difficult, if not impossible. Second, posts produced in this manner are not entirely

cylindrical and therefore cannot be considered to behave like the simple cantilever beams.

Indeed, another group has showed that such posts appear grossly “scalloped” under scan-

ning electron microscopy and that their bending mechanics are significantly more complex

than simple vertical cantilever beams23. Figure 6.1 shows this scalloping effect, which

occurs primarily because the cycling of the etch and passivation steps do not occur at the
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same time as compared to the cryogenic etch process. Both techniques require extensive

fine tuning of etch parameters to obtain the desired sidewall profile. One advantage of the

cryogenic etching technique over the Borsch process is that the etch parameters do not

have to be as carefully optimized to obtain smooth sidewalls.

Figure 6.1 (A) Scanning electron micrograph (SEM) of silicon wafer with photoresist
layer etched using the Borsch process. (B) Image at higher magnification showing scal-
loping. (C) PDMS cantilever post array peeled from one silicon master mold showing
damage.

Materials and Methods

The circle patterns for the post arrays were originally designed using the free shareware

computer-aided design (CAD) tool Layouteditor™. The design files were converted into

a format compatible with a JEOL JBX-9300100 kV electron beam lithography system.

Silicon wafers were spin coated with ZEP 520A electron beam resist at two spin speeds,

6000 revolutions per minute (rpm) and 2000 rpm, yielding two nominal thicknesses. The

wafers were baked on a contact hotplate at 180◦C for two minutes. The wafers were

then loaded into a JEOL system and exposed. Designed patterns were arrays of circles

with diameters of 750 nm, 1 µm, and 2 µm with edge-to-edge spacings of 1, 2 and 4 µm.

Each array was designed to be approximately 2 mm2. A typical four-inch wafer had 12

such individual arrays and the e-beam system took an average of eight hours to write 24

individual arrays. The exposed wafers were developed in xylenes for 40 seconds, rinsed

in isopropyl alcohol (IPA) and dried under a stream of nitrogen. The four-inch wafers

were either cleaved into four quarters or etched as full wafers. An Oxford 100 DRIE/RIE
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system capable of Borsch process etching, cryogenic processing, and standard RIE dry

etching of silicon, was used for the etch step. The wafers were maintained at -110◦C in all

cases. The SF6 flow rate during the etch was maintained at 80 standard cubic centimeters

per minute (sccm). The ICP power was maintained at 1250 W and the CCP and O2 sccm

rates were varied. For initial etch runs the wafers were cleaved and examined using a FEI

Nova 600 scanning electron microscope/focused ion beam system to determine etch depth

and profile. The photoresist thickness before and after the etch was determined using a

Filmetrics F50 profilometer and a Horiba Jobin Yvon MM-16 ellipsometer. The e-beam

resist was then stripped using acetone and the wafers were descummed in a plasma cleaner.

The silicon master molds were later oxidized in a plasma cleaner for 30 seconds, then

silanized with (Tridecafluoro-1,1,2,2-tetrahyrooctyl)-1-trichlorosilane (United Chemical

Technologies; Bristol, PA) under partial vacuum overnight. To test if the master molds

could be used successfully to make the microcantilever arrays, liquid PDMS (10:1 ratio

of monomer to curing agent mixed using the AR-1000 Thinky™ mixer) was poured on

the surface of the silanized silicon master mold, degassed in a desiccator using a vacuum

pump (Leybold™ Trivac D2.5E capable of achieving a vacuum pressure of 5 × 10−4 mbar),

and cured at two different temperatures (65 and 110◦C) for 20 hours. The cured elastomer

was peeled from the PDMS mold to yield a vertical microcantilever array.

Results and Discussion

The primary concern regarding the etch process was to obtain smooth sidewalls to

facilitate mold separation. Figure 6.2 shows an SEM image of an initial etch sample.

The etch parameters were 14 sccm of O2 with 30 W of CCP power. The etch time was

one minute. As can be seen from this image, the scalloping that was evident from the

Borsch process does not occur in this case. One factor that affects the etch rate in cryogenic

etching is the amount of silicon load (etchable area) to be etched on the target wafer. In

both cases where either a quarter of a four-inch or the whole wafer is etched, this load

remained approximately the same for three separate 2 mm2 or 12 separate 2 mm2 arrays.
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Figure 6.2 SEM image of a cleaved silicon wafer etched using the cryogenic etching
technique. Notice the smoothness of the sidewalls. The scalloping which occurs during
the Borsch process does not occur in this case.

In both cases the actual load was approximately 5%. Even though the silicon loads are

approximately the same, there was still a noticeable variation in the etch rates between the

three different diameters, with the smallest feature size showing the slowest etch rate. SEM

images of a cleaved wafer showing this effect are shown in Figure 6.3. The parameters for

this etch are 15 sccm of O2 with 4 W CCP power and an etch time of two minutes and thirty

seconds. The SEM images are taken with a tilt of 30◦, resulting in a 50% foreshortening of

the images so that the actual depth is twice that shown in the figure. Figure 6.3(A) and

6.3(B) show the profile for two different hole sizes with original design diameters of 750

nm and 1 µm. As can be seen from the measured depths of 1.68 µ (3.36 µm actual) and

2.03 µm (4.06 µm actual), respectively, the smaller feature size shows a slightly slower

etch rate than the larger one.

The etch mask used in all cases was the ZEP 520A electron beam resist. The desired

etch depth for the deepest etches was 8 µm, and thus a higher selectivity mask such as

chromium was not required. The nominal thickness for the resist at two spin speeds of

6000 rpm and 2000 rpm was ∼220 and ∼374 nm respectively. Figure 6.4(A) shows a

plot of nominal resist left against etch time for seven different etches. The thickness of

the resist was measured using the Filmetrics F50 profilometer. In all cases the etch was

142



(A)

(B)

Figure 6.3 Difference in etch rate. (A) Etch profile showing depth of about 1.68 µm
(3.36 µm actual depth corrected for viewing angle) for circular feature with original design
diameter of 750 nm (B) Etch profile showing depth of about 2.03 µm (4.06 µm actual) for
circular feature with original design diameter of 1 µm.
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(A)

(B)

Figure 6.4 E-beam resist etch rates. (A) Resist etch rate for wafers spun with e-beam
resist at speed of 6000 rpm. (B) Resist etch rate for wafers spun with e-beam resist at
speed of 2000 rpm.
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(A)

(B)

Figure 6.5 Initial test run. (A) Etch profile showing depth of about 1.28 µm (2.36 µm ac-
tual) for circular feature with original design diameter of 750 nm (B) Etch profile showing
depth of about 1.30 µm (2.60 µm actual) for circular feature with original design diameter
of 1 µm.
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done with the following parameters: CCP power of 10 W, and 13 sccm of O2, for wafers

with initial resist thickness of ∼220 nm (6000 rpm). Figure 6.4(B) shows a plot for the

wafers with initial resist thickness of ∼374 nm (2000 rpm). The goodness of fit when each

measurement was taken is also included in the plots. A linear fit to the data is also plotted

in the two figures. The slope for the case with a spin speed of 6000 is 1.79. This represents

an approximate etch rate of 1.79 nm/sec. The slope for the case with a spin speed of 2000

is 1.94, representing an etch rate of 1.94 nm/sec, in close agreement with that for the spin

speed of 6000. When we used an etch rate determined for these settings to be about 2.3

µm/min the selectivity of the silicon relative to the resist was about 20:1.

