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Chair of the Supervisory Committee:

Associate Professor Nathan J. Sniadecki

Mechanical Engineering

Magnetic microdevices comprise a set of popular tools to study a number of properties of

biological systems. In particular, magnetic microdevices are useful as methods to apply

force to systems, and to measure the force being produced. One of the great benefits of

using magnetic devices is the ability to produce force from a distance, and to develop devices

that work in situ. Many systems, especially biological systems, have changes that occur

between samples, even when split from the same sample, so the ability to measure trends

on the same sample is ideal. Additionally, some materials may be valuable, and the ability

to run multiple tests using large volumes is not possible. One particular application of

this is the measurement of platelet viscoelasticity under shear flows. Traditionally, multiple

blood samples are run through several different analysis systems to generate the desired

data on the functionality of platelets. One of the intentions of my thesis is to develop

new devices to measure elasticity of the shear-developed platelet clots in situ. In addition

to applying forces to biomaterials, magnetic microdevices can also be useful for measuring

forces without the need for a microscope and intensive imaging systems. The final aim of

my thesis is to develop a force sensing device for the measurement of cardiomyocyte forces

without the need for a microscope. I have split my thesis into three specific aims that I

plan to accomplish to meet the goals described above: AIM 1 : Fabricate and characterize a



microfluidic device to measure viscoelasticity, AIM 2 : Miniaturize the magnetic device for

use in a shear flow device to measure platelet elasticity, AIM 3 : Create a magnetic sensor

for measuring cardiomyocyte twitch forces. Each of these three aims involves creating new

magnetic devices and showcasing them in experiments to demonstrate their utilities. In

aim 1, experiments are run with collagen gels to demonstrate the ability of the new tool

to measure viscoelasticity. In aim 2, the device is miniaturized and placed into microfluidic

flow channels. Whole blood is run through the channels to form platelet plugs, then in

situ testing is used to measure the modulus of the platelet plugs. In aim 3, engineered

heart tissues derived from induced pluripotent stem cells are formed between two posts,

and the force generated by the tissues can be monitored in real time and in parallel by

monitoring the change in field of a magnet embedded in a flexible post. Through these three

aims, new information about the nature of mechano-biological systems can be understood by

either gathering information that was unknown before, or by enabling an easier method for

monitoring the condition of cells. This work demonstrates the use of these three devices and

has impact on future directions for understanding of the role of platelets in clot elasticity,

and for measuring cardiotoxicity in drug screening platforms.
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Chapter 1

INTRODUCTION

The advent of microfabrication has enabled new tools to study mechanical characteris-

tics of cells and biological substances at a microscopic level [26, 94, 2, 23, 105, 132]. These

tools have often made use of soft polymeric materials [117, 29, 52, 72, 94, 51], such as poly-

dimethylsiloxane (PDMS) . Additionally, PDMS has been enhanced with the use of magnetic

materials in order to produce forces on the material of interest [113, 4, 10, 93, 20, 122]. In

order to translate knowledge about mechanics of cells to clinical settings, new tools need

to be developed to produce real-time data, novel configurations, in situ measurements, and

smaller devices. This thesis will seek to identify areas of need for new magnetic microdevices,

present new devices, and show the usefulness of the new tools used to study cell mechanics

and biological materials.

1.1 Basics of Magnetism

Devices using magnets have been used for over a thousand years from compasses to computer

hard drives [25]. Magnetic interactions are from the spin of electrons, and Maxwell derived

equations to describe the close interactions between electric fields and magnetic forces. This

section will describe some of the basics about magnetic fields and magnetic forces.

1.1.1 Magnetic Dipoles

Magnetic fields can be found in permanent magnets or they can be generated using current

traveling in a coil. The most basic way to represent magnetic fields is through the use of a
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point dipole, which produces a field at a point (x, y, z) away from the magnet described by

B =
µ0m

4πr5

(
3xzex + 3yzey +

(
3z2 − r2

)
ez

)
(1.1)

where B is the magnetic flux density, r is the distance to the point, and µ0 is the permeability

of free space (4π·10−7). The magnetic field from a point dipole is often a good way to describe

magnetic fields for magnets that are much smaller than the distance away from the magnet.

In general the 1
r3

relationship is important to understanding how magnetic fields dissipate

from the origin of the field. As one can expect, this can become a limiting factor when either

attempting to apply forces to objects containing magnetic material or when measuring the

field generated by small magnets.

1.1.2 Permeability and Susceptibility

The ability of a material to become magnetized or create a magnetic field is known as the

permeability, µ. In air, the permeability is a constant, known as the permeability of free

space, µ0 = 4π·10−7. Often, the parameter used is the relative permeability, µr defined by the

relationship µr = µ
µ0

. The susceptibility, χ is related the permeability by the relationship χ =

µr − 1. The permeability of a material determines how much magnetic field can be induced

into a material. Similarly, the susceptibility determines how the material will be magnetized.

There are three main parameters to keep constant when discussing magnetic fields, and these

are the field, H , the induction, B, and the magnetization, M . The permeability is defined

by µ = B
H

, and the susceptibility is χ = M
H

[61]. Furthermore, each material will have some

level of saturation magnetization, and remnant magnetization that determine how it can

behave in a magnetic field. The ability to demagnetize the material is known as the coercive

force, HC . The permeability, saturation magnetization, and remnant magnetization of a

material will affect choices as to what material to use a device that uses magnetic fields.

Some common materials are displayed in Table 1.1. As one can see, iron can be a good

choice for materials that is relatively cheap, easy to handle, and can be integrated into a

variety of devices. Iron and nickel particles are both readily available in diameters on the
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Table 1.1: Magnetic properties of some common materials [18, 61]

Material MSat · 106 (Am−1) HC (Am−1) µr

Iron 1.71 80 5000

Cobalt 1.42 795 250

Nickel 0.48 55 600

order of a few micrometers, and iron and nickel nanowires are both easy to fabricate in most

laboratories [16, 13]. Permanent magnets are typically made out of rare earth materials with

a composition of Nd-Fe-B [24], as they have remnant magnetizations on orders much larger

than iron.

1.2 Magnetic Nanowires and Particles

When building microdevices, the geometry and goals of the device will determine if the

developer uses magnetic nanowires or particles. Magnetic particles are typically readily

available from a variety of producers, while smaller particles and nanowires must be made

in the laboratory [142, 39].

1.2.1 Magnetic nanowires

Magnetic nanowires have been developed for a variety of purposes, and using a large number

of materials. One of the most prevalent methods for manufacturing magnetic nanowires is

through the use of electrodeposition in templates [16, 63, 66, 13]. There are also other meth-

ods for depositing nanowires, such as electroless deposition [64, 110], and several others [136].

Different fabrication methods and techniques can alter the crystal structure of the magnetic

nanowires, which can then alter the properties of the materials. For basic metals, such as

nickel, primitive methods may be used to produce adequate results for most applications

[13].

Magnetic nanowires offer a distinct advantage for actuation and sensing applications as
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they can be embedded remotely into biocompatible materials. There is no need to run wires

through a material or invasively provide actuation from an external tweezer. This advantage

is ideal for biological applications where it may be challenging to physically manipulate

cells, or the introduction of foreign objects may produce unexpected results. Some of the

devices and applications for actuation of devices made out of nanowires and particles include

nanowires embedded into polymeric posts for manipulation of cells [113], assembly of cells

using wires [119], and sensors for measuring the microrheology of biological substances [20].

Additionally, magnetic nanowires may be used as sensors when placed close enough to

a magnetic sensor. Typically, large numbers of wires must move in aggregate in order to

produce enough field to affect remote sensors, although some studies have shown the ability

to magnetically sense single nanowires or nanoparticles [21, 82]. Other sensors have made use

of bulk motions of nanowires for use in sensing acoustics or flows [55, 80]. These sensors make

use of a rotating magnetic dipole, which has a field given by 1.1, and rotates the direction

of B, thus changing the magnetic field observed at the sensor. Magnetic nanowires produce

magnetic field changes on the order of nanotesla, which are much smaller than the magnetic

fields observed due to the Earth’s magnetic poles, so significant engineering is required for

the sensors to function properly.

1.2.2 Magnetic Particles

Magnetic nanowires are a useful tool for many applications, but, as discussed above, they typ-

ically require small batch fabrication in a laboratory. There are few suppliers of nanowires,

and it can be burdensome to purchase or make enough for large scale applications. An

alternative to wires are particles on the order of nanometers to several micrometers in diam-

eter. Magnetic particles have been used in slightly larger structures to perform sensing or

actuation.

One common example of magnetic particles is to create artificial cilia by creating compos-

ites of magnetic particles and a soft polymer [80, 126, 9].These devices incorporate magnetic

particles into thin strips of PDMS or another soft polymer to produce either sensors or ac-
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tuators for a variety of purposes. Typically, iron particles are used as they are capable of

reaching a high level of magnetization before saturating, Table 1.1.

Additionally, custom magnetic particles are often used for a variety of biomedical pur-

poses. Some applications include imaging, drug delivery, and magnetic separation [47, 111].

Typically, manufacturing of custom magnetic particles involves reactions under pressure

and a variety of chemical synthesis methods depending on the tolerance, size, and material

[74, 75].

1.3 Magnetic Sensing

In addition to using magnetic microdevices for actuating forces, there are also a wide variety

of devices that measure stray magnetic fields to determine the location or count of particles

or wires. Magnetic sensors used in these devices are either commercially available, or custom

fabricated in clean rooms, and they can use a variety of sensing techniques.

1.3.1 Giant Magnetoresistance

One of the great challenges of creating devices for magnetic sensing is the challenge posed

by turning a magnetic field change into a measurable voltage change. Several devices have

been created over the years, and one of the largest breakthroughs for magnetic sensing was

the discovery of giant magnetoresistance (GMR) [7, 39]. The giant magnetoresistive effect is

found in layers of magnetic and anti-magnetic metals. Change in magnetism affects the spin

coupling of the electrons and causes a change in the resistance of the material. The giant

magnetoresistance effect has been used in computer hard disk drive read heads to reduce the

area and read time of the drive [92]. The discoverers of the GMR effect won the nobel prize

for their discovery and advancement in the field.

Further developments of GMR effects have led to resistance changes of 15% through the

use of devices known as spin valves [42]. Spin valves also use the GMR effect; however, they

have a precise array of materials in order to achieve higher resistance changes. The spin valve

is characterized by a “pinned” layer of magnetic material, and a “free” layer of magnetic
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material with a non-magnetic conductive layer in between. The non-magnetic conductive

layer is often Cu, while the sandwiching layers are CoFe. The pinning material is an anti-

magnetic layer, often MnIr, and the free layer is coupled to NiFe, Figure 1.1. The base and

Figure 1.1: GMR devices work by altering the resistance of a thin layer of copper sandwiched
in between a magnetically active layer and a magnetically pinned layer.

cap of the structure sets the crystal and is often Ta. This structure is used in a variety of

devices, and has strong magnetoresistance. One of the drawbacks of devices that use GMR

is that the saturation magnetism is often very small. Devices using GMR have to be used in

a narrow range in order to be sensitive to the devices. Alternatively, GMR devices are often

high-frequency devices that can be filtered to remove the inherent drift due to magnetic noise

found throughout devices, the Earth, and local gradients [38].

1.3.2 Magnetic Devices

Several devices have been built that incorporate magnetic nanowires, magnetic beads, or

larger permanent magnets. As described above, one major area of work for magnetic devices

is to pull on biological materials from a distance to measure material properties, such as

stiffness, or to actuate forces. I will describe a few devices here, and some are shown in

Figure 1.2. One of the earliest applications to pull on cells was a seminal work performed

by Bausch, et al. [10] that used magnetic beads adhered to a cell’s surface to measure the
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Figure 1.2: Many magnetic devices have been developed to study biological materials. (a)
Bausch, et al. [11] used magnetic beads, (b) Sniadecki, et al. [113] used nanowires embedded
into microposts, (c) Rebelo, et al. [93] used a magnetically active AFM tip, and (d) Chevry,
et al. [20] used individual nanowires for microrheology.

viscoelastic properties of cells. Actuation was performed using an electromagnet, and the

author’s were able to model the cell at different locations based on how the bead returned to

a neutral position. Beads were coated to adhere to the cell’s surface. More recently, magnetic

nanowires were embedded into microposts by Sniadecki, et al. [113] to pull on individual

cells to measure how an external force would affect the rest of the tugging forces of the cells.

Posts were actuated, and the force generated at a distance was measured through the use of

microposts. Rebelo, et al. [93] attached magnets to an atomic force microscope (AFM) tip

in order to have stronger control over the position of the tip for performing microrheology

experiments across the surface of cells. There are many methods for using beads as a tool for

microrheology, but Chevry, et al. [20] used the rotation of magnetic nanowires to describe

the microrheology of materials.

Magnetic nanowires and magnetic beads offer great platforms for a wide variety of tools

for studying biomaterials on the microscale level. Devices with magnetic nanowires and
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beads can be used to either produce force, or measure some aspect of the system in question.

The purpose of this thesis is to propose new devices made out of magnetic materials and to

demonstrate their use to investigate questions about the nature of biological materials and

test hypotheses about viscoelasticity and force production of several systems.
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Chapter 2

AIM 1: FABRICATE AND CHARACTERIZE A
MICROFLUIDIC DEVICE TO MEASURE VISCOELASTICITY

The first aim of my thesis is to fabricate and characterize a device for measuring viscoelas-

ticity. The goal of this aim is to gain an understanding of how a large-scale version will work

in viscous and viscoelastic fluids so that knowledge can be used on a micro-scale device. The

secondary goal of this aim is to create a novel disposable system to study viscoelastic fluids

with small volumes, novel configurations, and new tools.

2.1 Basics of Rheology and Microrheology

Rheology is the study of the mechanics of fluids and gels that seeks to understand the time-

dependent nature of the materials. In order to study the rheology of fluids, a fluid is sheared

by moving two components of the system in relation to each other. One example of this is a

cone and plate rheometer that rotates a cone to shear a fluid [77]. This rheological tool uses

the geometry of the cone and plate to determine the shear forces acting on the fluid. The

frequency of the cone is varied, and that results in a frequency-dependent understanding of

the viscoelastic properties of the fluid undergoing study. This tool performs measurements

on bulk fluid and has been used to reveal information about the dynamics of fluids since its

creation. There are several manufacturers of cone and plate rheometers, and it is one of the

standards for measuring viscoelasticity of fluids. Although the cone and plate rheometer is

the workhorse of rheology, several tools have been developed to study fluids in novel ways

and on a microscale level.
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2.1.1 Microrheology

Microrheology can be divided into passive and force-driven rheology techniques [128]. Passive

techniques involve tracking micro-scale objects, such as microbeads as they are moved around

the cell [122]. Force-driven techniques apply external forces to a particle and measure the

response. The particles are often driven by magnetic forces, and have involved rotating

magnetic wires[20], moving magnetic beads [10], or pulling on a magnet attached to an

atomic force microscope (AFM) [93]. One popular method of studying local viscoelastic

properties of fluids is through the use of magnetic beads [127]. This technique has been

used extensively to study the motion of cells, and has provided a greater insight to the local

mechanics of regions of the cell wall. One feature all of the techniques have in common is

how the technique is analyzed to generate data about the system.

In order to determine the properties of the fluid, one must understand the characteristic

equations of the system in question. For magnetic beads moving through a fluid, the drag

on the bead is well understood, and any changes from the expected drag must be explained

with the mechanics of the system. Similarly, equations were developed for understanding

the motion of nanowires and AFM tips through a fluid. After understanding the expected

transfer function, an understanding of the expected reaction of the system must also be

identified and fit to the results.

There are a variety of methods to explain the mechanics of fluids, and I will describe

three of the methods in this paper. They are the most common systems and explain the

vast majority of systems. The three systems in question are known as a Maxwell system, a

Kelvin-Voigt system, and a Zener system (also known as a standard linear model) [71]. The

easiest way to understand these three systems is through the use of complementary spring

and dashpot systems.
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2.1.2 Maxwell Model

A Maxwell system is the most basic system and can be modeled as a spring in series with

a damping element. The spring determines the storage modulus, and the damping element

describes the viscosity of the fluid, as seen in Figure 2.1. The Maxwell model responds to

an applied step stress with a rapid change in strain due to the modulus of the fluid and a

continued creep over time due to the viscosity of the fluid, Figure 2.1.