Figure 6.6 The effect of increasing the CCP power from 4 W to 30 W at 14 sccm of O2.
This changes the profile from a positive to almost straight sidewalls. The cusp on the right
edges is due to the angle of the cleavage plane for the wafer. The left edges show best the
sidewall profile.

The next most critical factor after smoothness of the sidewalls, was the sidewall profile

itself. The target was to minimize either positive or negative taper and to produce almost

vertical sidewalls. The start position for test runs was a one-minute etch using 14 sccm of

O2 and 4 W of CCP power. Figure 6.5(A) and 6.5(B) show SEM images of the profiles

obtained for these parameters. As can be seen, there was a significant positive taper and an

acute narrowing at the end of the etch for the 750 nm. The etch rate for these settings was
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Figure 6.7 At 4 W of CCP power with 15 sccm of O2 the positive taper is not as
pronounced after a two minute etch although the ideal vertical sidewall profile is not
achieved.

about 2.6 µm/min.

Figure 6.8 At 4 W of CCP power with 14 sccm of O2 the positive taper improves slightly
over that of 4 W at 15 sccm.

Increasing the CCP power to 30 W and keeping all the other etch parameters the same

(14 sccm of O2) produced almost vertical sidewalls; however, the etch rate increased for

the resist. Hence the selectivity was reduced considerably, and with these settings it would
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not be possible to reach some of the target etch depths. Figure 6.6 shows an SEM image

of the result for an etch using these etch parameters.

Figure 6.9 At 4 W of CCP power with 13 sccm of O2 the positive taper is not as
pronounced after a three minute etch. There is a noticeable taper at the bottom of the etch.

The 30 W CCP power was obviously suitable if our target maximum etch depth was

less than about 5 µm. Etching with 4 W of CCP power with 15 sccm of O2 produced a

much better result. There is still a noticeable positive taper, as can be seen in the SEM

image in Figure 6.7. The time for the etch was two minutes. Reducing the O2 flow rate

from 15 sccm to 14 sccm and using 4 W of CCP power did not produce a significant

change, as can be seen in Figure 6.8. The etch time was also two minutes in this case. De

Boer et al.8 showed in their trend diagrams and tables that increasing the O2 sccm while

keeping the CCP power constant would shift the sidewall profile from negative to positive.

We thus reduced the O2 sccm further down to 13 sccm and kept the power at 4 W. However,

we etched for three minutes instead of two. As predicted, the positive taper was reduced

however, there was a noticeable taper at the bottom of the etch (Figure 6.9). Another

general trend in cryogenic etching of silicon is the change towards a more isotropic profile

when the CCP power is increased while the SF6 and O2 rates are kept constant.

Our final trial used 13 sccm of O2 but the CCP power was increased from 4 W to 10
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Figure 6.10 At 10 W of CCP power with 13 sccm of O2 the sidewall profile becomes
almost vertical. This is for a two minute thirty second etch.

W. The wafer was etched for two minutes and thirty seconds. Figure 6.10 shows an SEM

image of the etch profile that was obtained for this etch. As can be seen, the sidewalls are

effectively vertical. The resist (nominal 220 nm for spin speed of 6000 rpm) was totally

etched in this case.

Due to the long exposure times required by the e-beam lithographic system, we at-

tempted fabrication using a contact mask aligner with broadband (I-line) wavelength. A

vacuum was applied between the mask and the wafer during the exposure. Even in this

mode, it was difficult to produce the 750 nm features reliably and there were slight defects

in the 1 µm features. The 2 µm features were much better but were not comparable to

those produced by e-beam, as can be seen in Figure 6.11(A) and 6.11(B). The resist used

in this case was SPR 955CM. Figure 6.12(A) and 6.12(B) show SEM images of etches

produced from samples of these molds. The etch parameters were 13 sccm of O2 with 10

W of CCP power for three minutes. The slight difference in etch rate due to feature size is

again evident here.

The PDMS devices that were cast on the silicon master molds were much easier to

separate than the ones that had been etched using the Borsch process. We initially assumed

that if the molds did not have at least some degree of positive taper, it would not be possible

to separate the cured PDMS from the silicon molds even after the salinization process.
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(A)

(B)

Figure 6.11 E-beam and contact lithography. (A) SEM showing smooth edges from
e-beam lithography (B) SEM showing slightly rough and deformed edges from contact
lithography
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(A)

(B)

Figure 6.12 Etch profiles from contact lithography. (A) Etch profile showing depth of
about 1.68 µm (3.36 µm actual) for circular feature with original design diameter of 750
nm (B) Etch profile showing depth of about 2.03µm (4.06 µm actual) for circular feature
with original design diameter of 1 µm
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Initial trials used molds which had taper (etches with parameters of 14 sccm of O2, 4 W

CCP, and etch time of two minutes thirty seconds) and those with the vertical sidewalls

(etches with parameters of 13 sccm of O2, 10 W CCP, and etch time of two minutes, thirty

seconds). That assumption proved to be unwarranted. In both cases, the cured PDMS

came off relatively easily.

(A)

(B)

Figure 6.13 PDMS molding results. (A) PDMS microcantilevers from vertical sidewall
molds. (B) PDMS microcantilevers from tapered sidewalls. As can be seen the 750 nm
tapered ones show more damage than the straight sidewall ones. Devices were cured at
65◦C in this case.

Figure 6.13(A) and 6.13(B) show SEM images of PDMS microcantilevers from the

silicon master molds. As can be seen, it was possible to obtain microcantilevers with

various dimensions for both the positive sidewall silicon molds and the straight sidewall

molds. The microcantilevers do show some defects which are especially pronounced in the

750 nm devices. The more pronounced defects in the 750 nm example occur because at this

dimension the PDMS polymer is unable replicate the molds precisely. Another plausible

explanation is that nanoscopic to microscopic air bubbles could have been trapped in

the holes. What was most surprising was the fact that the 750 nm feature size with the

positive side taper seemed to show more damage than its straight sidewall counterpart. It
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is currently not clear why this happened.