Figure 2.1: Maxwell model of a system is modeled by a spring and damper system

2.1.3 Kelvin-Voigt Model

Another simplified model for describing the behavior of a viscoelastic fluid is the Kelvin-

Voigt model. It is similar to the Maxwell model; however, it uses a spring and damping

element in parallel. This model describes the system as having a slower time to react due

to an applied step stress, but the material eventually approaches the strain predicted by the

Young’s modulus, Figure 2.2.

2.1.4 Zener Model (Standard Linear Solid)

The final basic model for viscoelastic fluids is the Zener model. The Zener model is also

known as the standard linear solid, and it can be extended to describe the highly dynamic

behavior of some materials. The model consists of a spring and damper element in series,

and that system is in parallel with another spring, Figure 2.3. The response of the system is

a quick elastic response, followed by a secondary regime that has a slower elastic response,
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Figure 2.2: Kelvin-Voigt model of a viscoelastic system is equivalent to spring and damper
in parallel.

and then a hold that approaches the final equivalent stiffness. The Zener system is a popular

Figure 2.3: Zener model of a viscoelastic system is equivalent to a system of two springs and
a damping element.

tool for a wide variety of viscoelastic materials. In particular, modifications of the Zener

model have been used to model biological systems, such as the viscoelasticity of cell surfaces

[10].

2.1.5 Future Devices

Although there are a variety of tools and studies that have been performed on viscoelastic

materials, there is still a need for more devices that can be used for fluids that are corrosive,

and for devices tailored to specific in situ applications. Although magnetic beads are a useful

tool for studying the rheology of a large number of substances and devices, they introduce

foreign objects into cells that could potentially affect the response of the cell. Using new

tools to eliminate this can be useful.
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2.2 Device Overview

The novel tool I developed for measuring viscoelasticity is a polymer post embedded with

magnetic microparticles that is oscillated in a fluid using an externally-applied magnetic field,

Figure 2.4. The first iteration of the device is controlled using an electromagnet, and the

Figure 2.4: Overview of the post with the magnetic field (a) off and (b) on. A PDMS post
with embedded magnetic particles is adhered to the bottom of a well and deflects under the
presence of a magnetic field. The deflection of the top of the post, δ, is measured with an
optical microscope. c©2016 IEEE

motion of the post is observed using an optical microscopic. The motion was characterized

using mixtures of glycerol and water to vary viscosity, and collagen gels as viscoelastic fluids.

This chapter will discuss an overview of the initial device and characterization c©2016 IEEE

[15].

2.3 Fabrication Overview

In order to fabricate this device, a mold was fabricated at the Physics Machine Shop at the

University of Washington. The mold is made out of aluminum, and through holes were used

to aid in creating posts that were the entire height. The holes were 250 µm in diameter and

3.8 mm in length. Through holes were used to prevent bubbles and not fully formed posts.

Previous efforts by the author showed complications in creating posts without through holes.

The mold was used to create posts out of PDMS (Dow Corning, Sylgard 184) mixed

with iron microparticles (Sigma-Aldrich, 44890). PDMS was mixed in a 10:1 ratio of base
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to crosslinker, as per standard instructions. The composite used in the posts was made

from a ratio of 2:1 PDMS to iron particles by weight, which is equivalent to 6% volume

of iron particles. PDMS and iron particles were mixed for at least five minutes, and then

degassed until there were no visible bubbles. The mixture was then pushed through the

mold, Figure 2.5, and excess PDMS was removed. A small amount of PDMS was used to

Figure 2.5: Fabrication process for embedding particles in a microdevice. (a) Aluminum
molds with through-holes are (b) filled with magnetically-doped PDMS. (c) Excess doped
PDMS is removed, and (d) non-doped PDMS is used to affix it to a backing layer. (e) Posts
are cured, and (f) the final posts are made with a length of 3.8 mm and diameter of 250 µm.
c©2016 IEEE

help affix the post layer to the a pre-cured PDMS base, Figure 2.5(d). The purpose for

using a pre-cured PDMS layer was to keep the base of the post transparent, and to prevent

the whole tissue culture dish from moving when a magnetic field was applied. The posts

were cured for 20 minutes at 110 ◦C. Any small amount of excess PDMS that was pushed

out of the tops of the posts during step (d) was removed, and posts were separated from

each other. After that, posts were affixed to P-35 petri dishes with another small amount of

PDMS, and placed withing a cloning ring (Fisher, 14-512-79). Finally, the dish was placed

within a custom-fabricated holder to hold the electromagnet and post in place under the

microscope, Figure 2.6
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Figure 2.6: Picture of the post filled with collagen gel under the microscope. A custom holder
was manufactured to hold a petri dish and electromagnet in place. The entire structure was
positioned on a microscope stage. Gels and fluids are contained in a cloning ring affixed to
the petri dish. c©2016 IEEE

2.4 Theoretical Characterization

Initial characterization of the motion of the post through viscoelastic fluids was performed

using a custom electromagnet. Future experiments could make use of an oscillating per-

manent magnet in order to make use of stronger magnetic fields without the need for large

currents.

The custom magnetic coil produced maximum fields of 25 mT at the location of the

magnetic post, as measured with a Hall effect probe (Lakeshore, 7300). The magnetic field

varied 10% over the length of the post. In order to simplify the analysis, the force on the

post was assumed to be sufficiently uniform for beam equations. The force on the post is

determined by the magnetic field, which is determined by the current in the system and the

magnetization of the particles, which is given by

F = BMV = (µ0i) (µi)V (2.1)

where F is the force on the post due to the magnetic field, B is the magnetic field generated

by the coil, M is the induced magnetism of the iron particles, V is the volume of magnetic

material in the post, µ0 is the permeability of free space, µ is the permeability of iron, and

i is the current in the coil [61]. This shows that the force is dependent on the square of the
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current.

The system was assumed to be a first order system, due to the relatively slow speeds of

the post and the small mass in the system. This resulted in a relationship between the force

on the post and the displacement of the top of the post given by

F (t) = (kp + kf ) δ (t) + (bf ) δ̇ (t) (2.2)

where F (t) is the total distributed load on the post, δ (t) is the deflection of the top of the

post, kf is an experimentally determined coefficient relating to the elasticity of the fluid, and

bf is an experimentally determined coefficient relating to the damping in the system.

The system described in Equation 2.2 can be viewed in light of the free body diagram in

Figure 2.7. The forces on the post are due to the magnetic force, the restoring force of the

Figure 2.7: (a) Interactions of the post with the fluid or gel result in a (b) free body diagram
of the relevant parameters from a first order approximation of the system. c©2016 IEEE

post as a cantilever, and the resistance on the post due to the fluid. The magnetic force is

assumed to be sufficiently uniform throughout the post, and cross-sectional views confirmed

a consistent distribution of particles throughout the post. In the system, the resistance of the

fluid can be due to the viscosity of the fluid, or the viscoelasticity of the gels. The position of

the top of the post is tracked with a camera (Hammamatsu, C11440-10C), and the following

sections will describe the relationship between the motion of the top of the post and the

viscoelastic properties of the post-fluid system.
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2.4.1 Drag Forces

The drag forces on the post as it moves through a fluid can either be due to the viscosity of

viscous fluids or due to the viscous component of a viscoelastic gel. In either case, the motion

of the post is well into the laminar flow regime, based on a peak Reynold’s number of much

less than one. The Reynold’s number, Re, indicates the relationship between viscous forces

and inertial forces, so when it is much less than one, viscous forces dominate the system.

One famous use of highly viscous flows around objects is the flow around a sphere, which

is used when determining how magnetic beads move through liquids at low velocities [10].

Similarly, there is approximation for the highly viscous flows around a cylinder, and it is the

Oseen approximation [49] given by

Fdrag
L

=
4πµ

1
2
− γ − ln Re

4

∂y(t)

∂t
(2.3)

where L is the length of the cylinder, µ is the viscosity of the fluid, ∂y(t)
∂t

is the velocity of the

cylinder, γ is Euler’s constant, and Re is the Reynold’s number. From the frame of reference

of the post, the fluid is moving around the post, although the post is not strictly a cylinder

in this case, and there needs to be a relationship for the post as a cantilevered beam.

A cantilevered beam will not have a constant velocity along the post; however, each

segment of the post can be treated as a cylinder and integrated over the length of the post.

Integrating over the length of the post gives an integral of

Fdrag =
∫ L

0

4πµ
1
2
− γ − ln

(
Re
4

) ∂y (x, t)

∂t
dx (2.4)

where L is the the length of the post. The Reynold’s number and viscosity can be approxi-

mated as constants with respect to x, so the only parameter dependent on x is the velocity

of the fluid, ∂y(t)
∂t

, which gives

Fdrag =
4πµ

1
2
− γ − ln

(
Re
4

) ∫ L

0

∂y (x, t)

∂t
dx. (2.5)

In order to solve the integral in Equation 2.5, I will assume that the elastic forces of the post

and the post-gel interactions dominate the determination of the shape of the post. Due to
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the small velocities in the system, this is an appropriate approximation, and results in the

shape of a post being determined by that of a cantilevered beam with a uniform load. After

this assumption, the deflection of any point on the post can be determined by the deflection

of the top of the post by

y (x, t) = δ (t)
x4 − 4x3L+ 6x2L2

3L4
(2.6)

where δ (t) is the deflection of the top of the post, and x is a position along the length of the

post.

After combining Equation 2.4 with Equation 2.6, we can determine a drag coefficient

based on the first order system in Equation 2.2 given by

bf =
4πµ

1
2
− γ − ln

(
Re
4

) 6

15
L. (2.7)

2.4.2 Elastic Forces

As previously mentioned, the elastic forces on the post, kf +kp are due to both the restoring

force of the cantilevered PDMS beam and to the elasticity of a viscoelastic fluid. Based

on the geometry of the system, we can approximate the spring constant based on a model

system of a cantilevered beam with a uniformly distributed load supported on a Winkler

foundation [56], where the gel in the well is the Winkler foundation material, Figure 2.8. The

Figure 2.8: Winkler foundations are used to model civil engineering structures. The Young’s
modulus, E of a material can be determined after calculating the foundation modulus, k of
a material with the dimensions of the beam and distance to the foundation.
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Winkler foundation is an infinite elastic half-space that is commonly used to model loads

on foundations in engineered structures. There are exact solutions to numerous interactions

between loading configurations and Winkler foundations. In particular, there is a solution

for an elastic beam that has a uniformly distributed load given by

kf + kp = kL

(
1− 2 cosh (λL) cos (λL)

cosh2 (λL) + cos2 (λL)

)
(2.8)

where λ is given by λ = (Ep/4kI)1/4, Ep is the Young’s modulus of the PDMS post, k is the

foundation modulus of the gel in the system, and I is the second moment of area of the post

cross-section.

The foundation modulus, k can be related to the Young’s modulus of the gel, Ef , by

assuming that the PDMS beam is relatively stiff compared with the gel, and that the gel

interacts with a much stiffer base [22, 69]

Ef =
(1 + νf ) (1− 2νf )

(1− νf )
H

b
k (2.9)

where νf is the Poisson’s ratio of the gel, H is the depth of the gel, and b is the width of the

beam. For many biological gels, the Poisson’s ratio must be assumed or determined from

literature. Often, including for collagen, there are several reported values, but a value of

0.25 is sufficient for many applications [67]. Slight variations in the Poisson’s ratio will affect

results of the final stiffness calculations; however, the results will still be within the same

order of magnitude. In this system, the modulus of PDMS and polystyrene are typically

several orders of magnitude greater than the modulus of the gels, so the assumption in

Equation 2.9 is appropriate.

In this system, if the fluid in the ring is purely viscous, the portion of the spring constant

due to the fluid will approach zero, and the material will behave as a Timoshenko beam [12]

EI
∂4y (x, t)

∂x4
+m

∂2y (x, t)

∂t2
= p (x, t) (2.10)

where y (x, t) is the total deflection of any point on the post, and it is determined based on

the specific mass of the post, m the Young’s modulus, E, the second moment of area, I,



20

and the external loading on the post, p (x, t). As mentioned above, I have chosen to assume

that the magnetic forces on the beam are uniformly distributed accross the length of the

post, and that the forces due to the mass of the beam are much smaller than those due to

the elasticity of the beam. These two assumptions lead to the use of Castigliano’s method

[54] to solve Equation 2.10. Castigliano’s method relates the displacement of each point on

the elastic structure to the strain energy in the structure. For a cantilevered beam with a

circular cross-section, and a uniformly distributed load the solution is

kp =
Epπd

4

8L3
(2.11)

where d is the diameter of the post, and L is the height of the post. This result is obtained

as the modulus of the fluid, Ef in Equation 2.8, approaches zero.

2.4.3 Governing Equation and Material Properties

As previously discussed, I have assumed that the post-gel system is a first-order system,

described by Equation 2.2. The constants in Equation 2.2 are determined by the elastic

forces, Equation 2.8, and the viscous forces, Equation 2.7. Combining the equations results

in a relationship between the applied magnetic force and the known and unknown parameters

of the system described by

Fmag (t) = kL

(
1− 2 cosh (λL) cos (λL)

cosh2 (λL) + cos2 (λL)

)
δ (t) +

 4πµ
1
2
− γ − ln

(
Re
4

)
 6

15
Lδ̇ (t) . (2.12)

There is a direct relationship between the experimentally determined damping coefficient,

bf , and the viscosity, µ, and it is given by

bf
µ

=
4π

1
2
− γ − ln

(
Re
4

) 6L

15
. (2.13)

The relationship between the spring constant and the modulus of the gel is indirect, but it

can be calculated by solving Equation 2.8 for k, and then using Equation 2.9 for Ef . These

two equations can be used with model fits for a first order system to gain insight into the

material properties of gels measured with this system.
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2.4.4 Modulus of PDMS with Iron Particles

The choice of value for the modulus of PDMS should not be taken lightly. There are several

studies that have determined values of the modulus, and found that it is dependent on a

large number of factors [125, 43]. Some of the factors that affect the modulus of PDMS

include the mixing ratio, baking time, baking temperature, storage time, and addition of

any microparticles, and the density of mixing of microparticles. In general, the modulus of

PDMS has been found to be 0.5-3.5 MPa. In order to gain an understanding of the modulus

of PDMS in my experiments, I ran a tensile test of specimens of plain PDMS, and PDMS

mixed with iron particles. The volume percentage of iron particles is 5.7%. I found that the

tensile strength of PDMS with iron microparticles was approximately 20-30% higher than

that of plain PDMS.

The posts used in my experiments were cured for 20 minutes, which results in a siffness

of 1.3 MPa. Posts cured for 24 hours had a stiffness of 3.1 MPa. The posts used throughout

these experiments sat for several months before use, which has been shown to increase the

stiffness [43]. The exact stiffness of the PDMS posts used in these experiments is not known;

however, 2.5 MPa is a typical value used for PDMS posts, and this is what I used throughout

the analysis. The final results scale linearly with any errors in choice of the modulus of PDMS.

2.5 Experimental Procedures

The experiments for aim 1 are primarily directed towards characterizing the system and

verifying the analysis described above. Experiments were run with mixtures of glycerol (J.T.

Baker, 2136-001) and water to provide purely viscous materials. The properties of glycerol

when mixed with water are a non-linearly increasing viscosity [106]. The viscosity can be

controlled by the volume percentage of water in the mixture, and can be controlled up to 1.4

Pa·s. For this characterization, I made mixtures of glycerol and water with a volume ratio

of 90%, 96.5%, and 100% glycerol.
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2.5.1 Collagen Gel Protocols

In order to characterize the viscoelastic measurements and analysis, I observed the gelling

of collagen over time and three different concentrations. I used gels with concentrations of

0.1 mg/mL, 1 mg/mL, and 3 mg/mL of collagen per standard protocols [1]. Stock rat tail

collagen I with a concentration of 4.1 m/mL (BD Bioscience, 354236) was diluted to form 1

mL of gel by using 10% volume of Medium 199 (Life Technologies, 11825-015). Additionally,

1 N NaOH (Fisher, SS255-1) was added to the solution until it reached a pH of 7.1, which

was indicated by a color change of the fluid from yellow to pink. Finally, water was added to

the solution to make up the remaining 1 mL volume. The solution was mixed thoroughly and

pipetted into the wells. There were some experiments that had gels with trapped bubbles

near the post, and these were removed from analysis.