Figure 6.14 Damage and stiction from some molds. Damage observed with the closest
spaced microcantilevers when the molds are separated. This effect is not noticeable at
higher pitches. Device was cured at 65◦C in this case.

The other more interesting fact was that the microcantilevers which had the closest

pitches (∼2 µm center-to-center or ∼1 µm edge-to-edge) seemed to clamp together just as

in the case of the microcantilevers from the Borsch process silicon molds. Thus, though

the cryogenic etching had solved the problem of the ease of separation of the mold, it did

not entirely solve the damage to the separated PDMS microcantilevers, which had also

been observed in the Borsch process case as shown in Figure 6.14. This effect may be

due to electrostatic charges that build on the surfaces of the PDMS during separation that

causes the attractive forces. Another explanation could be the stiction-friction problem

that has been reported by others24,25.

As mentioned in our Materials and Methods section we cured the PDMS at two different

temperatures. The cure temperature of 65◦C had been successfully used in previous trials

for the two steps of the soft lithography process18. Tan et al.16 however, used two different

temperatures for the two different steps 65◦C and 110◦C. Our first attempts at molding

PDMS from the silicon master were done at 65◦C. Subsequent trials using 110◦C seemed

to solve the problem of the microcantilevers sticking to each other after mold separation. It
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(A)

(B)

Figure 6.15 PDMS molding results at. 110◦C (A) PDMS microcantilevers from almost
vertical sidewall molds with diameters of 1 µm edge-to-edge spacing of 1 µm and about 5
µm tall. (B) The same microcantilevers at a lower magnification

must be mentioned that the PDMS was separated from the silicon mold immediately after

removal from the curing ovens without allowing them to cool to room temperature. There

was significantly less damage in this case. Figure 6.15(A) and 6.15(B) show SEM images

of microcantilevers that are about 1µm in diameter with 1 µm edge-to-edge spacing and

about 5 µm tall. It is still not clear why these procedures were effective.

Conclusion

We have been able to show that cryogenic etching of silicon at -110◦C can be used as

an alternative method to make master molds for making vertical microcantilever arrays.

This requires fine tuning of etch parameters to obtain the desired sidewall profile. Curing
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the PDMS mold at 110◦C seems to alleviate certain defects that could possibly be due to

the stiction-friction problem that occurs in soft lithographic microfabrication.
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Abstract

Cryogenic etching of silicon produced master molds which are used for casting micro-

cantilever arrays with three different spatial densities and two different heights. We then

examine whether these six different geometries potentiate the differentiation of mesenchy-

mal stem cells (MSC) of the (C57Bl/6-TgN (ACTbECGF)10sb) cell line. We find that

in cases where cells are cultured in osteogenic differentiation media, monolayers of cells

were formed that show a marked difference in adhesion based on the spatial densities of the

arrays. Microcantilevers with 1 µm edge-to-edge spacing have the most intact monolayers

while those with 4 µm have the least. We use image processing techniques to analyze Oil

Red O stains of cells cultured in adipogenic medium. Cells cultured on microcantilevers

that were 2 µm tall showed areas with fat droplets that were on average much larger than

those for microcantilevers cultured in the same adipogenic medium but on microcantilevers

5 µm tall. A tally of the average for total counts of the areas identified as droplets were

about the same in both cases. We conclude that this line of MSC’s exhibits differences in

growth and differentiation that depend upon substrate structure and stiffness.

Introduction

Progenitor cells are found in many different places in the human body. These cells

are capable of self renewal. The resulting daughter cells have varying degrees of devel-

opmental potential, with some having the ability to differentiate into specific cell types

with certain specialized functions. Examples of these progenitor cells, also commonly

referred to as stem cells, include the totipotent zygote1, embryonic stem cells (ESC)2,3,

hematopoietic stem cells (HSC)4,5, mesenchymal stem cells (MSC)6–9 and neural stem

cells10. Based on the degree of developmental potential, these types of stem cells can be

classified as either totipotent, pluripotent, multipotent, or monopotent11.

Evidence for the possible existence of nonhematopoietic stem cells in bone marrow was

initially suggested in the 19th century by the German pathologist Cohnheim in experiments

he conducted for studying wound healing and repair. His work raised the possibility that
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bone marrow may be the source of fibroblasts that deposit collagen fibers as part of the

normal process of wound repair12. Today, these nonhematopoietic stem-like cells are

referred to as mesenchymal stem cells (MSC) because they are able to differentiate into

cells and eventually form tissue that can be classified as mesenchymal in nature. They are

also sometimes referred to as marrow stromal cells and have been found in a variety of

tissues during development. In adults they are prevalent in the bone marrow and contribute

to regeneration of mesenchymal tissues such as bone, cartilage, muscle, ligament, tendon

adipose, and stroma7. Figure 7.1 outlines the mesengenic process.

Figure 7.1 The mesengenic process. The cellular transitions from the putative mesenchy-
mal stem cell (MSC) to highly differentiated phenotypes are depicted schematically. This is
a simplification, not a complete representation of all of the complex processes, transitions
and possible interrelationships of cells moving between pathways, now commonly referred
to as plasticity. Image adapted from Caplan et al.9

It has now been demonstrated that mesenchymal stem cells (MSC) can be expanded in

vitro over a billion-fold and have been shown to differentiate into cells representing the
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three germ layers6,9,13,14. In vitro studies thus provide a means by which to characterize

MSCs and their response to various conditions.

The inductive agents that cause entrance into a particular lineage of mesenchymal

stem cells (MSCs) leading to eventual formation of a specific tissue/cell type are normally

provided by the niche to which they attach after circulation from their site of origin. These

external signals include factors secreted by other cell types, cell-cell interactions, as well

as cell-extracellular matrix interactions8. The extracellular matrix elasticity has also been

shown to have an effect on lineage specification. One in vitro study has shown that soft

matrices (Shear modulus 0.1 - 1 KPa) that mimic the brain lead to neurogenic cell types;

stiffer matrices (10 - 20 KPa) that mimic muscle tend to be myogenic; and the stiffest (< 25

KPa), that mimic collagenous bone, are osteogenic15. This study used inert polyacrylamide

gels to mimic differing matrix elasticity by modifying concentrations of the individual

components used to make the gel, thereby producing various cross-linked densities of the

polymer. However, this invariably leads to an alteration of the surface chemistry and could

affect cell-surface interaction.

(A) (B)

Figure 7.2 Design parameters. (A) Design parameters showing variation of height and
diameter with spatial density of arrays for a particular shear stiffness. (B) Variation of
height with shear stiffness at a spatial density of 1 µm edge-to-edge spacing

In this study, we examined whether microcantilever arrays designed to have different

effective shear stiffness would potentiate differentiation of MSCs into adipogenic and

osteogenic pathways in culture medium with reagents designed to elicit these responses
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for cells normally cultured on flat plastic culture plates. The arrays consist of individual

microcantilevers arranged in three distinct spatial densities and have two different heights

thus providing six different surfaces for attachment. We postulate that the arrays with

greater effective shear stiffness will potentiate or drive cells farther down the osteogenic

pathway while arrays with less shear stiffness will drive cells farther down the adipogenic

pathway. An example of the initial design parameters that were used is shown in Figure

7.2. The final designs consisted of arrays of three spatial densities (edge-to-edge spacings

of 1, 2 and 4 µm with two distinct heights of 2 µm and 5 µm representing approximate

average shear stiffness between 5 and 15 KPa based on our calculations.

Materials and Methods

Design of microcantilever arrays

PDMS is known to have an elastic modulus that is dependent on elastomer base to

crosslinker ratio16–18. The microcantilever arrays that were used for our experiments were

made from PDMS with a 10:1 elastomer to curing agent ratio. However, even for this mix

ratio, several values have been reported in the literature for the measured elastic modulus

ranging from as low 0.50 MPa to as high as 3.6 MPa16–19. For designing the microcan-

tilever arrays, we assumed a value of 0.75 MPa - 1.0 MPa as the elastic modulus. Average

shear modulus values from 1 KPa to 20 KPa were used representing, the range of values

that had been reported in the literature to have an effect on lineage specification15. Spatial

densities (Number of microcantilevers per 100 µm2) were from 1 to 100. Microcantilever

diameters ranging from 0.5 - 5 µm were used in our initial design calculations. Depending

on the diameter of microcantilevers, certain spatial densities were not possible and these

were excluded. Values of 750 nm, 1 and 2 µm for diameters were chosen during the final

fabrication process based on results from prior trials. Maximum deflections for individual

microcantilevers were assumed to be the edge-to-edge spacing for a particular spatial

density. Using these values the corresponding range of heights were calculated using

Equation 7.1 where E is the elastic modulus of PDMS, N is the number of microcantilevers

162



per square area, G is the average shear modulus and δ is the deflection.

H =
3

√(
3
4
πE

N
100−12

r4

G
δ

)
(7.1)

Fabrication of microcantilever arrays

The microcantilever arrays were fabricated using a combination of electron beam (e-

beam) lithography, cryogenic etching, and molding using polydimethylsiloxane (PDMS).

The patterns were originally designed using the free shareware CAD tool Layouteditor™.

The design files were converted into a format compatible with a JEOL JBX-9300100

kV electron beam lithography system. Silicon wafers were spin coated with ZEP 520A

electron beam resist at two spin speeds 6000 revolutions per minute (rpm) and 2000

rpm yielding two nominal thicknesses. The wafers were baked on a contact hotplate at

180◦C for two minutes. The wafers were then loaded into the JEOL system and exposed.

Designed patterns were arrays of circles with diameters of 750 nm, 1 µm and 2 µm with

edge-to-edge spacings of 1, 2 and 4 µm. Each array was designed to be approximately (2

mm)2. A typical four inch wafer had 12 of such individual arrays and it took the e-beam

system an average of eight hours to write 24 individual arrays. The exposed wafers were

developed in xylenes for 40 seconds, rinsed in isopropyl alcohol (IPA) and dried under a

stream of nitrogen. The four-inch wafers were either cleaved into four quarters or etched

as full wafers. An Oxford 100 DRIE/RIE system capable of Borsch process etching,

cryogenic processing, and standard RIE dry etching of silicon was used for the etch step.

The wafers were maintained at -110◦C in all cases. The SF6 flow rate during the etch was

maintained at 80 standard cubic centimeters per minute (sccm). The inductively coupled

power (ICP) power was maintained at 1250 W and the capacitively coupled power (CCP)

and O2 sccm rates were varied. Additional details regarding the optimization of the etch

process are provided elsewhere (chapter 6)

The silicon master molds were later oxidized in a plasma cleaner for 30 seconds, then

silanized with (Tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (United Chemical

Technologies; Bristol, PA) under partial vacuum overnight. To test if the master molds
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could be used successfully to make the microcantilever arrays, liquid PDMS was poured

on the surface of the silanized silicon master mold, degassed, and cured at two different

temperatures (65 and 110◦C) for 20 hours. The cured elastomer was peeled from the

PDMS mold to yield a vertical microcantilever array. Average thickness of the elastomer

was 1 mm.

Cell culture and reagents

Culture wells in PDMS were made from punching blocks of PDMS with a 4 mm X

4 mm square punch. Prior to seeding the microcantilevers were pre-treated with normal

culture medium overnight. These wells were placed over each individual array and mes-

enchymal stem cells (C57Bl/6-TgN (ACTbECGF)10sb)20 at an original concentration of

105/mL were seeded into these wells at 40 µL per well giving a final concentration of about

4000 cells/well. Cells were cultured in complete culture medium (CCM) which consisted

of 10.0 % fetal calf serum (FCS) and 10 % house serum in α MEM with L-glutamine and

penicillin/streptomycin for 7 days. Osteogenic differentiation media (ODM) was prepared

by taking 192mL CCM and adding 10 nM dexamethasone (200 µL of 1:100 dilution of 1

mM stock solution in deionized (DI) water), 20 mM β-glycerol phosphate (8 mL of 0.5

M stock in CCM), and 50 µM L-ascorbic acid 2-phosphate (50 mM stock solution in DI

water)21. Adipogenic differentiation media (ADM) was prepared from 200 mL of CCM

with 0.5 µM dexamethasone (100 µL of 1 mM stock in DI water), 0.5 µM isobutylmethylx-

anthine (20 µL if 5 mM stock in methanol) and 50 µM indomethacin (333 µL of 30 mM

stock in methanol)21. Control experiments were conducted by incubating cells in CCM

on the microcantilevers, on flat pieces of PDMS, and also in normal plastic tissue culture

plates. Additionally, cells were also cultured on flat PDMS and in plastic tissue culture

dishes in adipogenic and osteogenic differentiation media. Cells were incubated at 37 ◦C

with 5 % CO2 in the appropriate differentiation or control media which was changed every

three to four days. Cells were harvested 7, 10, 15, and 18 days after the initial 7 days of

culture and fixed prior to staining to access differentiation. All differentiation reagents

were purchased from Sigma (St Louis, MO).
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Cell staining

Prior to staining, the incubated cells were rinsed with PBS and then incubated with

neutral buffered formalin (NBF) for one hour at room temperature. Cells were then rinsed

with either DI water (ODM) or PBS (ADM). Cells were then incubated for 20 minutes

at room temperature with Alizarin Red S for detection of osteogenesis or Oil Red O for

detection of adipogenesis21,22. Cells were rinsed again with DI water or PBS and visualized

by light microscopy.