Initially, collagen gels were formed at 37 ◦C, but the post was observed to move around

while the solution underwent gelation, Figure 2.9. Posts in a well with collagen gels formed

Figure 2.9: Posts moved in collagen gels formed at 37 ◦C often had significant motion from
the neutral position, while posts formed at 22 ◦C remained vertical. Experiments for testing
viscoelasticity of collagen gels were performed at 22 ◦C. c©2016 IEEE

at 37 ◦C moved while gelling, which may have been due to inconsistent pipetting or mixing,

or non-symmetry in small bubbles in the gels in the well. At room temperature (22 ◦C), the

posts did not move over the course of 90 minutes, while the posts at 37 ◦C generally moved

significantly, as seen in Figure 2.9. Due to the motion of the post, gels were formed at 22 ◦C

for the characterization experiments.
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2.5.2 Data Collection Methods

Experiments for collagen gels were performed at 22 ◦C, and run at 0, 30, 60, and 90 minutes.

The custom holder seen in Figure 2.6 was used to hold the gel and apply magnetic field

at each time point. A chirp signal was used to actuate the post, and a camera (Nikon,

Eclipse NV100) was used with a 10x objective to view the motion of the post. The custom

magnetic coil was actuated and observed with a custom LabView program combined with

a data acquisition system (National Instruments, USB-6002). At each time point, 5 second

runs of actuation were performed while collecting 200 images.

Initially, posts were calibrated in viscous fluids and the force-magnetic field relationship

was determined using quasi-static runs of 0.25 Hz sine waves. The amplitude of the current

squared was compared with the amplitude of the post motion to determine the force gener-

ated on the post. The relationship for each post was then used in experiments with collagen

gels. Data used for analysis was a chirp signal varying from 0.25 to 20 Hz.

2.5.3 Image Analysis

Images were processed using a circular Hough fitting program in Matlab [89]. The centroid

movement was tracked throughout the video, and converted to displacement from the neutral

position. Typical images of the top of the post, as well as the cross-sectional views of the

post can be see in Figure 2.10. The Hough fitting algorithm was useful for posts contained

within gels that could not easily be converted to binary images to track the centroid of the

post. Additionally, this method will be generally useful for fluids and gels that are not as

optically transparent.

After analyzing videos, the voltage output to the coil was converted to current based on

the resistance of the coil used in the experiment. The applied force was determined based

on the knowledge that the force is related to the square of the current (Equation 2.1), and

the relationship determined during the quasistatic experiments. Each post was found to

have slight differences in force due to magnetic fields due to changes in the final volume
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Figure 2.10: Posts moved from an (a) actuated to an (b) unactuated position when the
magnetic field is removed. A circular Hough fitting algorithm is used to determine the
center of the posts in each image. Side views of magnetic posts with (c) reflective and (d)
bright field show the density of microparticles. c©2016 IEEE

and orientation of magnetic material in the post. Raw data of the position and input forces

for different fluids can be seen in Figure 2.11 The final parameters used in the experiments

were determined using the System Identification ToolboxTM in Matlab. As described above,

a first-order system was fit to the data from the chirp signal and used to determine the

constants in the system.

2.6 Viscous Fluid Results

Viscous fluids were primarily used to characterize the system for known fluids. The viscosities

of mixtures of glycerol and water were determined from published results in literature [106].

The first-order system fit was used to determine both the stiffness coefficient, and the drag

coefficient as seen in Figure 2.12. As seen in Figure 2.12, the stiffness coefficient remained

close to the expected spring constant determined by Equation 2.11 for all viscosities. The

drag coefficient tracked well with the viscosity of the fluid in the well, which also agreed with

the expected result of 0.0045 (Pa·s)−1 calculated from Equation 2.13.
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Figure 2.11: Raw data traces of the (a) applied current and force compared with the resulting
(b) position of the top of the post for air. The (c) applied force was the same for glycerol,
while the (d) position response was reduced. c©2016 IEEE

2.7 Viscoelastic Fluid Results

As expected, collagen gels stiffened over time, and had an increase in velocity. Furthermore,

gels with higher concentrations of collagen ultimately had a high stiffness and viscosity, as

seen in Figure 2.13.

Collagen gels have a much broader range of published values for the viscosity and mod-

ulus, and it is dependent on the type of collagen used, the gelling temperature, the pH of

the gel, the strain rate, and the concentration of collagen. There are numerous studies on

the modulus of collagen gels, including studies on the shear modulus [139], studies model-

ing gels to determine the Young’s modulus [115, 97], and studies on mixtures of gels with

cells [36] or gluteraldehyde [109]. The study with the closest methods to fabricating gels

was from Roeder, et al. [97], and gave a thorough analysis of how the pH, strain rate, and

collagen concentration affects the modulus. A comparison of the values determined from my
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Figure 2.12: Experimental results of the post response in glycerol mixtures. The (a) stiffness
is equal to the post stiffness determined by Equation 2.11, while the (b) relationship between
drag and viscosity matches closely with the expected result from Equation 2.13. c©2016 IEEE

Table 2.1: Experimental values for collagen gel stiffness compared to previous work c©2016
IEEE

Concentration Results (kPa) Roder, et al. (kPa)

0.1 mg/mL 0.384 ± 0.2

0.3 mg/mL 1.54 ± 0.507

1.0 mg/mL 3.792 ± 0.1 10.7 ± 1.93

3.0 mg/mL 9.360 ± 2.4 24.3 ± 4.16

experiments and values published by Roeder, et al., can be seen in Table 2.1. The values I

found were generally lower than those of the Roeder study, and this may be due to a shorter
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Figure 2.13: Experimental results of the post response with different concentrations of col-
lagen gels, showing the (a) stiffness coefficient and the (b) drag coefficient determined from
the first order system. Experiments were run every 30 minutes during the gel formation.
c©2016 IEEE

gelation time, different gelling temperatures, or slight changes in pH. Variations in the values

determined from my analysis and previously published values may also be due to some of

the assumptions discussed above, although the results are in the correct order of magnitude

and appear to confirm the analysis.

2.8 Discussion

This aim was to build a novel viscoelastic testing device that be used to perform in situ

testing of fluids and gels. I have successfully built this device, described its function, and

ran experiments to confirm the analysis. Collagen gels and viscous mixtures of glycerol and

water were used to characterize the device. This device may be used to test fluids over time

without causing destructive behavior to the fluids. The device may also find applications in

biology, where continuous monitoring of cell cultures over time can give an insight into the
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mechanical responses of tissues.

Some of the limitations of the device are that it can only be used in its current state for

relatively weak gels and fluids. The resolution of the position of the post does not enable

measurements of viscoelasticity in regimes where the elasticity of the gel is high. This may be

modified by applying a higher force to the post or increasing the amount of magnetic material

in each post. Additionally, gels and fluids must be optically transparent or translucent in

order to use this system.

One advantage of this device over current technologies is that it only requires small

volumes of material in order to produce measurements of the bulk properties. In its current

configuration, samples are 200 µL, and the volume can be further reduced by changing the

size of the ring used to contain the fluid. This is particularly useful for situations where

reagents are expensive.

The small size and biocompatibility of the device created in this aim can be useful for

future studies with live cells or tissues in situ [90, 41]. The entire system can be placed in

an incubator for long-term culture of cells or assessing cells on a continual basis. The device

may also be modified to perform parallel studies of many groups of cells that are undergoing

different treatment options for rapid testing.
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Chapter 3

AIM 2: MINIATURIZE THE MAGNETIC DEVICE FOR USE
IN A SHEAR FLOW DEVICE TO MEASURE PLATELET

VISCOELASTICITY

The second aim of my thesis is to miniaturize the microfluidic tool for use in a microfluidic

channel. The goal of this aim is to determine if the stiffness of a platelet clot developed under

shear flow follows the same trends as the force generated by the clot. My hypothesis is that

I will be able to measure clot stiffness and that the stiffness is at least partially driven by

myosin II activity.

3.1 Platelet Biology and Rheology

After a tearing of the endothelium, platelets are the first cells to enter and start the repair

process of a wound site [28]. The entire repair process is known as hemostasis. The first stage

of hemostasis, titled primary hemostasis [19], happens when activated platelets are attracted

to a wound site and bind to the point of the wound to form a soft platelet plug. The

second stage of coagulation, known as secondary hemostasis [73], involves the recruitment of

fibrinogen to the site of the wound to convert it to fibrin to form a clot. The entire process

has been studied extensively for over 1000 years [73], and there are still more aspects of

hemostasis yet to be understood [60].

3.1.1 Primary Hemostasis

Primary hemostasis is the process by which platelets, which are always flowing with the

bloodstream, become activated and adhere to a damaged portion of the endothelium [19].

This process has been studied extensively, and it involves several mechanical changes to
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the system. Platelets undergo shape changes after becoming activated, and platelets begin

to adhere to each other. One of the key factors involved in primary hemostasis is the

effect of shear stress on the platelets and how they aggregate to form a platelet plug [85].

The two main factors involved in platelet adhesion, aggregation, and force development are

glycoprotein (GP) Ib, and the integrin αIIbβ3 [62].

3.1.2 Secondary Hemostasis

During secondary hemostasis, short molecules known as fibrinogen are converted to longer

molecules known as fibrin, and these molecules form networks to produce enough force to

stop clots [83]. It is thought that one of the key factors in controlling the synthesis of

fibrin is thrombin. The density and methods of activating fibrinogen to form into fibrin

can control many of the mechanical properties of the clot, and how it undergoes fibrinolysis

[129, 130]. In addition to the function of platelets, thrombin, and fibrinogen, there is an

extensive intrinsic and extrinsic pathway containing over 13 tissue factors that control and

mediate the formation and lysis of clots during hemostasis [28].

3.1.3 Testing Under Shear Flow

One of the most important aspects of clotting that has been the cause of a great number of

studies is the mechanical effects of shear flow on platelets and the entire coagulation cascade

[60, 40].

3.2 Platelet Functional Testing

Many tools that have been developed for macro-scale and microfluidic studies of platelet

clotting forces [37]. These tools seek answers to questions about what factors affect the

mechanical integrity of clots and have been used both for research purposes and clinical use.

Two of the most prevalent devices are thromboelastography (TEG) and rotational throm-

boelastometry (ROTEM). Along with TEG and ROTEM, there are a number of studies
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of the forces, clot size, clot stiffness and creep over time and under the presence of differ-

ent antagonists and inhibitors to determine how platelets function to form platelet plugs,

coagulation, and eventually undergo fibrinolysis throughout the wound healing process.

3.2.1 Thromboelastography

There are two primary methods for measuring shear-induced platelet forces - thromboelas-

tography (TEG R©), and rotational thromboelastometry (ROTEM R©) [27]. Both TEG and

ROTEM use whole blood pipetted into a small cup and measure the response of a slender

pin. In TEG, the cup is rotated while blood clots and induces motion of the pin; in ROTEM,

the pin is rotated, and the reduction in oscillation of the pin is measured [76]. Although the

two techniques are similar, there is an ongoing debate over which is more accurate and easier

to use [59, 102, 27, 30].

Some of the key insights that TEG and ROTEM can provide are the effects of fibrin

and platelet-fibrin interactions on clots [129], and that these effects are clinically relevant,

especially in trauma situations [130]. TEG and ROTEM have provided extensive data about

the nature of clots, and the contribution of different components; however, they do not act

physiologically, and suffer from a lack of ability to gather additional data points including a

visualization of the clot, the effects of significant shear, and the effects of platelets without

performing additional processing steps.

3.2.2 Clot Retraction

Another key device for studying platelet functions is the clot retraction assay [98]. The basic

function of the device is to determine the area of platelet clots over time. As platelets pull

on each other to produce more force, the overall clot area will decrease as the myosin chains

pull the actin filaments closer together.
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3.2.3 Shear Flow Devices

One key study of the function of platelets during clot formation is through the use of de-

vices that can provide shear forces. These devices are able to better provide physiological

conditions to understand the factors that go into hemostasis in situ.

Several studies used cone and plate rheometers [48, 107], and these studies vary the speed

of the system to produce shear forces on platelets. This technique has provided significant

insight into the effects of shear forces, but many other groups have chosen to produce flows

that look more like flows throughout the body. Flows in the body are through small cylin-

drical blood vessels, so groups have developed similar looking devices to create shear flows

[101, 6]. There are several other methods, and microfluidic methods to study the mechanics

of platelets as they encounter shear forces and aid in the wound healing process.

3.2.4 Other Devices and Findings

In addition to the specialized equipment described above, several standard rheological tools

and methods have been used to characterize the viscoelastic properties of clots during wound

healing.

One method used to investigate the creep recovery of clots prepared under thrombin or

ancrod [8]. The device used for this study was essentially a parallel-plate rheometer, and the

study investigated the effects of coarse, intermediate, and fine clots prepared with different

concentrations of fibrinogen, and higher concentrations of fibrinogen produced finer clots.

Additionally, the authors found that creep increased with decreasing clot coarseness. One

drawback of the device is that independent measurements had to be made for studying the

structure of the clot and the clotting time of the clot.

Another device is similar to a cone and plate rheometer [86]. The device can be used to

produce shear forces on platelets in a variety of configurations. The group did studies and

was able to produce a range of waveforms on platelets in order to build a model of platelet

function. Another study with the device [108] investigated how platelets would be effected
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by cardiovascular devices that can produce additional shear forces than typical conditions

[99].

3.3 Device Overview

Previously, a shear flow device was developed to measure the forces of platelet clots as they

formed on posts [121], Figure 3.1. Whole blood flows through a microfluidic channel where it

Figure 3.1: (a) A microfluidic device is built with rigid and flexible structures on the base, and
the entire structure is made out of PDMS. (b) Whole blood flows through the channels, and
platelets (in pink) adhere to the collagen-fuctionalized features. After some time, platelets
produce force, bending the post towards the rigid block.

encounters small features designed to create shear gradients that cause platelets to activate

and form platelet clots between a rigid block and a micropost. The force of the clot is

determined by the motion of the tip of the micropost and can be determined by assuming

that the entire clot is forming between the post and the block given by

Fclot =
Eπd4

8L3
δ (3.1)

where Fclot is the force of the clot, E is the modulus of the post material, d is the diameter

of the post, and L is the height of the post. Previous results have shown that the clot force
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increases over time, and that different antagonists can affect the forces.

The aim of this section is to develop a new microfluidic channel system that has magnetic

material embedded into the posts in order to apply forces to the platelet plugs to determine

the viscoelastic properties to the clots over time. I first set out on building this device with

nanowires embedded into microposts, Figure 3.2, then modified the design for larger posts

to be used with nanowires. Ultimately, I found that using magnetic particles embedded in

Figure 3.2: Conceptual design of testing setup. Nanowires are used to apply forces to clot
formed on a microfluidic shear device.

the posts was most advantageous for providing consist deflections of posts. I will detail my

attempts at manufacturing posts with embedded nanowires, then explain the final iteration

of my device that used magnetic particles. As clots form on the device, an external magnetic

field applies an opposing force to the clot, and the elastic properties can be determined using

a similar technique to the methods described during Aim 1. The goal of this method is to

determine the elastic properties of the platelet clots formed due to high shear rates.
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In this section, I will detail the designs and fabrication methods of early devices, then

conclude with the final design and fabrication method of the device used for experiments in

this section. Early designs were built with integrated microfluidic channels and embedded

nanowires. Later designs used different fabrication methods, had separate channels, and

eventually moved to magnetic particles mixed in with PDMS.

3.3.1 First Designs: Integrated Channels and Nanowires

My initial device designs used integrated microchannels, and embedded nanowires. Although

some of these devices showed promise for use, the fabrication was not robust enough to

warrant use in a final design.

Integrated Channel Fabrication with SU-8

All of the devices built in this section make use of a double replica molding process for

building the magnetic posts. Devices used in previous work by Ting, et al. [121] used

microposts with a diameter of 3-6 µm and a height of 10-20 µm. In order to increase the

magnitude of the force on the posts, I determined that the size of the posts needed to be

increased to have a diameter of diameter of approximately 20 µm and a height of 50-100

µm. The larger post diameter and height allows for more magnet material to be embedded

in each post which increases the potential force on each post. The effective stiffness of the

small and large posts are close to the same so that force could still be measured with the

larger posts. The posts were fabricated using a two-step soft lithography process, as detailed

below.

Microposts are fabricated using soft lithography [135], Figure 3.3. Initially, a base layer

of SU-8 2005 (Microchem) is spun at 3000 rpm onto a dehydrated silicon wafter to aid in

adhesion to the wafer.
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Figure 3.3: Microstructures can be fabricated using standard soft lithography techniques.
First, (a) SU-8 is spun onto a wafer, then (b) exposed to UV light for the post design on the
base layer. (c) Another layer of SU-8 is spun onto the wafer, and (d) exposed to a design
to make channels. The wafer is (e) developed, resulting in a master that is (f) coated with
fluorosilane. (g) PDMS negative molds are made, (h) coated with fluorosilane, and (i) used
to manufacture the microstructures that result in (j) a final structures with blocks and post
integrated into microchannels. The channels are ultimately formed by bonding a flat block
of PDMS onto the top of the structure. (Figure adapted from Bielawski, et al. [14]).
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The wafer is baked at 95 ◦C for three minutes, exposed to ultraviolet light using a contact

aligner (ABM-USA, San Jose), and baked again. After a brief cooling, SU-8 2100 is spun

onto the wafer at 2000 rpm for 45s to form a thick layer of SU-8. The wafer is baked at

65 ◦C for 10 minutes, then 95 ◦C for 30-40 minutes, exposed with custom patterned masks

made on a MicroPG-101 (Heidelberg Instruments, Heidelberg, Germany), and baked again.

At this step, the wafer can be developed to create posts, but another step of spinning SU-8

is required for manufacturing integrated channels. Another layer of SU-8 2050 is spun onto

the wafer at 2000 rpm for 45s, resulting in a total thickness of 100-150 µm. After another

process of baking at 65 ◦C for 10 minutes, then 95 ◦C for 30-45 minutes, the wafer is exposed

to the design for the integrated channels, then baked again. Next, the wafer is developed

in SU-8 Developer (Microchem, Westborough, MA) for 15 minutes, and agitated during the

development. Finally, the wafer is rinsed in SU-8 Developer then IPA, and the master mold

for the posts is produced, Figure 3.4. The master mold of SU-8 is hard-baked at 150 ◦C for at

least two hours, then, after cooling, it is prepped in a plasma prep II chamber (SPI Supplies,

West Chester, PA), and then placed under vacuum with a small droplet of (tridecafluoro-

1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (T2492-KG, United Chemical Technologies) for 12

hours. The silanized master is then used to fabricate negative molds out of PDMS by pouring

PDMS over the mold and baking for ten minutes at 110 ◦C. Negative molds are prepped in a

plasma prep chamber and placed under vacuum with a drop of silane to coat them for mold

removal. Glass slides are prepped in a plasma prep chamber, then a small drop of PDMS

is placed on the slides, and the negative mold is placed on top of the PDMS. After baking

for 24 hours at 110 ◦C, the negative mold is removed, and the PDMS features are ready for

experiments, Figure 3.5.

In order to make channels, a mold of PDMS with openings for inlets and outlets to a

straight channel is placed on top of the structure with the features inside of the channel.

The two segments of PDMS are bonded by prepping each half in a plasma prep chamber for

15 seconds under vacuum.

This initial fabrication process had several drawbacks. One of the main drawbacks was
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Figure 3.4: Images of the features made on a silicon wafter using SU-8 for a master mold for
initial large block and post structures.

that the large surface area of cured SU-8 on the wafer caused significant stress in the film,

resulting in delamination. Several structures created in the clean room ultimately failed

during the final plasma treating, or initial castings, Figure 3.6. Some devices were success-

ful in creating integrated posts and channels; however, the channels created an additional

manufacturing difficulty. The deposition of magnetic material into the posts is a challenging

process that is described in more detail below, and the raised channels only perpetuated

the problems. The goal of using integrated channels can help aid the final fabrication and

similarity of devices, but the issues with fabrication ultimately led me to investigate other

fabrication options. The first step was fabricating posts that were not integrated into chan-

nels. The channels were to be fabricated separately and placed over the channels. I will

describe this in detail in the final device fabrication section.

Nanowire Fabrication

The initial plan for creating magnetic actuation was to use magnetic nanowires and embed

them into microposts. Magnetic nanowires have advantages over magnetic particles as they

can be used in smaller posts, and can be actuated with a uniform magnetic field. Magnetic
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Figure 3.5: Side view of an initial design for posts and blocks fabricated using an SU-8
lithography process. Posts have diameters of 22.9 µm, and a height of 94.6µm, resulting in
a stiffness of 120 nN/µm.

nanowires can be made in a variety of materials [16], and I have made nanowires out of

nickel and iron. Several methods have been used to fabricate nanowires, including many

that directly control the rate of deposition through the use of a potentiostat [16] using

template deposition. Although a potentiostat can help control the deposition and properties

of magnetic nanowires, the main requirements for creating nanowires is a template, a voltage

potential, and proper metal ions in solution. Based on previous work, I created nanowires

out of nickel and iron using a battery [13], Figure 3.7. In order to fabricate nanowires,

an alumina oxide filter is used as a template and has pores of approximate 200 nm, and

it is coated with a eutectic metal, in this case GaIn, and placed in direct contact with a

copper backing. The copper plate is screwed into a custom chamber with a seal to hold

the plating liquid. A plating mixture is poured into the chamber and is dependent on the

desired metal. For nickel nanowires, Watt’s plating solution is used, which is composed

of 300 g/L of NiSO4·6H2O, 45 g/L of H3BO3, and 45 g/L of NiCl2·6H2O. Iron nanowires

have several plating solutions [16, 63, 137, 50], and I successfully used a solution of 120 g/L
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Figure 3.6: Thick layers of SU-8 caused significant film stress, resulting in delamination from
the wafer during plasma treatment or during the hard bake step.

FeSO4·7H2O, 45 g/L of H3BO3, and 3.5 g/L of Ascorbic Acid (C6H8O6). The deposition of

nanowires is started by applying the negative electrode of a AA battery to the copper plate,

and the postive end to a nickel or iron wire placed into the plating solution, depending on the

desired nanowire composition. Nanowires deposit at a rate of approximately 1 µm/min, and

I typically let nanowires deposit for 20-40 minutes. After removing the voltage potential, the

GaIn backing can be removed with 1M nitric acid. The template can then be immersed into

a bath of 1M NaOH for at least one hour, or until the template has dissolved into solution.

After the template is dissolved, the wires can be rinsed and suspended in ethanol for use.

Finished nanowires were 200 nm in diameter and 5-20 µm in length, Figure 3.8

Posts with Nanowires Fabrication

Posts are embedded with magnetic nanowires by depositing a solution of nanowires onto

the negative molds and placing a magnet underneath the mold, Figure 3.9. A small so-

lution (about 20 µL) of nanowires suspended in ethanol is deposited onto the mold, and

moved around the holes for the posts using a pipette. I tried several methods for depositing

nanowires into the holes of negative molds and found that moving the solution around while

the nanowires were suspended was the most effective. For molds with large arrays of micro-

posts, I found that a maximum of 20-30% of posts were filled with nanowires regardless of
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Figure 3.7: Nanowires are fabricated using deposition in templates. (a) A voltage potential
is applied between a metal wire and a copper plate containing the template (inset). (b)
Nanowires form inside the template, and (c) are released in solution.

the method used or the size or number of droplets used to deposit wires. Furthermore, addi-

tional methods of spinning wires into place, using a more uniform field, or coating nanowires

with surfactants were not effective. In general, I found that wires did not move off of PDMS

once stuck, and that the surface tension of the evaporating droplet was stronger than the

magnetic force in moving the wires. Moving the wires in solution helped them to be pulled

down into holes where they might stick. After depositing nanowires and allowing the drop

of ethanol to fully evaporate, posts were fabricated using PDMS as described above. The

nanowires fill into the posts and are fully embedded into the microposts, Figure 3.10.

Although magnetic nanowires have advantages over magnetic particles, they also typically

resulted in a low number of upright posts that moved under magnetic fields. I worked

extensively to improve the seeding density of magnetic nanowires into the posts, but was

unsuccessful in improving the yield of magnetic posts beyond 40%, Table 3.1. My initial

attempts to increase the seeding density were to simply increase the density of wires in the

solution used, however the yield never moved beyond 20%. Adding more droplets of solution

also did not improve the yield.
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Figure 3.8: Scanning electron microscope (SEM) images of nickel nanowires fabricated using
electrodeposition in templates.

Beyond merely dispersing droplets of ethanol on the molds, I also attempted many other

embedding techniques. I investigated mixing nanowires into PDMS, but that resulted in a

low seeding density. The wires did not appear to move through the PDMS due to the high

viscosity. I attempted to centrifuge wires into the posts, but was left with a maximum of 5%

yield. Some of the problem of a low yield was attributed to the alignment of the negative

mold and moving it after centrifuging. I also built magnetic coils to alter the magnetic fields

to be uniform or to alternative the field experienced by the wires. Neither magnetic field

approach yielded more wires than using a magnet. The nanowires were typically in solutions

of ethanol, and I attempted to increased the yield by immersing a negative mold into the

solution of nanowires so the maximum number could hit the mold. Ultimately, this still

resulted in a yield of 20%. The most promising method of embedding nanowires was to wait

for the ethanol solution to dry, then move a pipette along the surface of the mold to increase

the chances of a wire landing in a post. This method did increase the yield to approximately

40%, but the posts that did not have wires were typically deformed.

3.3.2 Final Design: DRIE Master with Separate DRIE Channel and Magnetic Particles

The final design that I developed to increase the number of magnetic posts and the force

on the magnetic posts was to manufacture a master using deep reactive ion etching (DRIE),

then create a second channel using a longer DRIE time, then manually align the channel
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Figure 3.9: Magnetic microposts are fabricated by (a) depositing a small droplet of nanowires
suspended in ethanol on a negative mold, (b) allowing the ethanol to dry, then depositing
PDMS on the mold, and (c) curing the PDMS under a magnetic field to keep the nanowires
in the holes until peeling.

and posts. I will detail the final fabrication procedures in this section.

Deep Reactive Ion Etching of Posts and Channels

Deep reactive ion etching (DRIE) is a microfabrication process that can be used to manu-

facture tall, vertical structures. DRIE alternates gases to etch (SF6), and polymerize (C5F8)

the surface of a silicon wafer. The result is a high aspect ratio structure made out of silicon

etched into the wafer [133].

In order to create posts using a DRIE process, a patterned wafer was used with a negative

resist, etched, then silanized to create a master, Figure 3.11. First, wafers were activated for

resist coating with hexamethyldisilazane (HMDS) in a vacuum oven. After HMDS treatment,
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Figure 3.10: Multiple nanowires are embedded into each post, thus increasing the potential
magnetic force on each micropost.

Table 3.1: Overview of nanowire fabrication methods and yields

Seeding Method Percent of Upright Posts Comments

Ethanol Dispersion 20 Best result

PDMS Mixing 5 Did not move through PDMS

Centrifuge 5 Alignment did not work consistently

Uniform Field 20 Same as a normal magnet

Immersion 20 Significant agglomeration of wires

Dry Embedding 40 Resulted in fewer formed posts

NR-9 (NR-9, Futurrex, Franklin, NJ) was spin-coated onto the wafer. The coating was

applied for 5 s at 500 rpm, then 45 s at 4000 rpm to form a thin layer. Immediately after

spin coating, the wafer was pre-exposure baked at 100 ◦C for 60 s. The wafer was then

exposed with a mask for 15 s with the post design, then developed in RD6 (Futurrex) for 30

s. After development, the resist was baked at 100 ◦C for 60 s, and was ready for DRIE. DRIE
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Figure 3.11: Deep reactive ion etching (DRIE) was used to create posts and channels. (a)
NR-9 resist was spun onto a wafer, and (b) exposed, then (c) developed. (d) DRIE was
performed for 250 cycles, and (e) the wafer was coated with silane to be used as a (g) mold.
(h) Negative molds were coated with silane and used to (i,j) form magnetic post structures.
Finally, channels made using steps (a-g) were placed over the magnetic PDMS structures.
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was performed for 250 cycles on an inductively coupled plasma etch (Oxford Instruments,

Abingdom, United Kingdom) and likely hit the limit of the aspect ratio for NR-9 on the

machine. The wafer was then silanized overnight and was ready for creating negative molds

of posts.

Channels were fabricated in a similar method as the posts. A wafer was spun with AZ

9620 (Merck, Darmstadt, Germany) using an initial spin of 500 rpm for 5 s, then a 45 s spin

at 3000 rpm. The wafer was baked at 100 ◦C for 120 s. The wafer was then exposed with the

channel pattern for 25 s and developed in AZ400 (Merck). The wafer did not have a hard

bake before DRIE. DRIE was again used to etch the wafer with 250 cycles. The result was a

wafer with raised sections representing a negative mold for the channels. The channels had

a height of 115 µm.

Magnetic Post Fabrication

The master described above was used to create negative molds out of PDMS by baking 10:1

PDMS at 110 ◦C for 10 minutes. The negatives were silanized overnight, then were ready

for fabrication. As described in Chapter 2, PDMS was mixed with iron microparticles in

a 2:1 PDMS to iron ratio by weight. Four grams of PDMS mixed with two grams of iron

was typically enough to make at least eight slides worth of magnetic posts. The PDMS-iron

mixture was poured onto the negative mold while a magnet was placed beneath the mold.

The mixture was allowed to sit for 10 minutes, then it was either scraped off with a gentle

touch on a razor blade away from the magnet or scraped off with a glass slide while sitting

on the magnet. The strength of the contact from the razor to the mold helped determine

how full of particles the posts would be. Pushing too softly would result in significant iron in

the base of the slide, causing distortion of the entire slide. Pushing too hard would result in

relatively empty posts that did not create as much motion. After scraping the PDMS mixed

with iron particles off the base, a small amount of PDMS was added to the negative mold, and

the system was bonded to glass slides that had been prepped for 15 s in a plasma preparation

chamber. The molds sat in a 110 ◦C oven overnight, and were peeled and trimmed of excess
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PDMS. The result was posts filled with iron particles with heights of 77 µm and diameters

of 19 µm, Figure 3.12.

Figure 3.12: Magnetic posts were sucessfully fabricated, and (a) had a distribution of iron
microparticles, (b) were vertical and able to be imaged for position, and (c) arranged offset
from each other to form platelet clots.

Final Device Assembly

The last step in fabricating the devices was to assemble the channels and connect them to

the magnetic substrates described above. The master silicon mold of the channels was used

to create PDMS channels by pouring PDMS over the master with a thickness of 2-5 mm, and

curing for 10 minutes at 110 ◦C. Inlet and outlet ports were then cut into the channels with

a leather punch. Blocks of PDMS were used to aid in creating inlet and outlet ports. Holes

were punched into flat PDMS, then tubing was placed into the holes, affixed with PDMS,

then baked for 10 minutes at 110 ◦C. Small sections containing one tube were cut out, then

affixed with PDMS to the channels. The channels and the slide containing the PDMS posts



48

were then treated with plasma for 15 s and bonded together to create a permanent seal.

The channels were manually aligned with the post regions resulting in five channels on each

glass slide, Figure 3.13. Some features were knocked down, but the channel still typically

Figure 3.13: PDMS channels were manually aligned and placed on top of arrays of PDMS
posts.

provided a sufficient seal. Each channel had 28-35 block structures, and 20-30 upright posts

with magnetic material.

3.3.3 Applying Magnetic Forces

The final remaining challenge to pulling on clots developed by shear flow is to apply magnetic

forces to the clots. In Chapter 2, I described the use of an electromagnet that produced a

maximum field of 25 mT at the micropost, but with a permanent magnet, fields of well over

100 mT can easily be produced at the location of the posts. In general, I found that using a

close-proximity permanent magnet produced consistent and repeatable forces to the posts,

although controlling the position for dynamic measurements proved to be a challenge. In this

section, I will detail my initial attempts to apply magnetic forces to the posts with external

magnets in a dynamic fashion, then I will describe the final device used for studies described

in this thesis.

Dynamic Permanent Magnet Force Control

My first plan to dynamically control the motion of the posts using a permanent magnet was

to position a magnet to the side of the channels. I will describe my progress of this method
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in detail; however, this approach could not be feasibly implemented due to the channel

geometry. I was able to move posts when the slide was trimmed and the magnet was less

than five millimeters from the posts, but as the distance increased, the force on the posts

was drastically reduced to the point where it could not produce enough motion to track.

In order to use a permanent magnet for dynamic mechanical analysis using sine waves as

the input force, I first needed to determine how the magnetic field changes with distance to

the posts, as the magnetic field is not directly proportional to the position of the magnet.