Image processing

Stained images were imaged using a Qcolor 5 (QIMAGING™) CCD color camera. At

each time point, at least three different fields were imaged for each spatial density (1 µm, 2

µm and 4 µm) per well. There were three wells each for the two different heights. This

gave a total of nine fields per time point for each of the two different heights. To access

the stained cells for fat droplet formation after induction of adipogenic differentiation, the

images were processed using standard image processing techniques, some of which had

been implemented as ImageJ plugins. Color images were converted to gray scale with

256 levels (8 bit). The images were then segmented using the otsu algorithm for auto

thresholds23,24. This yielded a binary image that could then be processed and analyzed for

areas of interest. The minimum size for objects was set at 500 pixels and the maximum

was set to infinity. The “analyze particles algorithm” from ImageJ was used and outputs

were recorded together with a summary for each image analyzed which recorded the total

number of identified particles, the total area, the average area, and the area fraction.

Results and Discussion

Osteogenic differentiation

We expected that the 2 µm tall microcantilevers which had greater average shear stiff-

ness ( > 10 KPa based on design parameters) would cause the cells to differentiate farther
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down the osteogenic pathway. The 5 µm tall ones with lower average shear stiffness (< 10

KPa) would have less of an effect. Thus, we expected that cells cultured on the 2 µm tall

microcantilever arrays would excrete more calcium than the cells on the 5 µm tall arrays.

Alizarin Red S which was used as our stain for detection of osteogenic differentiation

does not stain individual cells but rather detects the presence of calcium excreted by the

cells. Cells incubated in osteogenic differentiation media became confluent and formed

monolayers of cells at a much higher rate than was initially anticipated. Due to the highly

confluent monolayer of cells at harvest, there were large sections that showed the red stain

though this could not be determined for individual cells. We did not perform any analysis

to access the size of areas that had the Alizarin Red stain.

However, a general trend was observed for the arrays that were imaged. In most

cases, cells that had been cultured on microcantilevers that had 1 µm edge-to-edge spacing

maintained greater contact with the arrays and exhibited less contraction and release from

the substrate. It is plausible that contraction and release may be indicative of a more

myogenic phenotype. This trend was observed for cells harvested on both day 15 and

day 18. The heights of the microcantilevers did not seem to be a factor as the trend was

the same for both 2 µm tall and 5 µm tall microcantilevers. In some cases the entire

monolayer had contracted and released from the array. This was especially true for the

microcantilevers with 4 µm edge-to-edge separation. Figure 7.3 and Figure 7.4 show

color images of the observations for cells harvested on day 15 and 18, respectively. One

possible explanation for this observation is the differences in area of contact for the three

different spatial densities the 1 µm edge-to-edge spacing providing the greatest.

Another possible explanation is the contractile state of the monolayer at the time of

fixing and staining. The lower density arrays having lower values of average shear stiffness

could cause the monolayers to contract to a greater degree than those on the higher density

arrays. We observed during the culturing period and prior to harvesting for fixing and

staining that these contracted monolayers wrapped up into folded sheets or balled up in

some cases. This balled up or folded sheets would not be ideal for adhering to the arrays

and therefore lifted off. The most plausible explanation, however, could be the fact that
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(A) 1 µm spacing (B) 2 µm spacing (C) 4 µm spacing

(D) 1 µm spacing (E) 2 µm spacing (F) 4 µm spacing

(G) 1 µm spacing (H) 2 µm spacing (I) 4 µm spacing

(J) 1 µm spacing (K) 2 µm spacing (L) 4 µm spacing

Figure 7.3 Osteogenic stains at day 15. Color images of Alizarin Red stains for cells
on microcantilevers 5 µm tall (A) - (F) and 2 µm tall (G) - (L) harvested at day 15. In
both cases microcantilevers with 1 µm edge-to-edge spacing have cell monolayers that
are almost intact. Microcantilevers with 4 µm edge-to-edge spacing have few monolayers
remaining. Scale bars are 1 mm.

167



(A) 1 µm spacing (B) 2 µm spacing (C) 4 µm spacing

(D) 1 µm spacing (E) 2 µm spacing (F) 4 µm spacing

Figure 7.4 Osteogenic stains at day 18. Color images of Alizarin Red stains for cells on
microcantilevers 5 µm tall (A) - (C) and 2 µm tall (D) - (F) harvested at day 18. Micro-
cantilevers with 1 µm edge-to-edge spacing have cell monolayers that are almost intact.
Microcantilevers with 4 µm edge-to-edge spacing have less of an intact monolayer. Scale
bars are 1 mm.

the 1 µm edge-to-edge separation provides the best spatial density for anchoring of the

monolayer to the PDMS substrate. Further support of this explanation was the general

observation that monolayers of cells grown on flat pieces of PDMS as controls generally

released from the PDMS during the fixing and staining process, and in osteogenic differ-

entiation medium, only 1 out of 9 (11%) of all those harvested had an intact monolayer

of cells. To test the hypothesis that this observation is a result of better anchorage, focal

adhesion stains could be done to access the quality of adhesion on the seven different

substrate types. It is still possible that two or more of these factors could provide the best

explanation.

Adipogenic differentiation

Oil droplets were visible after eight days of culture in the differentiation media, even

prior to staining with Oil Red O. This remained the case for the duration of the experiments.
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Figure 7.5 shows images taken of cells on flat PDMS as well as on the microcantilevers

with heights of 2 µm and 5 µm prior to fixing and staining with Oil Red O on day 15 of

culture in the differentiation media.

(A) Flat PDMS (B) 2 µm tall, 1 µm spacing (C) 5 µm tall, 1 µm spacing

Figure 7.5 Oil droplets prior to staining.

(A) Original Image (B) Segmented Image (C) Overlay Image

Figure 7.6 Image processing of adipogenic images. (A) Original image showing oil
droplets stained with Oil Red O. (B) Segmented output of from otsu threshold. (C) Overlay
showing identified regions.

Fixed and stained cells were analyzed using image processing algorithms available as

general plugins in ImageJ25,26. Output data consisted of counts for identified regions for

each image analyzed as well as summary data which included average size of identified

regions, total areas, and area fractions. Figure 7.6(A) shows part of one such image. The
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segmented image using otsu 8-bit threshold algorithm from ImageJ is shown in Figure

7.6(B) . The overlay showing the identified regions is shown in Figure 7.6(C). Since in

some cases there was either significant overlap of the droplets or clustering, watershed

separation or other similar techniques could not be applied.