Fundamental theory described in Chapter 1 shows that we expect the magnetic field to

decrease with the third order of the position, and the force to decrease with the forth order

of the position. In reality, the permanent magnet does not act as a magnetic dipole, so the

force and field vary differently as well.

I experimentally determined the field of the permanent magnet used in this experiment,

and fit a curve that is defined by B = 6 ·10−6x−2.3984, Figure 3.14. Iron is a material that has

Figure 3.14: The magnetic field of the permanent magnets used in preliminary designs was
experimentally determined and fit using a power relationship.
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a strong coercivity [61], so I can assume that, although the strength of the magnetization

increases, it is slight compared with the magnetic force. I designed a cam-slider system that

can move the magnet with a desired profile, Figure 3.15. In order to create the cam for

Figure 3.15: The magnetic field of the permanent magnets used in preliminary designs was
experimentally determined and fit using a power relationship.

use in the cam-slider setup, I used a series of equations starting with the force on the post

compared with the position of the magnet given by

F =
A

x3.3984
(3.2)

where F is the force on the post, A is a constant, and x is the position of the magnet. The

radius at any point is then determined by

r(θ) = r0 − x (3.3)

where r0 is the distance from the midpoint of the cam to the post, and r is the radius of the

cam at that point, and θ is the angle of rotation of the cam. In order to more accurately

perform dynamic studies of the system, I would like to apply a sinusoidal force to the post

so that changes in amplitude and phase lag can be directly determined from the motion of

the post. In order to accomplish this, I will produce a complete sine wave of force through

one revolution, resulting in a force defined by

F = B (cos (θ) + C) (3.4)
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where B and C are constants greater than one to control the final desired force and position.

By combining Equations 3.2, 3.3, and 3.4, the radius of the cam at any position θ can be

determined by

r(θ) = r0 −
A

B (cos (θ) + C)
1

3.3984

. (3.5)

The constants A, B, and C can be modified to provide the desired force, position of the

magnetic, and radius of the cam.

Using additive printing (MakerGear), I created a custom cam profile and placed it onto a

stepper motor (1205, Pololu) to actuate the custom-made slider. Several prototypes for the

cam were created using additive printing during the development of the prototype system.

The entire system was controlled using LabView. The top of the post was imaged over the

duration of each experiment using an Orca-Flash 2.8 camera (C11440-10C, Hammamatsu),

and the stepper motor was controlled using an LM555 timing circuit with varying resistors to

control the frequency, Figure 3.16. At the start of each experiment, the motor was triggered

Figure 3.16: An LM555 can be used to control the frequency of the stepper motor without
the need for additional timing controls. The frequency is set by changing the value of Rb.

to start using the timing mechanism of the motor control board (1182, Pololu), and each step
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of the motor was read into LabView. Furthermore, the position of the cam at the lowest and

highest magnet position was read using a photointeruptor circuit to ensure that the motor

was not skipping any steps.

I implemented the dynamic permanent magnetic motor drive on the large post described

in Chapter 2, as well as on the 20 µm diameter microposts with nanowires that are described

above. Using the cam in air, a sinusoidally varying position of the post is produced, Fig-

ure 3.17. As expected, the posts move in a sinusoidal motion as determined by the force from

Figure 3.17: Sinusoidally varying forces produce sinusoidally varying positions for (a) a 250
µm diameter post and (b) a 20 µm diameter post.

the magnet described in Equation 3.2. The force of the post determined using a uniformly

distributed load also correlates with the force on the post expected from the measured mag-

netic gradient and the volume of material in the post. The volume of iron in each post is

4.3·10−11 m3. The susceptibility of iron is between 500-5000, and the gradient of the field

is defined by the relationship shown in Figure 3.14. This results in an estimated magnetic

moment of 6.42·10−8 Am2. This has some error due to the exact volume of material in the

post, and any errors in the exact position of the magnet. The actual force is within an order

of magnitude of this number, and can be altered as before by knowing the motion of the

post in air.
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Final Permanent Magnet Design

The original intention of this aim was to dynamically control the force on the magnetic posts

so that the viscoelasticity of shear-developed platelet clots could be investigated in situ.

Ultimately, I modified the experiment to provide a static permanent force so that more clots

could be investigated in each experiment, and to increase the magnitude of the force applied

to the posts.

One of the main challenges of the method described above for dynamically creating mag-

netic forces is that the magnetic force must come from the side of the device. Additionally,

it requires significant space that can be vital during experiments. The space on a microscope

stage within a climate-controlled box to keep conditions at 37 ◦C is limited. Due to the lack

of space and challenge with bringing in a magnet from the side, I chose to use a metallurgical

microscope (LV-100, Nikon) so that a magnet could be used from below the microscope slide.

By positioning the magnet below the microscope slide, the minimum distance to the posts

could be lowered from 10 mm to less than 3 mm. As described above, the magnetic field

follows a power law decrease from the source of the field. Shortening the distance to the

permanent magnetic caused a significant increase in magnetic force.

I built a custom holder for the microscope slide so that a space below the slide could

be open for a permanent magnet, Figure 3.18. The custom holder was built with additive

printing, and a slider for the permanent magnet was built for applying forces. The post

motion with this setup caused typical deflections of 1-6 µm, Figure 3.19 The total force

on the post can be described using the description of the magnetic force from Chapter 2,

Equation 2.11, again assuming that the magnetic force acts uniformly along the length of

the post. This results in a stiffness of 86 nN·µm−1 for a post with a diameter of 19 µm and

a height of 77 µm. Using this method, the typical force applied to the posts ranged from

150 to 2500 nN.
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Figure 3.18: A custom holder and slider system was built to hold a microscope slide to
facilitate a permanent magnet moved beneath the microchannels with magnetically active
posts.

3.4 Experimental Overview

The use of the device described above consisted of characterizing the post motion and mea-

surement error, following by ensuring that the post was sufficient to measure platelet clot

stiffness, and then was used to determine the stiffness of clots with no treatment, and clots

treated with blebbistatin.

3.4.1 Image Analysis

Image analysis was performed with Matlab, and consisted of both automated and manual

analysis. Initially, I developed an automatic analysis program that used image correlation

to determine the location of the block and post in each image. The program was somewhat

dependent on the choice of rectangle for the block and post regions, and it did not track

the post for large deflections. Due to the issues with tracking the post, automatic image

correlation was used to track the edge of the block in each image, and manual positioning of

a square was used to track the post, Figure 3.20. A cropped and zoomed in region of the post

was used to reduce measurement bias. The displacement was determined by the difference

in distance of the actuated compared with the unactuated post. Due to the approximately

0.5 µm precision of placing the center of the posts in an image, posts with initial deflections
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Figure 3.19: Microposts were forced to move under the presence of a magnetic field, resulting
in typical deflections of 2-30 µm

of less than 1 µm were removed from analysis. Additionally, posts with a final deflection of

less than 0 µm were excluded from analysis, as the stiffness may be greater than indicated

by the experiment.

3.4.2 Measurement Error Characterization

Devices with posts inside channels were prepared as described above. Tyrode’s buffer was

flowed into the channel to simulate optical conditions of posts used in experiments. Images

of each post were taken with a 50x objective on a metallurgical microscope (LV-100, Nikon).

Posts in five channels on a microscope slide were imaged, then a magnet was positioned below

the posts using the setup shown in Figure 3.18, and images of each post in each channel were

taken again. After taking “before” images of all of the posts, the posts were removed from

the slide holder, and more Tyrode’s buffer was flowed into the microchannels. The slide was

again placed on the slide holder, and “after” images of each post were taken in the same

manner without a magnetic field, then the magnet was moved under the posts, and images

were taken of each post again.
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Figure 3.20: The position of the block in each image was determined using image correlation
of a portion of the original block while the post was manually positioned. Manual positioning
of the post was required due to large deflections and platelet aggregation.

3.4.3 Calculation of Modulus

The calculation of the modulus of the clots or collagen gels used in this section can be

determined in a similar manner to methods used in Chapter 2. The methods vary, as this

method directly pulls on the clot to apply strain. The Winkler foundation method is no

longer valid, and the stiffness contribution of the clot or biomaterial can be determined by

kc =
δikp
δf
− kp (3.6)

where kc is the stiffness of the clot or gel, δi is the initial motion of the post, kp is the stiffness

of the post based on the dimensions and modulus, and δf is the final displacement of the

post after a gel or clot has formed in the microchannel.

The modulus can then be calculated from kc by relating the assuming that the clot only

adheres between the post and block and adheres over the full length of the post. For a post

undergoing rigid body motion the result is

Ec = kc
L0

dh
(3.7)

where Ec is the modulus of the clot or gel, kc is the stiffness from Equation 3.6, L0 is the

distance from the block to the post, d is the diameter of the post, and h is the height of

the post [69]. In this system, the entire post does not translate, but, as shown in Chapter
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2, it can be assumed that the shape follows a uniformly loaded beam and the length can be

integrated along the shape of the post described in Equation 2.6. The result then leads to

Ec = kc
L0

d

15

6h
(3.8)

where the factor of 15
6

is due to the shape of the post described above.

3.4.4 Characterization with Collagen Gels

The devices were further characterized with collagen gels to determine the effectiveness of the

devices and the use of Equation 3.8 to determine the Young’s modulus. Collagen was chosen

as previous data had been generated, as shown in Chapter 2, that could be referenced.

Collagen gels were prepared in 3 mg/mL concentrations as per the methods described in

Chapter 2. Images of the posts were taken after Tyrode’s buffer was flowed in the channels,

then collagen was deposited into the posts, the inlet and outlet ports were mechanically

removed, and the posts were imaged again. Collagen gels were allowed to sit for 90 minutes

at room temperature before imaging began. Two different gels were characterized in a total

of five channels with 33 posts reaching the threshold required for inclusion into analysis

described above.

3.4.5 Shear Activated Blood Flow

Microchannels were prepared for use by flowing reagents in several steps. First, a 60 µg/mL

solution of DiI (D282, Molecular Probes, Eugene, OR) in water was flowed into the channels.

Initial testing revealed that DiI did not leave a uniform stain in the microchannels for tracking

the posts, so it was only used in subsequent experiments to help verify the seal of each

channel. DiI remained in the channel for several minutes, then was removed using a back-

flow of ethanol, followed by a forward-flow of calcium-free Tyrode’s buffer solution. The

channels were then coated with a 200 µg/mL solution of rat-tail collagen type I (354249, BD

Biosciences, Bedford, MA) in 0.1 M acetic acid by back-flowing the collagen solution and

incubating the devices in a 20 ◦C refrigerator for 60 minutes. The final preparation step was
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to remove the collagen mixture with another flow of calcium-free Tyrode’s buffer. Channels

were left in petri dishes with an additional petri dish containing a small amount of DI water

to reduce evaporation of the buffer solution. Before running the experiment, channels were

allowed to sit in a 37 ◦C environment to aid in platelet plug formation.

Experiments were performed using IRB-approved procedures for collecting blood. Blood

was collected in citrate lined tubes and transported from the medical facility to the Cell

Biomechanics Lab with a final volume of 25-35 mL. Blood used for all experiments was

used 90-120 minutes after drawing blood. After collection, all of the blood was pooled and

deposited into 50 mL tubes, except for the first collected citrate tube. Blood was drawn into

a syringe, then connected to tubing to a three-way valve.

Under an inverted microscope at 37 ◦C, tubing from the blood and tubing from calcium-

free Tyrode’s buffer were connected to a three way valve with the outlet connected to the inlet

of the microchannel with a blunt fill needle. The outlet of the microchannel was connected

with a blunt fill needle to a 50 mL tube for collection of excess blood and buffer. Blood was

flowed into the channels at a rate of 12 mL/min to produce shear rates in the channels of

approximately 16,000 s−1. The rate of 12 mL/min was held for 45 s, then reduced to 0.5

mL/min and stopped. The valve was switched to stop the flow of blood and allow buffer

to flow through the channels. Buffer was flowed at a rate of 0.5 mL/min until the channel

appeared clear for further imaging, which typically used 2 mL of buffer.

The initial channel of each experiment was run at the high shear rates for only 15 s,

and the results were excluded from analysis. The volume of blood used was 5 mL, and

that resulted in a total use of 30 mL of blood per experiment, the maximum allowed. Early

experiments showed increased platelet aggregation in the second and third channels run each

day. Increased aggregation resulted in more posts with visible platelet plugs that could be

analyzed.

Immediately after flowing blood through all of the channels, inlet and outlet ports were

removed from the substrate, and the substrate was transferred to the magnetic actuation

device. Each post was imaged with the magnetic field off, then the magnet was moved under
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the slide, and each post was imaged again. The magnetic actuation device was operated at

room temperature.

3.4.6 Treatments with Blebbistatin

Experiments were also performed with blood incubated with blebbistatin, a drug used to

inhibit myosin II activity. Blebbistatin (856925-71-8, Sigma-Aldrich, St. Louis, MO) was

initially at a concentration of 17 mM in dimethyl sulfoxide (DMSO) and added to the blood

to form a final concentration of 15 µM. DMSO was added to the control blood in the same

volume as blood with blebbistatin. Flow of blood through the channels was the same as

described above. Calcium-free Tyrode’s buffer with the same concentration of blebbistatin

was used to ensure that the effects of blebbistatin were not washed out in the channels when

performing stiffness measurements.

In general, each experiment compared one channel with blood with DMSO and one

channel containing blood treated with blebbistatin. Approximately 20-30 posts could be

imaged per channel, although several were often previously non-vertical and removed from

analysis.

3.5 Results

The device was characterized to test the measurement errors as well as the response of the

post-block system to viscoelastic biomaterials. Furthermore, the device was demonstrated

for the measurement of platelet clot stiffness for control blood and blood incubated with

blebbistatin. This section will detail the results of the characterization and experiments.

3.5.1 Measurement Error Characterization

In the simulated characterization experiment for measurement error, an initial post deflec-

tion was measured, followed by removing the channels from the magnetic actuation device,

running buffer through the channels, then returning the substrate to the magnetic actua-

tion device to measure a second deflection, Figure 3.21. The result of my characterization
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Figure 3.21: Deflections were consistent after moving the substrate away from the magnetic
actuation device and simulating experimental conditions with buffer before measuring the
deflections again.

showed that the force was consistent, even after the slide had been removed and replaced.

This meant the post-by-post comparisons of the position could be used to measure the force

applied to the clots, and the final displacement was due to the stiffness of the clot.

3.5.2 Characterization with Collagen Gels

Collagen gels resisted the motion of the post and the modulus of the collagen gels was two

orders of magnitude greater than that calculated for air, Figure 3.22. Furthermore, results

indicated a Young’s modulus on the same order of magnitude as previously described in this

thesis, Table 2.1. The slight offset from zero for the modulus of air can be attributed to

measurement error. These results indicate that the device is capable of measuring material

stiffnesses with sufficient accuracy for understanding biomaterials.

3.5.3 Shear Activated Platelet Blood Flow

Platelet-clots were formed on many posts under shear flow through the microfluidic channel.

Plugs either formed between the block and post, or solely around the post. Plugs that formed
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Figure 3.22: The calculated modulus of collagen was on the same order of magnitude as
previous results discussed in this thesis and elsewhere. The modulus was significantly more
than the modulus calculated for posts in air that was attributed to measurement error.
(n=33 posts, N=2 gels)

between the block and post resisted magnetic forces, Figure 3.23

During the flow through the channels, the posts were observed to bend backward. This

result was replicated by flowing water through the channels at the same flow rate of 12

mL/min. The flow of water indicates that the effect is not likely due to blood, but is due to

the drag on the post of the fluids. Due to the significant backwards bend of the posts and a

limited viewing window, forces on the clots over time were not tracked in these experiments.

After transferring the substrate to the magnetic actuation system, each post and block

was imaged before and after applying a static magnetic field. There were three typical

conditions of platelet plugs that had formed around the block and post. In the first condition,

platelets adhered to the surface of the block and post but did not attach between the two

structures. The second condition had a larger plug that nearly reached the block, but may not

have fully adhered. The final condition was one that had plugs that fully formed between

the block and post. In order to be included as a calculation of stiffness, the initial post
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Figure 3.23: Platelet plugs formed on the posts under shear flow resisted the motion of
magnetic forces compared with the initial displacement of the post.

deflection had to be greater than 1 µm and the final deflection had to be greater than 0 µm.

There were typically 2-5 posts in each channel that had clots between the posts and blocks

and met the post motion conditions. There was not a clear indication as to why clots formed

on some block and posts and not others. There may be other defects causing clots to form,

and there is room to investigate this further.