(A) Day 7 (B) Day 10

(C) Day 15 (D) Day 18

Figure 7.7 Mean values for area fractions of oil droplets for edge-to-edge spacings of 1
µm, 2 µm and 4 µm at harvest day 7 (A), 10 (B), 15 (C) and 18 (D).

Figure 7.7 shows bar charts of means of the area fractions from the summary analysis

generated by the analyze particles plugin in ImageJ. This is for spacings of 1 µm, 2 µm,

and 4 µ for the 2 µm and 5 µm tall microcantilevers. The error bars were plotted using the

one standard deviation from the mean values. Figure 7.8 shows bar fewer oil droplets than

the 5 µ cantilevers since they were generally stiffer compared to the 5 µm cantilevers.

The bar charts suggest otherwise. The mean values for area fraction and the average
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(A) Day 7 (B) Day 10

(C) Day 15 (D) Day 18

Figure 7.8 Mean values for average area for edge-to-edge spacings of 1 µm, 2 µm and 4
µm at harvest day 7 (A), 10 (B), 15 (C) and 18 (D).

area show that in most cases the values for the 2 µm tall microcantilevers were much higher

than in the case for 5 µm. On harvest day 7 statistically significant differences (t-test with

0.95 confidence interval) were obtained for the area fraction and average area for the arrays

with 2 µm spacing. On day 18, there was a significant difference between the 2 µm tall

microcantilevers and the 5 µm tall microcantilevers for the arrays with 2 µm and 4 µm

spacing. There was only one case (Day 10 with 4 µm spacing) in which the area fraction

or the average area for 5 µm tall arrays was greater than that for 2 µm tall arrays.

It must be pointed out that in computing the area fraction the total area of the imaged

plane is used, which could introduce some bias. A more viable alternative would be to

normalize the area with the total cell area. However, this could not be done since for

most images taken the cell outlines were not visible and could not be clearly demarcated.

Computing this metric in this way would be better since obviously the droplet formation is
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dependent on total number of cells present which would be directly related to total cell

area. A similar argument can be made in the case for the average area. A large number

of cells clustered together would in general produce more oil droplets. Since it was not

possible to use any kind of watershed algorithm to delineate individual oil droplets in a

cluster, segmentation normally produced one area (particle). This can be seen in Figure

7.6(A) - 7.6(C) where the individual droplets in the area designated as “4’ are lumped

together. This increased the average size and hence one could not differentiate between

many small droplets clustered together versus one big droplet. In comparing the average

total counts of areas identified as having fat droplets, day 18 with 2 µm spacing was the

only case in which there was a statistically significant difference(Figure 7.9) and in this

case too, the 2 µm tall microcantilever arrays had more counts than the 5 µm tall arrays.

(A) Day 7 (B) Day 10

(C) Day 15 (D) Day 18

Figure 7.9 Mean values for total counts for edge-to-edge spacings of 1 µm, 2 µm and 4
µm at harvest day 7 (A), 10 (B), 15 (C) and 18 (D).
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One explanation of the unexpected results could be due to differences in adhesion. We

observed that there was reduction in the total number of cells after the fixing and staining

process. If the 2 µm tall microcantilevers provided better anchorage for the cells than the 5

µm tall ones, then there would be many more cells left for analysis in those cases. This

could lead to the kind of results reported above.

Figure 7.10 Image showing background staining from controls

Controls for the experiments consisted of growing cells in the two differentiation media

on normal Petri dishes, as well as on flat pieces of PDMS. Cells were also grown on the

different substrates but in normal culture medium. Cells grown on the flat PDMS could

not be analyzed. They formed monolayers and then released from the substrate during the

fixing and staining process. In some cases there were droplets visible before the staining

process as shown in Figure 7.5(A). This could either be due to poor adhesion or a highly

contracted state. Similar effects were seen with the cells on the Petri dishes. Cells cultured

on the microcantilevers in normal culture medium were also stained with Oil Red O to test

for adipogenic differentiation. In most cases any stains detected were regarded as false

positives due to background stains that could not be removed even after several washes

in PBS. Figure 7.10 shows one example, a background stain from cells that had been
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cultured on microcantilevers that were 5 µm tall with 1 µm spacing and that were stained

seven days after the cells were switched to differentiation media.

Summary and Conclusions

We used microcantilevers fabricated from silicon molds that had been etched using

cryogenic etching techniques to examine how mesenchymal stem cells would respond

while being cultured in differentiation media that would elicit adipogenic or osteogenic

differentiation. These arrays of microcantilevers had three different spatial densities and

two distinct heights. We observed that there were significant differences in cell monolayer

adhesion on the microcantilevers for cells cultured in osteogenic differentiation media.

Microcantilevers with the highest spatial densities irrespective of the height had the highest

percentage of intact monolayers. Using image processing techniques the oil droplets

formed during adipogenic differentiation were analyzed. Results showed that contrary to

our expectations 2 µm tall microcantilevers which have a higher average shear stiffness

than the 5 µm tall microcantilevers had areas of droplets whose average size was higher.

There was no difference observed for number of identified areas. It must be acknowledged

that the image processing techniques that were employed may not have been optimal

for segmenting and identifying the oil droplets. For example Sezgin & Sankur27 give an

extensive review of segmentation algorithms (40 selected thresholding methods) and future

work could involve exploring some of these rather than the Otsu method that was used.

Finally, it must be mentioned that only two distinct heights were used in our experi-

ments. It is still possible to examine how the cells would behave on microcantilevers much

taller than 5 µm, which would represent arrays with shear stiffness much lower. However,

fabricating these may not be possible using current molding techniques where the mold

must be separated from the master after casting. Due to limitations on aspect ratios, this

becomes untenable for ratios greater than about 10:1. Sacrificial methods such as using

wax molds which can be melted, may need to be explored28.
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Project Summary

The overall goal of this project was to microfabricate vertical microcantilever ar-

rays made from PDMS that could be used as a platform to study cell biomechanics and

mechanobiology in vitro. These microcantilever arrays were fabricated using two different

methods.

a. Soft lithography using SU-8 photoresist to make a master mold followed by double

casting to obtain the final device.

b. Cryogenic etching of silicon to obtain the master molds followed by casting of

PDMS microcantilevers.

The fabricated microcantilever array was used to examine biomechanics and mechanobiol-

ogy of different cell types.

The review of measurement techniques for cellular biomechanics in vitro in chapter 2

outlined the importance of studying cell biomechanics and mechanobiology. The various

tools and techniques that have been developed were discussed and were placed in two

general categories, “active” and “passive”, as well as methods that involved a combination

of the two. Noteworthy were the tools that had been developed using silicon MEMS

technology. The advantages and disadvantages of these methods were considered as well

as some of the pertinent results that had been obtained. Of particular interest in the passive

tools were the vertical microcantilever arrays that had originally been reported by Tan et

al.1

Chapter 3 dealt with microfabrication of the vertical microcantilever arrays using

methods similar to Tan et al.1 Some of the limitations of the soft lithography methods

were identified. We introduced the use of commercially available contrast enhancement

materials that enabled us to reduce feature size and pitch spacing by 33 and 44%, respec-

tively. Other problems identified included the inability to accurately track deflections of

microcantilevers when using a stack of DIC images. The problems associated with contact

printing of fluorescent proteins in an attempt to overcome this limitation were addressed.

A new method which involved labeling the microcantilevers with fluorescent quantum dots
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was introduced. The traction forces and change in mean prestress for live human airway

smooth muscle cells were examined using the quantum dot labeled microcantilevers. The

traction forces for fixed human airway smooth muscle cells were presented. Some of the

limitations of this technique were also presented.

One of the limitations of the soft lithography technique that was pointed out in chapter 3

was the inability to fabricate microcantilevers with pitches smaller than 5 µm or diameters

less than 2 µm. This is due to the contact photolithography which is used.

In order to be able to apply active forces to cells attached to the microcantilever ar-

ray, it was deemed necessary to find a way to either move individual microcantilevers

or groups of microcantilevers. Moving single cantilevers was achieved using a pulled

glass micropipette which was moved using electronically controlled micromanipulators.

There were some problems associated with this technique. To be able to move a group of

microcantilevers, a new technique was developed which enabled the attachment of SU-8

structures to the microcantilevers. This was outlined in chapter 4. The technique involved

the use of PVA as a lift-off agent. It was demonstrated that the adhesion strength of these

structures to the PDMS was adequate. Data showed that these structures could be agitated

with a pulled glass micropipette and that microcantilevers attached to them exhibited about

the same maximum displacements. The time at which these displacements occurred was

approximately the same for all the trials.

Chapter 5 dealt with experiments conducted to investigate cardiac myocyte adhesion

and adaptation, and contractile dynamics on the microcantilever arrays. The microcan-

tilevers affected the way in which the myocytes built their myofibrils in the process of

adapting. Projections of the two-dimensional FFT on a three-dimensional logarithmic

scale, showed differences in the peak value equivalent to the first harmonic after six days

of culture on the microcantilevers as compared to at isolation when then was no difference.

Spontaneously contracting myocytes on the microcantilevers were also analyzed for force.

Using a 2 × 2 kernel, divergence and curl metrics were computed. Alternating regions of

contraction and relaxation were observed in some myocytes. This was not evident when

raw displacement data was plotted. Space-time plots however, did not reveal contraction
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and relaxation waves as was expected probably due to low sampling frequency in the

original time lapse acquisition. We did not observe any correlations between the divergence

and curl metrics.

Chapter 6 looked at an alternative method to fabricate the master molds for the micro-

cantilever arrays. This used cryogenic etching of silicon similar to the DRIE technique

that had briefly been mentioned in chapter 3. The critical parameters needed to be tuned

to obtain the desired sidewall profile were examined. This technique produced much

smoother side walls than those etched using the “Borsch process”. Results from PDMS

molding on the fabricated master molds were presented. It was much easier to separate the

PDMS molds from the silicon master molds than previous silicon master molds that had

been etched. However, damage we attribute to stiction which was initially observed for

the Borsch process molds was also observed with the newer molds. Curing the molds at

110◦C eliminated this problem.

Chapter 7 examined mesenchymal stem cell responses to microcantilevers that were

fabricated using the technique outlined in chapter 6 . These microcantilevers were designed

to have different stiffness.

Future Work

Two of my original sub aims under specific aim 2 were to

a. Investigate the response of cells when mechanical perturbation is applied to selected

microcantilevers

b. To examine the effects of certain drugs and reagents that are known to affect the

contractile state and stiffness of human airway smooth muscle cells.

These experiments could not be done. However there is still a rationale for pursuing these

experiments further. Living tissues in physiological environments are invariably exposed to

different mechanical stresses and strains. These mechanical forces have significant effects

on cell and nucleus shape and also play an important role in regulation of cell function.

This is because the cytoskeletons of cells reorganize in response to mechanical forces. This
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reorganization has indirect effects on the physiological state of the cells as the cytoskeleton

is linked to many receptors which are coupled to signaling pathways2–5. As outlined in

chapter 2, methods used to investigate this relationship have involved the use of fluid shear

stress and mechanical stretch6,7. Though these methods are widely used they do not allow

the simultaneous measurement of changes in traction forces. An alternative method which

uses a combination of MTC and beads embedded in a flexible substrate is an improvement.

The study looks at the relationship between the stiffness of the cell and its internal tensile

stress8. The disadvantage with the method is that one cannot probe the substrate directly

to elicit the response. It must be noted that Sniadecki et al.9 have developed a method

where magnetic nanowires were incorporated in vertical microcantilevers which enabled

application of active forces similar to what this technique is intended to achieve. It will

therefore be interesting to see the outcome for experiments using this technique. To this

end lithography masks for a third generation of structures that could be attached to the

microcantilevers have been designed (Figure 8.1(A)). A design configuration for a possible

fourth generation device is also shown in Figure 8.1(B). The device could also be used for

investigating other phenomena. It could be used as a possible assay for cell-cell adhesion

studies and also for traction mediated cytokinesis.

I have been able to demonstrate through preliminary experiments that human airway

smooth muscle cells attach to these structures as well as to the microcantilever arrays. Fig-

ure 8.2(A) and 8.2(B) show two images taken in DIC mode demonstrating this. The next

step would be to get cells to attach on the newer designs and then see if the experiments

mentioned can be done.

Contraction and the contractile state in smooth muscle is regulated by the concentration

of cytoplasmic Ca 2+ which comes from both outside the cell, entering due to propagation

of an action potential, as well as from the diffuse sarcoplasmic reticulum. The intracel-

lular calcium binds to calmodulin, which initiates the contractile response. There are

generally three recognized ways in which the contractile state of smooth muscles can be

altered: actions potentials; a change in the local environment due to changes in pH, or CO2

tension; and the action of hormones binding to receptors which then affect the signaling
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(A)

(B)

Figure 8.1 Future designs (A)Schematic showing third generation design of structures
that could be attached to microcantilevers and used for active probing. Lithography masks
have been designed for these. (B) Schematic showing possible configuration for fourth
generation structures

(A) (B)

Figure 8.2 Images showing cells spanning and attached to both microcantilever arrays
and circular discs.
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pathways,though these factors are not mutually exclusive. Molecular mechanisms which

mediate smooth muscle relaxation normally involve β-adrenergic stimulation which results

in an increase in cAMP and a consequent lowering of intracellular Ca 2+ concentration10–12.