Clots produced stiffness that was measured with the system and found to be 13 ± 3 kPa.

As shown in Figure 3.24, posts had conditions where full plugs formed and where plugs did

not reach the block. In order to demonstrate that the measurement of stiffness was not due

solely to changes in the applied magnetic force, Figure 3.25 shows the comparison of stiffness

calculated for posts that did not have full plugs and posts that had visible plugs between the

post and block. These results indicate that this tool can be used to measure clot stiffness

and understand the effects of different inhibitors to measure clot stiffness.
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Figure 3.24: Three types of platelet plugs formed between on the magnetic posts, and the
images are three different posts. (a) Platelets formed a small layer around the post causing
it to appear slightly larger than normal. (b) Platelets formed a larger plug around the post,
nearly reaching the block but not adhering. (c) Full plugs formed between the post and
block, and this condition was used to analyze the stiffness of the plugs.

3.5.4 Treatment with Blebbistatin

Platelet plugs formed on the posts with blebbistatin, and initial results indicate that there

may be a difference in stiffness between blood treated with blebbistatin and control. The

results are not yet conclusive, and several modifications to this experimental conditions could

be made to ensure that there are not other underlying effects of the system that would affect

the stiffness of plugs formed by platelets that had been treated with blebbistatin.

3.6 Discussion

I have successfully demonstrated the use of magnetic microposts to measure the elasticity

of shear-developed platelet clots in situ. The device that I presented was characterized and

showed measurement errors much lower than the differences due to clots and gels. I further

characterized the device to show that it could be used to accurately predict the modulus

of collagen. Furthermore, I measured the stiffness of shear-developed platelet clots, and

shear-developed platelet clots that were treated with blebbistatin.

Several groups have investigated the stiffness of blood clots under a variety of conditions,

and there are a wide range of results from 0.5-83 kPa [112]. Part of the reason for the

wide range of results is that the thrombi were derived using different methods. Typically,
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Figure 3.25: After pulling on fully formed clots with magnetic posts, the stiffness of the clots
could be measured. The stiffness was far greater than any differences in applied magnetic
fields.

clots are formed using plasma or blood combined with calcium or other clotting factors. In

some cases, clots were surgically removed and tested. In this paper, I have shown an in-situ

method for measuring clot modulus, and found it to be within the range of moduli reported

by previous groups.

The device developed in this section can be further extended to directly compare force

generation and viscoelastic properties of platelet clots formed on microposts. Current meth-

ods only describe viscoelastic properties or force generated [27], and this technique can enable

the ability to investigate both simultaneously.

This work demonstrates a new tool for measuring clot elasticity and the method can

be further enhanced by performing more experiments to understand the effects of different

antagonists on clot elasticity.
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Chapter 4

MAGNETIC SENSING AND FABRICATION OF HOMEMADE
SENSORS

One of my initial goals for my thesis was to measure the magnetic field change of the

bending microposts. My goal was to modify version of the system developed in Chapter

3 to magnetically measure the deflections of posts. In this chapter, I will detail some of

my work towards that goal and the complications that arose while attempting to measure

the magnetic field changes. Ultimately, I did develop a magnetic sensing system that I will

describe in Chapter 5, although due to the physical limitations of the system, it is used to

measure twitch forces of engineered heart tissues.

4.1 Device Overview

My initial plan was to seed nanowires into the PDMS posts. Nanowires are advantageous

for this application as they retain a magnetic dipole along the axis of the wire even after an

external magnetic field has been removed. Posts have been showed to deflect as a platelet

clot compresses between the block and post, and my plan was to place a sensor below the

post to measure the field change of the rotating dipole, Figure4.1. After using four different

technologies for commercially available magnetic sensors, I then attempted to create my own

giant magnetoresistive (GMR) sensors, or spin valves, in the Washington Nanotechnology

Facility at the University of Washington. The goal of creating custom GMR sensors is to

position the post as close as possible to the sensor. I was unable to reach the sensitivity

required for this application, but the work could be continued in the future.
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Figure 4.1: Overview of device plan for measuring the magnetic field change of a post with
an embedded nanowire. In an (a) undeflected state, the dipole is oriented vertically. After
flowing blood and forming a platelet plug, the post (b) bends toward the block resulting in
a change in the projection of the magnetic field on the sensor located below the post.

4.2 Magnetic sensor Modeling

In order to determine the feasibility of magnetic sensing with the nanowires. I developed

a simple dipole model of the nanowires to determine the expected magnetic field change.

This model helped to inform the signal to noise ratio that would be required for the sensing

system. I approximated the wire as a dipole, with a strength determined by its volume and

remnant magnetization,

B =
2µ0MV

4πr3
(4.1)

where M is the remnant magnetization for the wire, V is the volume of the wire, µ0 is

the permeability of free space, and r is the distance from the embedded nanowires to the

magnetic sensor. I modeled a system for single nanowires to determine the how the size of

the sensor might affect the ability to measure the magnetic field, and to see how sensitive a

device may need to be for measuring post deflections, Figure 4.2.
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Figure 4.2: Smaller magnetic sensors located 20 µm ahead of the nanowires is the optimum
location for magnetic sensors. Wires rotating 30 degrees can produce field changes of up to
35 nT.

Although understanding the field generation of single nanowires can help inform sensor

types and sizes, the device used to measure platelet forces are ultimately sensor arrays. I

extended the model in Equation 5.1 to model multiple nanowires in an array. The configura-

tion is as shown in Figure 4.3, and the model continues to assume that the wires are dipoles,

Figure 4.3: Model for magnetic nanowire rotation. Wires are treated as dipoles, and the
magnetic sensor is located on a plane below the nanowires.

resulting in Equation 4.2,

Bxrot =
n∑
i=1

µ0|m|
4π

∫ ∫ 3 (z cos θ − (x− p) sin θ) (x− p)− |ri|2 sin θ

|ri|5
dxdy (4.2)

where Bxrot is the final magnetic field of the sensor, m is the magnetic moment of an

individual nanowire, θ is the rotation of the nanowire due to the platelet clot, x is the

position on the sensor, p is the offset of the nanowire from the origin, and n are the number
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of nanowires. The result of this model is a way to measure the magnetic field of an array

of nanowires as they simultaneously bend due to platelet clot contractions. I found that

the field produced by nanowires rotating three degrees ranges from 10-150 nT based on the

distance to the sensors, and the orientation of the sensor.

4.3 Commercial Magnetic Sensors

I started towards the goal of creating a magnetic sensing system by using commercially avail-

able magnetic sensors. I used several technologies and experimental designs to test the sensors

and attempt to generate stable signals with enough signal to noise. I used sensors that used

different effects, such as anisotropic magnetoresistance (AMR) (HMC1001, Honeywell, Mor-

ristown, NJ), giant magnetoresistance (GMR) (AAH002-02, NVE, Eden Prarie, MN), flux-

gate sensors (FLC 100, Stefan Mayer Instruments, Dinslaken, Germany), magneto-inductive

sensors (MI) (MicroMag3, PNI Corporation, Santa Rosa, CA), and Hall effect sensors (Model

410, Lakeshore, Westerville, OH). Ultimately, the most promising sensor technologies were

the fluxgate sensors and the giant magnetoresistive sensors. Fluxgate technology showed

promise as a stable senosr; however, the expected signal was not observed experimentally

when bending nanowires. I ultimately performed the remaining experiments with commercial

sensors using GMR technology.

4.3.1 Bare Die Sensors

As described above, one way to improve the signal from the rotating nanowire is to locate

the nanowire closer to the magnetic sensor. After determining that the GMR sensors had

the highest potential for sensing, I attempted to reduce the dimension from the nanowire to

the sensor. Standard dies for surface mount components are approximately 1.5 mm thick.

The sensing elements are mounted in the middle of the die, resulting in a distance of at

least 0.5 mm from the sensing elements to the nanowire, and an additional 0.1 mm for the

smallest coverslip dimensions. To alleviate some of the issues with distance, I mounted bare

die sensors (AAH002-02, NVE) onto custom PCB boards, Figure 4.4. Connections from the
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Figure 4.4: Bare die sensors were used to reduce the distance from the nanowires to the
sensing element (r in Equation 4.2).

die to the PCB was performed using a ball-wedge gold bonder with 25 µm wire diameter

at a power of 350 mW for 45 s, and it was performed with the plate at 100 ◦C and the

tool at level 6.0 with high force. This did help to increase the signal, but the noise was still

significantly more than the signal.

4.3.2 Filtering and Lock-in Amplification

The expected signal from the rotating wire was a slowly increasing change as the post bent

due to platelet forces. This proved to be difficult to sense as the signal was similar to drift in

signals and low frequency noise could not easily be removed from the system. The signal had

a frequency on the order of 0.01 Hz, so a sufficiently steady signal needed to be generated for

several minutes at a time to find the signal. I attempted to use multiple sensors to capture

drift, but observed that the sensors did not have a direct relationship to ambient noise. There

are likely slight differences in the manufacturing of the sensors as they are stacks of metal

that result in a 100 nm tall structure. Heating, cooling, and stray magnetic fields contributed

to the drift, and I used magnetic shielding to reduce the effects of magnetic noise, but I still

found other drift due to heating and electrical noise.

I attempted to reduce electrical noise through the use of a lock-in amplifier. The goal was

to produce current through the sensor at a frequency, and then determine the magnitude at

the output with the same frequency. Although the lock-in amplifier showed promise towards
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generating a strong signal, the result was that the signal still drifted due to other noise in

the system.

4.3.3 Experimental Results with Commercial Sensors

I used the model described in Equation 4.2 along with sensor data sheets to determine the

expected voltage change for 10 wires rotating 30 degrees over a sensor, and experimentally

observed the drift of the sensors over time. I found in multiple cases with different filtering

and sensing techniques that the drift was more than the expected change, and that the drift

was not consistent between sensors, so it could not be eliminated through the use of multiple

adjacent sensors, Figure 4.5. In addition to drift, another challenge of magnetic sensing was

Figure 4.5: The (a) drift of magnetic sensors was significantly larger than the expected signal.
Furthermore, (b) the drift was not consistent between sensors.

the relative location of the sensors to the microposts with embedded magnetic nanowires.

4.4 Homemade Magnetic Sensors

Commercial sensors proved to not be sufficiently sensitive for measuring the magnetic field

of nanowires rotating, but proper design of magnetic sensors could improve the signal gen-

eration by maximizing the location where the signal is the strongest. I will detail how I
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successfully fabricated magnetic sensors; however, the magnetoresistive effect of the sensors

that I developed was much smaller compared with commercial sensors.

Giant magnetoresistive sensors are stacks of thin layers of metal that interact differently

depending on the external magnetic field and the spin of electrons in layers adjacent to a

conducting layer. Several different designs have been proposed for the combination of metals

in the stack, and I chose to attempt to use the one used by Martins, et al.[78]: Ta 20Å/MnIr

80Å/CoFe 20 Å/Cu 22Å/CoFe 24 Å/NiFe 30Å/Ta 20Å.

4.4.1 Fabrication Overview

The fabrication of the magnetic sensors used standard clean room processes, Figure 4.6.

First, an oxide layer was grown on the entire spin valve to reduce the resistance of the wafer.

Figure 4.6: Magnetic Sensors were fabricated using standard clean room processes. First,
(a) AZ1512 was spun onto silicon wafers and developed, then (b) sputtering was used to
deposit GMR sensor materials and (c) then the excess material was removed in acetone. (d)
The wafer was again patterned with photoresist, then (e) evaporation was used to deposit
leads, and (f) excess material was removed in acetone.

The first design I used omitted the oxide layer, and did not produce a GMR effect. The oxide

layer was grown in a wet oxidation furnace for 20 minutes at 1050 ◦C. After growing an oxide
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layer, spin valves were patterned using positive photoresist (AZ1512) and exposing the wafer

to UV light (ABM Aligner), then developing the resist in AZ340. Patterned wafers were

sputtered using magnetron sputtering (LAB 18, Kurt J. Lesker Company, Jefferson Hills,

PA) to achieve the desired design. The pattern was removed using lift-off of the sensors,

then the wafer was patterned for electrical leads using positive photoresist. Either gold or

aluminum leads were evaporated onto the wafer at a thickness of 1 µm, then lift off in acetone

to form the final structures, Figure 4.7.

Figure 4.7: Several different patterns of magnetic sensors were used and connected with
either gold or aluminum leads to larger pads for connections to external electronics.

The main parameters to change in the system were related to the sputtering of the spin

valve layers. I varied the power and chamber pressure of the system to try to achieve the best

layers and determined the sputtering rates for the system at 100 W and chamber pressure of

20 mTorr, Table 4.1. I characterized the thicknesses by using a profilometer and sputtering

each metal for 600 s. Ultimately, I think the rates overpredicted the final sputtering rate.

Wafers with a reduced sputtering rate at a reduced chamber pressure (5 mTorr) produced

the best results. The layer with the tightest tolerance is the copper layer, and I extensively

studied how the power and pressure affects the sputtering rates of copper.
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Table 4.1: Experimental sputtering rates 100 W and 20 mTorr

Metal Deposition Rate (Å/s) Required Thickness (Å) Expected Time (s)

Ta 0.67 20 30

MnIr 0.83 80 96

CoFe 0.67 20 30

Cu 0.83 22 26

CoFe 0.67 24 36

NiFe 0.83 30 36

Ta 0.67 20 30

4.4.2 Experimental Results

I did find a slight magnetoresistive effect from some of the sensors that I fabricated on using

magnetron sputtering system. The GMR ratio was only 0.2%, Figure 4.8. Typical GMR

ratios range from 5-10 % for commercial sensors as well as senors created by other research

groups [78]. Eventually, I decided to go in a different direction with magnetic sensing for

this and other projects.

4.5 Potential Future Directions

Although magnetic sensing of nanowire deflection in microposts proved to be unsuccessful

for me, I think that there are some potential opportunities for future work in this area. One

limitation of our group was using a shared magnetron sputtering system. A potential oppor-

tunity to revisit custom magnetic sensors would be the use of an ion beam deposition system

[120]. Spin valves require significant fabrication knowledge and technique understanding,

and partnering with groups who have previous experience in spin valves could potentially
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Figure 4.8: Homemade spin valves had a GMR ratio close to 0.2%, much lower than com-
mercial spin valves and devices created by other groups.

improve the work.

Another challenge in magnetic sensing was the low frequency drift of all of the different

sensors. Low frequency drift is generally difficult to eliminate, especially when the expected

signal is also moving at a low frequency. Designs that use higher frequency motion of the

post or that use a different monitoring or filtering scheme could also potentially help improve

the signal to noise ratio.

A final drawback to the system was the seeding density of magnetic nanowires. I de-

scribed a new device in Chapter 3 that uses larger posts with iron microparticles. I have

not investigated the ability to sense positions with the magnetic posts, but the larger posts

combined with a higher density of magnetic material could also improve the magnetic field

changes due to post motion. It must be determined whether or not there is enough remnant

field or if external magnetic fields must be used to cause the post to create a stray field.

Although this work ultimately was unsuccessful in developing a system for measuring

the signal of nanowires embedded in microposts, it did inform and aided in production of
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the sensing system described in Chapter 5 that was ultimately successful in measuring the

twitch force of engineered heart tissues.
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Chapter 5

AIM 3: CREATE A MAGNETIC SENSOR FOR MEASURING
CARDIOMYOCYTE TWITCH FORCE AND FREQUENCY IN

REAL TIME

The third aim of my thesis is to develop a system for measuring cardiomyocyte tissue

forces in real time, without the need for a microscope. The goal of this aim is to increase

understanding of cardiovascular force, provide a way to determine if there are any day-to-

day fluctuations, and create an easy-to-use method to monitor tissues in a easily scalable

method. Typically, tissues are measured at discrete time points, as it takes time to set

up the microscope and measure the tissue forces. Previously, a device was developed with

permanent magnets embedded on the end of posts to apply forces to small cardiomyocyte

tissue. I have expanded on this device to use the changing magnetic field at a point below

the posts to determine the post tip position, which determines the force of the tissue.

5.1 Cardiovascular Background

The heart is essentially a positive displacement pump that expands and contracts to push

the flow of blood through the body. Contractions occur with a frequency of approximately

1 Hz, and abnormal forces can be indicative of diseases [131]. Several methods for creating

cardiomyocyte tissues have been developed to better investigate the forces and biology of the

tissues [58]. These models are key to forming replacement tissues, as the heart does not have

great ability to repair itself after infarctions [44]. Engineered tissues are the key to repairing

the myocardium, and monitoring progress of cells and tissues for their force generating

capabilities can be one sign of maturity and enhance the likelyhood of a successful repair.

In addition to cardiac repair, cardiotoxicity is a vital aspect of drug screen, and current
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methods still allow the occasional unsuitable drug to enter the market, even after rigorous

preclinical screening [124]. Drugs can have unpredicted adverse effects on cardiac function,

including arrhythmias and reduced or increased contraction [88]. Typical screening methods

monitor the response of single cells, but several groups have proposed engineered heart tissues

derived from stem cells as a way to enhance screening methods [31].

5.1.1 Engineered Cardiomyocyte Tissues

Several devices and methods have been developed to look at cardiomyocytes and the forces

they generate. One method is through the use of single cardiomyocytes that have been affixed

to microposts [95]. Monitoring the force response of single cardiomyocytes can provide

information about the effects of a variety of reagents and treatments to cells, but these

methods require significant efforts to monitor the force generation of cells and are likely

limited to the laboratory.

Engineered heart tissues provide a three dimensional environment for cardiac cells that

can improve the maturity and similarity to adult tissues for the cells. Two of the primary

markers for cardiac tissue maturity and viability are the beating frequency and twitch force.

Several devices have been developed to grow engineered heart tissues and measure either

beating frequency, or both beating frequency and twitch force [143]. Frequency-only systems

include devices that measure beating rates of tissues in microfluidic channels [79] or devices

that use microelectrode arrays [84]. There are also several devices that can measure tissue

twitch forces, including sheets of cells on flexible flaps [3], sheets of cells on force transducers

[140], tissues on polyacrylamide gels [53, 5], and tissues suspended between load transducers

[123, 100] or polymeric posts [33, 17]. Of particular note for this thesis are new methods that

use tissues made out of cardiomyocytes attached between flexible posts [34, 68, 45]. There

are several variations of this method, but the main premise is that cardiomyoctyes are seeded

within a fiber matrix that typically consists of collagen, fibrin, or Matrigel. The tissues are

able to bend the flexible posts and the force generated by the tissue can be determined by

how much the post is bending.



78

Figure 5.1: Diagram of the device generated for this aim. A tissue is suspended between a
flexible post with an embedded magnet and a rigid post. A magnetic sensor is placed below
the tissue culture dish.

One challenge of current methods of seeding and monitoring forces from engineered heart

tissues is that complicated systems are typically used. In one case, sophisticated image

analysis was used to perform monitoring of the motion of two flexible posts over time [116].

The authors were able to measure the force generated by the posts, but it requires a dedicated

microscope and a highly complex system for evaluating forces over time. Expansion beyond

a single 24 well plate would require additional microscopes, or likely significant setup and

tear down for each point of force measurement. It is not likely an acceptable system for

expansion to massively parallel studies. Other proposed methods of monitoring the force

development of cardiomyocyte tissues either require destructive methods [140], or merely

monitor the electrophysiology and not the actual force generation [118, 141, 31].

5.2 Device Overview

The device used for this aim consists of a pair of posts, one of which has an embedded magnet

at the tip of the post, and the other post is made rigid through the use of a glass capillary

tube. Tissues are suspended between the posts, Figure 5.1, and the flexible post with an

embedded magnet moves due to tissue contractions. A magnetic sensor is placed below the
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tissue culture dish, and it is capable of detecting the rotation of the magnet embedded in

the flexible post, Figure 5.2(e,f). The posts are made in an array to cover a row of a six-well

dish, Figure 5.2(b,c,d). Posts are fabricated out of PDMS, and magnets are held in place

using another magnet during fabrication. Tissues are grown in wells of a 24 well plate using

collagen or fibrin as a matrix, and the cells attach to the end of the posts. After several

days, the cells start to beat spontaneously which causes the post with an embedded magnet

to bend towards the rigid post. Sensors are placed below the post and read to a computer

using a LabView data acquisition system. The sampling rate is 5000 Hz, and can be filtered

to produce better results.

5.2.1 Post Array Fabrication

The posts used in this aim were fabricated using PDMS in a custom four-part mold. All

baking steps for the posts were performed at 65 ◦C due to the mold being fabricated out

of plastic. Higher temperatures would warp the mold and cause it to deform. In order to

create the posts, a small amount of PDMS was poured into the top of the mold to form

caps which helped to form the posts without ripping the magnets out of the post. The

caps also promoted tissues to form around the tops of the posts. After caps were formed,

1 mm cubic magnets (MyMagnetMan, Largo, FL) were placed into the flexible post side of

the mold, and 1.1 mm diameter glass capillary tubes (Drummond Scientific Co., Broomall,

PA) were placed into the rigid side of the mold. PDMS was then poured into the entire

mold and cured overnight. Large external magnets were used to keep the small magnets in

place during curing. The external magnets were held in place with plastic handheld clamps.

Metal clamps caused the magnets to move away from the ends of the posts during the curing

process. After the posts were removed from the mold, excess PDMS was trimmed away to

result in posts that were 12.5 mm tall, 1.5 mm diameter, and spaced 8 mm apart. The

effective stiffness of the posts was 0.98 µN/µm, calculated by assuming a Young’s modulus

of 2.5 MPa for PDMS and that the net tissue force acts at 12 mm.
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Figure 5.2: Engineered heart tissue between suspended posts produce twitch forces measured
by the new system. (a) Tissues are suspended between two posts with a magnetic sensor
located below a 24-well plate dish. (b) Tissues normally sit in media and contract, and (c)
are in groups of six designed for a (d) 24-well plate system. The magnet in the flexible post
moves from (e) its resting state to (f) its contracted state due, and that changes the magnetic
field located at the sensor below the 24-well plate.
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5.2.2 Magnetic Sensor Array Fabrication

This experiment was limited to using the first row of a 24-well plate, however, simulations

indicated that all 24 wells could be measured without interference from adjacent tissues.

Magnetic sensors (AAH002-02, NVE, Eden Prairie, MN) were arranged on printed circuit

boards (OSH Park, Lake Oswego, OR), 5.3. The magnetic sensors are a GMR configuration

Figure 5.3: Circuit boards were custom fabricated to hold two sensors in line with wells of a
24-well plate. Three circuit boards were used to measure six tissues at a time.

that have a Wheatstone bridge configuration that resulted in a decrease in voltage when

the magnetic field increased due to the movement of the flexible post. This results in a

voltage changes on the order of several microvolts, which requires filtering and amplifica-

tion to measure with standard data acquisition systems. Each measurement leg from the

Wheatstone bridge was routed through high pass filters using operational amplifiers (LM324,

Texas Instruments, Dallas, TX), Figure 5.4. The signal was further amplified using instru-

mentation amplifiers (INA 118, Texas Instruments). Signals from the circuit board were

routed to a data acquisition system (USB6002, National Instruments, Austin, TX). Custom

software for voltage acquisition during all experiments was writing using LabView. Separate

programs were used for calibration experiments and biological experiments as a camera was

unnecessary during biological experiments.

The high pass filter was designed with a cutoff frequency of 0.1 Hz. This eliminates
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Figure 5.4: Signals from the Wheatstone bridge are filtered through a low pass filter, then a
high pass filter before being amplified with an instrumentation amplifier and sent to a data
acquisition system and read into LabView.

drift due to environmental conditions and allows the position to be easily read into a data

acquisition program. Drift can come from magnetic field gradients in a room, or from other

magnetic interferences. It is quite possible that the magnetic field will not be constant while

this system is running, so calibrating the system effectively to eliminate effects due to drift

is crucial.

5.2.3 Final Device Assembly

The printed circuit boards and a 24-well tissue culture plate were both held in place with a

3D printed holder to align the 24-well plates to the sensors for the optimum configuration,

Figure 5.5. Additionally, a lid was fabricated to hold the tissues in position during exper-

iments, and to keep them in close to the same location between each experiment. The lid

was fabricated from a 3D printed mold. PDMS was poured into the mold and placed in
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Figure 5.5: The final device assembly required all of the components to be held in place with
precision. (a) A mold was 3D printed to form a lid by (b) adhering PDMS to a standard
24-well plate lid. The magnetic sensors were held in place with (c) a 3D printed structure,
and (d) the 24-well plate fit over the sensors with the first row cut out for adding inhibitors
to the tissues.

contact with a standard 24-well plate lid, and baked overnight at 40 ◦C, as higher tempera-

tures caused warping of the 3D printed lid that was made out of PLA. The lid was further

prepared for experiments by drilling through the first row to allow for the addition of drugs

to the wells for real-time measurements. The final device had the magnetic posts held in

place by a lid into a 24-well plate held in place above the sensors.

5.2.4 Magnetic Modeling and Optimization

The placement of the magnetic post will determine the change of magnetic field at the

sensor. In order to determine the optimum placement of the sensor, both experimental

and theoretical methods were used. Experimental methods showed that a location slightly

behind the sensor produced the largest magnetic field changes, and were used to inform

initial designs. I then created a model to better understand the effects of changing the

relative position of the sensor and the post. This section will seek to determine tolerances

necessary for accurate prediction of post deflection.
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Due to the size of the magnet and the distance away from the sensor, the magnetic post

can be modeled as a basic dipole. The magnet used in the posts has a strong magnetic

field that is in the horizontal direction (ex), and weaker magnetic fields in the non-sensitive

(ey) and vertical (ez) directions. This was verified experimentally, and determined to be

m = 0.00075ex + 0.00015ey + 0.00015ez Am2.

The expected motion of the post, as observed optically, is expected to have a maximum

amplitude of 300 µm. I built a model to determine the magnetic field change as the magnet

undergoes translation and rotation due to deflections up to 300 µm. This magnetic field

change is determined by

B =
µ0

4π

(
3

(m · r) r

r5
− m

r3

)
(5.1)

where m is the magnetic moment described above, and r is the distance from the current

location of the magnet to the position in the plane of the sensor. The sensors was located

14 mm away from the post due to the physical constraints of the tissue culture dish. This,

combined with the information above and resulted in an optimum position located a few

millimeters ahead of the post (located at (0,0)), Figure 5.6(b). In addition to the model

showing the optimum displacement, the model also showed that sensors would not have

magnetic field changes due to posts in adjacent wells, Figure 5.6(a).

5.2.5 Magnetic Characterization

In order to test the model described in Equation 5.1 and Figure 5.6(b), I ran an experiment

to show the variation in response due to locations of the magnetic post, Figure 5.7. As

expected, an offset post produced increased magnetic field outputs (converted to voltages)

compared with a post located directly above the sensor.

I precisely characterized the sensors used in the experiments using all of the equipment

to be used in experiments. Five separate arrays of posts were used to characterize each

sensor with 20-30 data points for each post. The magnet in the post was tracked using a

metallurgical microscope (LV-100, Nikon), and camera. I used LabView software to acquire
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Figure 5.6: Magnetic modeling showed that (a) each post would not affect adjacent senors,
and (b) the optimum location of the sensor is located 2-3 mm ahead of the post. Magnetic
characterization showed (c) a linear trend of voltage to displacement, and (d) that the tissues
had a similar waveform when paced at 1.5 Hz.
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Figure 5.7: The location of the magnetic post determines the response of the sensor. (a) At
a location slightly ahead of the sensor, the relationship between post and distance is 0.06
mV/µm. (b) At a location directly above the sensor, the response is reduced.

voltage data simultaneously with image data and observed a linear trend, Figure 5.6(c) and

Figure 5.8. The sensors had varying calibration constants which is likely due to slight changes

in the manufacturing of the sensors or position of the post relative to the sensors. Tissue

forces were compared to baseline twitch forces in the experiments, and the trend for each

sensor was linear (R2 > 0.9). The linear trend allowed sensors to be used without additional

modification.

In addition to variations between sensors, I observed that the sensitivity of the sensors was

partially determined based on the orientation of the sensors relative to the Earth’s magnetic

field. The sensors had almost double the sensitivity when facing south compared with facing

north. The baseline magnetic field is on the order of tens of microTeslas, which is also on

the order of the Earth’s magnetic field. I suspect that when aligned in a particular direction,

the Earth’s magnetic field is resulting in a net field close to zero, which is out of the linear

range of the sensors. The experiments and characterizations performed in this thesis were

all for sensors facing south.
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Figure 5.8: Magnetic sensors used in this experiment had slightly different calibration curves.
The trend for all sensors was linear (R2 > 0.9), and forces were compared to baseline for all
tissues.

5.2.6 Engineered Heart Tissue Generation

Undifferentiated human induced pluripotent stem cells (hiPSCs) from the IMR90 line were

maintained in mTeSR (Stemcell Technologies, Vancouver, BC, Canada) on tissue culture

dishes coated with Matrigel (Corning, Corning, NY). An established protocol for directed

differentiation was used to derive cardiomyocytes (CMs), as previously described [70]. Differ-

entiation yielded greater than 80% cardiac troponin T+ (cTnT+) by flow cytometry. hiPSC-

CMs were cast into EHTs on day 24 after induction of differentiation. EHTs were generated
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following a similar protocol to Schaaf et al.[103], where each tissue was cast froma 100 µL fib-

rin gel solution containing 5·105 hiPSC-CMs and 5·104 supporting stromal cells (line HS-27a

[96]). Agarose weells were formed by pouring a 2% agarose solution into a 24-well plate fitted

with custom built spacers. A pair of posts was positioned into each agarose well, and the

fibrin cell-gel solution was poured into the well to create an EHT bound onto the tips of each

post. After 80 minutes of gelation the newly formed EHTs were transferred to a fresh 24-well

plate. EHTS were maintained in a 24-well plate and were supplied with fresh RPMS me-

dia (11875-119, Invitrogen, Carlsbad, CA), supplemented with B-27 plus insulin (17504044,

Life Technologies, Carlsbad, CA), and 5 mg/mL aminocaproic acid (A2504, Sigma-Aldrich,

St. Louis, MO), three times per week. The EHTs were maintained in culture for two weeks

before testing to allow for sufficient compaction and development of a stable beating pattern.

5.2.7 Pacing Experiments

In addition to characterizing the magnetic sensors by manually moving the posts with a linear

micropositioner, the posts were also characterized by comparing the waveforms of engineered

heart tissues paced under the gold standard of optical measurements, and with the new

sensors. Pacing experiments were performed at 1.5 Hz and 2 Hz using both measurement

platforms. Optical measurements were taken with an inverted microscope (Eclipse Ti, Nikon,

Inc., Melville, NY) using a CCD camera (Clara, Andor, Belfast, Northern Ireland). Both

optical and magnetic measurements were taken at 37 ◦C. Optical analysis provided the

position of the post using custom Matlab image analysis software. In order to pace the

tissues, carbon rods were used as electrodes and affixed with PDMS to the bottom of 24-

well plate dishes. Platinum wire was wrapped around the electrodes and connected to a

stimulator (S88X, Astro-Med, Inc., West Warwick, RI). Biphasic pacing was used with a

pulse duration of 5 ms and amplitiude of 5 V for both conditions. The tissues were observed

to follow the electrical stimulation and produced twitch forces with consistent amplitude

during pacing. Pacing experiments were performed within a 10 minute window to ensure

consistent response of the tissues. There was a strong correlation fo the pacing waveform,
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Figure 5.6(d), and a linear relationship between forces produced at 1.5 Hz and 2 Hz.

5.3 Experimental Methods

The goal of the platform developed in this aim is to rapidly and easily measure engineered

heart tissue forces. I have characterized the system extensively to show the linear response

of the voltage with respect to the position of the post. The goal of the experiments are to

investigate if the engineered heart tissues respond to pharmacological inhibitors in a similar

fashion as adult tissues, and to demonstrate the potential of this device as a rapid drug

screening tool.

5.3.1 Frequency and Force Analysis

Voltage outputs from the magnetic sensors were recorded using LabView and displayed on a

screen in real-time during experiments. Further analysis was performed on all experiments

to assess the frequency and magnitude of contractions over time. The data were filtered

with a low-pass filter to remove measurement noise using an 8th order Butterworth filter

with a cut-off frequency of 7 Hz. Only the peak-to-peak amplitudes were analyzed for force

measurements, so low-frequency fluctuations in baseline readings were eliminated from the

signal. In order to eliminate low-frequency baseline drifts, an exponential moving average

filter with an exponent constant of 0.0001 was used.