The contractile state and mechanical properties of airway smooth muscle (ASM) in the

lung have important connections in the development of the physiological conditions related

to asthma. It is normally characterized by the reduced capacity of airways to dilate after

administration of β2-adrenergic agonists. Previous studies of the contractile behavior

of airway smooth muscle cells have used tissue strip preparations. Recently it has been

demonstrated that ASM cells passaged in culture can be used as a representative model

system. This is because the cells retain the functional responses to agonists that affect

some of the signaling pathways that are associated with asthma. Examining the effects of

certain drugs and reagents such as potassium chloride (KCl), acetylcholine, isoproterenol

(ISO) and dexamethasone on the contraction and relaxation of Human smooth muscle cells

will provide further insight into this phenomenon.

Based on the confocal image results of myocytes on the microcantilever arrays, there is

no doubt that remodeling of myofibrils occurs during adaptation. One interesting question

that arises then is how this will affect excitation-contraction coupling in the myocytes. This

obviously provides an area for future investigation. Results from computing the divergence

and curl metrics showed the kind of calcium waves that have been reported extensively

in the literature. Mathematical models of this phenomenon have also been developed13,14.

Some work has also been done to relate the in vitro observations with these mathematical

models though there still remain some significant questions. Work done in relating the

waves to force generation or contraction dynamics has involved the measurement of change

in average sarcomere distance. This brings up the question of using higher density micro-

cantilevers. We have been able to fabricate these using cryogenic etching techniques as

described in chapter 6. The spacing on some of these are on the order of a single sarcomere.

Unfortunately, we were unable to successfully culture the myocytes on these arrays. This

could be pursued further as it will provide a unique platform to further investigate these

phenomena. Computation of divergence and curls from raw displacement data using these
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higher density arrays would provide an additional insight into correlations of these waves

with force generation and contraction on scales comparable to the single sarcomere. Other

areas that could be explored include how anisotropic microcantilever arrays will affect the

observed phenomena. As mentioned, myocytes that were analyzed for force were observed

contracting spontaneously. It will be interesting to learn,for example, the outcomes from

chemical or electrical pacing of the myocytes. Other questions indirectly related include

the effect of inhibiting the contractile apparatus.

(A) (B)

Figure 8.3 Images showing fixed and stained neurons on the microcantilevers

Other possible projects that could be pursued in the future would be to use the arrays

as an assay to examine the force generation and contractile forces during the growth of

neurons. To this end an initial collaboration was started with Albert Folch’s group at the

University of Washington, Seattle. They were able to culture cells on our microcantilevers.

These had diameters of 3 µm were 10 µm tall, and had three different edge-to-edge spacings

of 6, 8 and 9 µm. Initial results are shown in Figure 8.3(A) and 8.3(B). It would be inter-

esting to measure forces generated by these neuronal growth cones and then analyze them

using the divergence and curl metrics that was used for examining the cardiac displacement

data.

It must be noted that the novelty in this field is remarkable and has provided many

opportunities to investigate cell biomechanics. Although there are still some limitations

that need to be overcome, the field is rapidly evolving to address some of these issues. A
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significant challenge for the future will be to extend some of these techniques and methods

to measurement of subcellular phenomena. There are several reasons for this. For example,

the cell cytoskeleton has been shown to both support mechanical loads applied to the cell

and to generate some of the forces exerted by the cell. It will therefore be necessary to

decouple these two to get any measure of quantitative data for cell cytoskeletal mechanics

and force generation.

One promising approach has been the use of subcellular laser ablation (SLA) in con-

junction with fluorescence recovery after photobleaching (FRAP) to surgically cut portions

of the cell cytoskeleton and simultaneously monitor responses.15 Changes in cell traction

forces are determined using the microbeads in the flexible sheets method outlined previ-

ously. The combination of active and passive methods may be an alternative route to take

in this case. Laser ablation can also be used to determine cell-cell forces in the developing

embryo16,17.

Another challenge deals with the resolution and sensitivities that will be required at

this scale. Current techniques are able to detect and produce forces in the piconewton

to nanonewton range. If higher resolutions or sensitivities are required, such as in the

femtonewton range which may be the case for subcellular recordings, then issues such as

thermal effects come into play. Some of the current techniques may not be adequate in

this case. The most promising is that of optical tweezers, which have been used to detect

and produce forces in the range of a few piconewtons in the study of myosin molecule

mechanics18 and single strand (ssDNA) and double strand (dsDNA) DNA molecules19,20.

Most of these measurements have been obtained in purified systems where the subcellular

components are removed from the cellular environment before measurements are made.

Though providing greater insight into cell structure, function, and biomechanics, they

do not include temporal and spatial dynamics on the cellular scale, which are equally

important and essential for understanding.

One outstanding question is the extent to which all of these techniques and measure-

ment systems inherently affect the behavior and response of the cell; i.e., if the cell behaves

in a particular way because of the specific tool and method being used, then is the measured
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response a true indication of what was intended to be measured or is it a combination

of that and other effects, such as remodeling and reorganization? For example, to what

extent does the stiffness of the microcantilever array or the elastomer sheet have on the

physiological response of the cells? These devices are not ideally stiff force transducers,

but exhibit physical distortions whose amplitudes can approach the dimensions of a cell. It

is clear that the stiffness of the substrate can affect cellular phenotype21,22. Further studies

in the field are needed to find answers to these questions.

Research Considerations

Protection of human subjects

No human subjects were used in this research. The research goal was to develop a

platform to investigate cell biomechanics and mechanotransduction. In some cases cells

from human donors (human airway smooth muscle cells (HASM)) were used. In such

cases all necessary protections were ensured.

In other cases experiments with primary adult rat cardiac myocytes were performed.

The laboratory in which these isolations were performed ensured that all protocols used

were in accordance with guidelines of the Animal Care and Use Committee of Vanderbilt

University and the National Institutes of Health Guide for the Care and Use of Laboratory

Animals.

Societal implications

Many diseases have been linked to the contractile state, mechanical properties and the

mechanotransduction process, all of which can be traced down to the single cell level. The

application of these or similar techniques to biology may allow questions to be answered

that have heretofore proved resistant to quantitative analysis. More importantly, the de-

velopment of new measurement modalities may provide answers to questions that might

not have been previously asked, in that there were no means to provide the answers. It is

important that those who can bring new force-measurement technologies to biology work
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closely with the scientists seeking to understand biological forces, so that the measurement

techniques and the questions they answer can evolve in consort.
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