After filtering the data, a custom peak finding program found the maxima and minima of

the data with a minimum amplitude of 7 mV, or about 5-10% of the typical baseline motion.

A cutoff of 7 mV was chosen based on the analysis of the signal produced by non-beating

tissues. Below this threshold, there was an increased chance of registering a beat due to

noise in the system. Furthermore, a tissue was determined to have stopped beating when

the frequency of beats fell below 0.2 Hz.

Frequency was determined based on the time between maxima. The instantaneous mag-

nitude was determined by subtracting the maximum from the adjacent minimum as long as

the maximum and minimum were within two seconds of each other. In order to reduce errors
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due to slight adjustment of the posts during fluid addition, a four-second window around

each fluid addition time point was removed from the averages for both the frequency and

magnitude measurements. This four-second window could be reduced in future experiments

by using a non-magnetic pipette tip. Initial experiments were run with a metal pipette tip

that caused significant alterations to the magnetic field observed by the sensors. The second

round of experiments eliminated the magnetic tip; however, the analysis was kept the same

for proper comparison of results. A combined ten-second moving average of the force and

frequency was obtained for each of the four experiments.

5.3.2 Pharmacological Inhibitors

Two different inhibitors were chosen for demonstrating the utility of this device as a drug

screening tool. The goal of choosing drugs was to choose one that would likely increase

beating frequency and potentially beating force, and to chose another drug that would likely

lower beating force and alter beating frequency.

In order to increase beating frequency, isoproterenol hydrochloride (CAS 5984-95-2,

Sigma-Aldrich, St. Louis, MO) was used with three different concentrations, 50 nM, 500

nM, and 50 µM. Isoproterenol is a β-adrenergic agonist [32]. Isoproterenol has previously

been shown to increase beating frequency and have a positive inotropic response in the adult

heart, although it has been shown that the inotropic response is not present in young heart

tissues.

In order to decrease tissue forces, verapamil hydrochloride (CAS 152-11-4, Tocris Bio-

science, Bristol, UK) was used with three different concentrations, 500 nM, 5 µM, and 50

µM. Verapamil is a calcium channel blocker [114]. Verapamil has previously been shown to

alter beating frequency, and to significantly decrease tissue forces in both adult and young

tissues.

For all pharmacological inhibition experiments, a batch mixture of 2.5 mM of each drug

in DI water was passed through a sterile filter and portioned into the appropriate dilution

based on the final concentration. The media volume in each well during the experiment was
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2.5 mL, and 50 µL of the drug solution was added to yield the desired final concentration

of the drug in the complete media. The control case had no treatment added to the media

during the experiment, and the sham control had 50 µL of sterile DI water added to the

media. All experiments were performed at 37 ◦C. After the responses to the drugs were

observed, the drugs were washed out with new media, and tissues were allowed to reset for

two days before undergoing further treatments.

5.4 Experimental Results

The system was successfully tested as a drug screening tool, and was capable of measuring

the twitch forces over time for six different tissues. Typically, force measurements of tissues

is performed optically, and the experimenter can qualitatively understand the results of

experiments for tissues; however, the this system allowed the experimenters to quantitatively

watch in real time as the twitch forces and frequencies of tissues changed.

5.4.1 Simultaneous Measurements for Drug Screening

In addition to gathering simultaneous data and significantly reducing the amount of time

required to run an experiment, this system also allowed for the generation of large sets of

data without generating large files typically associated with image capture. File sizes for

approximately seven minutes worth of data for six tissues was on the order of megabytes,

while it would be on the order of gigabytes for typical image analysis systems. Capturing

large amounts of data and reducing the time required by the researchers, allowed this system

to observe forces continuously rather than at discrete time points, Figure 5.9. The large

amount of data aided in understanding how the drugs affected the tissues and can help in

future experiments to explore transient effects of drugs that may be missed with conventional

tissues analysis methods.
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Figure 5.9: Real-time analysis of tissue forces in response to pharmacological compounds.
(a) Sham control has a similar force and frequency profile over time. Tissues treated with
(b) 5 µM of verapamil have a significantly reduced force over time, while tissues treated
with (c) 500 nM of isoproterenol have a reduced force and significantly increased frequency
over time. (e,f,h) Tissues have similar frequencies and twitch force magnitudes before adding
pharmacological compounds. (e) Sham control continues at the same force and frequency,
while tissues treated with (g) verapamil eventually stop beating, and tissues treated with (i)
isoproterenol have nearly double the beating frequency and a slightly reduced force.



93

Figure 5.10: Combined data from multiple experiments with verapamil and isoproterenol.
(a) Frequency of contractions increases with verapamil addition while (b) magnetide of twitch
forces decreases (* indicate when the signal for more than half of the data feel below 7 mV
and 0.2 Hz). Isoproterenol increases the (c) frequency of tissue contractions, and slightly
lowers the (d) twitch forces of tissue conractions.

5.4.2 Pharmacological Inhibitors

In order to demonstrate the utility of this device for drug screening applications, three

concentrations of each of verapamil and isoproterenol were used to manipulate tissue twitch

force and beating frequency. All of the tissues were measured for one minute before adding

drugs to the system, and the force and frequency of contractions was monitored for at least

three minutes afer the addition of each drug. Each study generated complete waveforms of

the tissue contractions over the course of three minutes. Two controls were used, one with

no fluid additions, and one where water was added with no drugs (sham control). In both

cases, the spontaneous beating of the tissues had little variation throughout the experiments,

Figure 5.10.
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Verapamil had a large effect on both the beating frequency and the force generation of the

tissue constructs, Figure 5.10. Increasing concentrations of verapamil caused lower forces and

lower frequencies. The effect of verapamil on force was nearly immediate, although there

typically was an initial increase in beating frequency before the tissue ceased beating. A

low dosage of verapamil caused a slight increase of the beating frequency from the baseline

frequency. There were some fairly large variations in the verapamil beating frequency and

force magnitude, some of which can be attributed to the choice of a 7 mV cut-off for the

force generation. This was due to the amount of noise in the system.

As expected, isoproterenol increased the beating frequency as the concentration was

increased. The increase in beating frequency started quickly, and appeared to level off

within two minutes after adding the drug, Figure 5.10. A decrease in contractile force was

observed with increasing concentrations of isoproterenol. The decrease in force is typical for

immature myocardium, which has not yet expressed phospholamban, the Ca2+-regulatory

protein that is targeted by beta-adrenergic stimulation [104, 91, 138].

After completing the tests, tissues were returned to fresh media, and the force and fre-

quency response returned to similar levels as before alterations with the drugs. Tissues that

had been exposed to high concentrations of verapamil were found to beat faster and likely

stronger than other tissues, and these tissues were not used in subsequent experiments.

These results show that this system is sufficiently sensitive to changes in twitch force and

frequency to measure the effects of drugs and could be used in a drug screening assay.

5.5 Discussion

Efficient and parallel screening of pharmacological compounds in a model human engineered

heart tissue system is desired for drug discovery. Such a platform would also be useful to

monitor EHT force production for therapeutic applications. Several tools have been devel-

oped for monitoring the beating frequency and twitch force production of EHTs, but thus

far, none have produced simple measurements to enable real-time contractile information.

Previous devices have looked into electrical measurements of force using PDMS devices [87],
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and other devices have embedded magnetic material into PDMS cantilever devices [35, 113].

Few devices have used magnetic field changes to measure forces [55], and I believe that this

is the first device to measure tissue forces using embedded magnets in a PDMS device. This

system is advantageous compared with previous systems as it is able to continuously mon-

itor the forces of several tissue constructs throughout an experiment, and ease the burden

of imaging for the researcher. Real-time monitoring can ensure that tissues are behaving

properly, and it can aid in performing massively parallel experiments. I built a system that

was limited to six simultaneous measurements, but as I showed in Figure 5.6(a), the system

has the potential to be expanded to simultaneously monitor an entire 24-well plate. Even

with only six simultaneous measurements, four arrays of posts were tested with two controls

and four measurements in rapid succession without the need to position the posts or find

the posts in a microscope objective. This rapid screening can be useful for high-throughput,

low-cost drug screening applications.

In order to demonstrate the feasibility of my device, I tested two different drugs to

alter the frequency and force of tissue contractions. I chose to use verapamil, a calcium

channel blocker, with an expected result of lowering twitch force and frequency, and I chose

to use isoproterenol, a β-adrenergic agonist, with the expected result of increasing beating

frequency. I found that verapamil lowered twitch force, and it even temporarily stopped

the tissue construct from beating. Furthermore, I found that the frequency of contractions

increased before the contractions ceased to beat with enough forces for higher concentrations

of verapamil. For a low concentration of verapamil, I found that the frequency increased

while the twitch force magnitude had a slight decrease. The increased frequency and lowered

force response of EHTs to verapamil has been seen before [81, 57, 46], and I have shown a

way to measure it in situ.

Isoproterenol increased the frequency along the same order as what has previously been

observed by other research groups [53, 65]. The response was a steady increase over the course

of approximately 90 seconds. After 90 seconds, the response leveled off ot the new frequency

and twitch forces. Somewhat surprisingly, the force of contractions decreased, however, it has
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been shown that EHTs derived from induced pluripotent stem cells have different responses

than that of native heart tissues [134]. The structure of induced pluripotent stem cells used

in these experiments is likely much more immature than adult cardiomyocytes [138], and it

has been shown that immature cardiomyocyte tissues do not produce an inotropic response

to isoproterenol [91].

I used this system to simultaneously measure the response of six different tissues at a

time, and four replicates were easily measured in the time it took the tissues to respond to

the forces. Little adjustment or calibration was needed once hte device was built, and post-

processing analysis could easily be integratedinto the data acquisition program to produce

immediate results from experiments using this system. Furthermore, the tissue constructs

and mult-well dishes are all disposable, while the sensors and electronics are free from con-

tacting the biological media, and thus do not require sterilization between each use. This

enables testing of devices over time for studies that have slower-acting drugs or to monitor

the twitch forces of tissues in an incubator over time. This system can be used to either

rapidly screen for a number of different drugs or to monitor the contractile forces of EHTs

being developed for potential therapeutic replacements.

In order for the system to be expanded for use in drug screening systems, some aspects of

the current device would need improvement. Currently, the system that I built is limited to

measuring twitch forces, and it has some variance in the sensing capability of each sensor. A

system could be designed to measure both passive and active forces of cardiomyocyte tissues,

and that would result in a more complete understanding of the function of the tissues. In

order to accomplish that goal, the system could be altered to change the filtering design, and

placement of the sensors could be further improved to reduce variance between each sensor.

These improvements can be engineered to provide more information about the EHTs and

provide an inexpensive and autonomous drug screening platform.
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5.6 Conclusions

I have successfully built and demonstrated the use of a magnetic sensing method for mea-

suring forces of engineered heart tissues. The system had a linear response to tissue forces

and was demonstrated with three doses of isoproterenol and verapamil. The device shows

promise for use in rapid screening of drugs and can be used for a variety of different tissue

configurations.
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Chapter 6

FINAL CONCLUSIONS AND FUTURE DIRECTIONS

I have presented three devices and methods for studying the viscoelasticity of biomaterials

and myocardial forces. The results of the experiments showed that the devices can be used

in microenvironments for characterizing and understanding the materials. In this chapter, I

will review the accomplishments of the three aims and discuss what I believe are potentials

for future work related to each of the devices and methods presented in this thesis.

6.1 Summary of Results

6.1.1 Aim 1

I successfully built a new model device for measuring the viscoelasticity of biomaterials using

a magnetically-enhanced PDMS post. The device was used to measure the viscoelasticity of

collagen gels, and it could be integrated into disposable devices for measuring viscoelasticity

of other biomaterials. The device has a small size and is inexpensive to build and can produce

significant motions.

6.1.2 Aim 2

I miniaturized the magnetic post system for use in a microfluidic channel that could be

used with blood to form shear-developed platelet clots. This system was capable of forming

platelet plugs as well as measuring the elastic modulus of the plugs and collagen gels formed

in the channels. It is now possible to perform in situ measurements of platelet clots form in

microfluidic channels. I demonstrated the ability to measure the stiffness and showed that

the measured stiffnesses of clots and collagen gels are greater than typical errors due to post
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position and force generation. The results showed that shear-developed platelet clots had a

stiffness on order with previous results.

6.1.3 Aim 3

I developed, fabricated, characterized, and used a new device for measuring twitch forces of

human engineered heart tissues. The device was extensively characterized to show that the

response of the sensors is linear with the force applied to the sensors. Magnetic sensors were

not affected by pacing experiments or the presence of the engineered heart tissues. Drugs

could be added to media while engineered heart tissues were beating, and the response was

monitored in real time. Forces and frequency were tracked over time and provided input

about the effects of the drugs and the maturity of the engineered heart tissues.

The main advantage of aim 3 was a significant reduction in the time to generate and

understand results related to adding drugs. Researchers were able to see results immediately,

and there was a significant reduction in storage space for the experimental results. This

device provided a simple and rapid way to assess both force and frequency performance of

engineered heart tissues.

6.2 Broader Impacts and Future Directions

The devices and experiments that I ran investigated biomaterials and myocardial forces using

new techniques that either provided new capabilities or were easier to use and inexpensive

compared with current techniques. The results showed promise for these tools to be continued

for use in studying biomaterials and myocardial forces.

6.2.1 Aim 1

The goals of my first aim were to develop an understanding of a magnetic post system

and how it performs in a viscoelastic environment. I think the device could continue to be

extended by producing more force on the post, and tracking the post magnetically. The use
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of a magnetic tracking method would enable disposable and remote tools that do not require

microscopes and image analysis software. Measuring the post motion magnetically would be

challenging due to the impact of the external magnetic field. External fields would require

some form of compensation to fully use the device without a microscope.

6.2.2 Aim 2

I miniaturized the device from aim 1 and characterized it for use in measuring platelet clot

elasticity. This device provides benefits of in situ measurements of platelet clots, and can

be used to study the effects of inhibitors on clot stiffness and to add drugs after plugs have

formed to further alter clot stiffness. This information can provide more insight into how

the biological cues are converted into mechanical changes in clots, and that can change how

trauma and platelet treatments are administered in the future.

Now that clot elasticity can be measured in situ for shear-developed platelet clots, there

are many experiments that can be run to understand the effects of various antagonists on

the elasticity of platelet clots. Additionally, the device can be modified, as described in

Chapter 3 to measure viscoelasticity in addition to elasticity. Measurements could be made

while shear-developed clots are forming, or in clots developed with much lower shear rates.

The magnetic posts can be used in many ways to understand shear-developed platelet clot

formation and function.

Platelet function, especially mechanical function, is vital to proper recovery from trauma,

and understanding how platelets form clots, and the mechanical properties of those clots is

vital to understanding hemostasis and treating patients with abnormal conditions. This de-

vice helps to provide more insight and encourage new means of discovering platelet function.

6.2.3 Aim 3

The sensors for measuring myocardial forces can be expanded for use in a full 24-well plate.

The analysis I showed in Chapter 5 indicates that it is merely a design problem for aligning

the sensors on breadboards in the dish. A full 24-well plate connected to continual analysis
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can allow for rapid and easy drug screening. Additionally, expanding the sensing algorithm

and filtering to measure both passive and active myocardial tissues can also provide more

information to expand this device beyond the 24-well plate and to be used in drug screening

applications.

In addition to drug screening applications, the measurement device could be coupled

with force actuation to apply forces to engineered heart tissues using a feedback loop that

allows for the mimicking of loading forces in the heart. This method would allow for new

understanding of how to grow tissues for potential replacement therapies. Heart cells do

not reproduce as humans age, leaving the need for alternative replacement therapies, but

current replacement methods do not produce strong enough tissues on the order of adult

heart tissues. A new method to grow tissues could provide a way to take immature induced

pluripotent stem cells, differentiate them into heart cells, then create strong enough tissues

through a “workout” system using a feedback loop until the tissues are strong enough for a

replacement therapy.

Heart disease is the leading cause of death in the United States, and this device provides

methods to screen for drugs that can improve heart health as well as a platform for a potential

bioreactor to improve the strength of engineered heart tissues for replacement therapy.

6.3 Conclusions

Magnetic devices provide means to apply forces at a distance for a greater understanding of

biomaterials. Additionally, magnetic devices can be used for significantly lowering researcher

time when measuring forces and devices. I have developed, characterized, and used several

devices for measuring properties of biomaterials and forces of myocardial tissues, and I hope

that some of the work forms a basis for future inventions and findings.
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