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CHAPTER 1

MOTIVATION

Advances in clinical diagnostics and health care critically depend on new
tools to efficiently and reliably analyze complex patterns of bio- and disease
markers. There is significant evidence that proteomic approaches to analyze
arrays of biomarkers are very effective in early disease detection including
cancers, and low budget, point-of-care proteomic sample analysis would be

beneficial in improving global health care.'”

Currently, enzyme-linked
immunosorbent assays (ELISA) are the most common protein analysis methods,
but their sensitivity is usually limited by some relative threshold concentration
(1-10pM) that, in some cases, is too high to detect early stages of disease
progression.” ? Since no protein amplification techniques exist, analogous to
polymerase chain reactions for DNA, surpassing this threshold concentration (1-
10pM) is difficult."""""*l The ultimate objective of my dissertation is to progress
an innovative ELISA-based nanotechnology that allows for rapid capture and
specific transport of biomolecules using a single, small (nanofluidic) sample
volume and limited manual labor without the need of an external power source.
The nanotechnology is an engineered protein system that takes advantage

of the kinesin and microtubule system that nature has taken the time to develop.

Only for the last several decades have researchers been exploring the potential



the cytoskeletal transport systems have in vitro and in lab on chip technologies.
Here, I bridge the gap in knowledge that exists in taking the kinesin-microtubule
system out of biological cells and into advanced lab on chip ELISA-based
diagnostic devices for point of care applications. With progress in the fields of
nano- and microfluidics and bioengineering being key to progressing medical,
point if care diagnostic devices, the development of nanoscopic ELISA platforms
that are capable of capturing and detecting ultralow concentrations of proteins is
essential in further advancing these medical technologies.

Leveraging cytoskeletal transport systems for microscopic transport
systems that are highly regulated in biological cells brings a significant
advantage when compared with entirely man-made systems. In such protein-
based systems, biologists and engineers can work in parallel to advance our
understanding of the regulation mechanisms of the system and, therefore,
contribute to advancing autonomous regulation mechanisms in lab on chip
devices. Biological discoveries relating to the specificity of the cytoskeletal
transport system can be incorporated into such a device eventually turning it into
a “smart” device guided by nature’s protein regulation mechanisms.!"!

Implementing a protein analysis requiring a small sample volume at very
low cost will reduce trauma to more sensitive patients and allow for future
biomolecular motor-driven technologies to serve as a low budget, bed-side
health diagnosis tool having global health care applications. As such
technologies progress, they will facilitate a paradigm shift, particularly in

detection of the early onset of diseases and continuous health monitoring



CHAPTER 2

BACKGROUND

In this chapter I will begin by discussing the previous work that has been done
over the last two decades in taking the kinesin and microtubule system out of a
cell and into in vitro systems. I will discuss the advances scientists and engineers
have made in modifying the protein system to transport specific cargos and
control and regulate its motility. The previous work will be framed to highlight
the future potential the kinesin-microtubule system has to be integrated into lab
on a chip technologies and, specifically, point of care medical diagnostic devices.
Then, I will look at the current demands for medical diagnostic devices and the
approaches others have taken to engineer technologies that satisfy those
demands. Culminating these two topics, I will conclude with a more specific
example as to how the kinesin-microtubule system can be integrated into micro-
or nanofluidic devices and be engineered to satisfy the demands for point of care,

lab on chip proteomic detectors for sensitive diagnostic tests.

2.1 Microtubule-Kinesin Systems: From In Vivo Motility to
Lab on a Chip

During the last decade many advances have been made in revealing the

complexities of the nano- and microscale systems existing in biological cells.
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Progress has been made in getting these systems to function in in vitro
environments where they can be studied as independent systems. Due to their
robustness in vitro and nanoscopic properties, several of these protein systems
often serve as an inspiration for nano and micro technologies."*'" One system of
particular interest is the active transport system present in eukaryotic cells. Here,
organized networks of microtubules and actin filaments in the cytoskeleton of a
cell provide tracks for a variety of biomolecular motors, such as kinesins, to
move along and generate mechanical forces. These motor molecules power
cellular mechanical processes including cell contraction and movement, mitosis,
and intracellular transport by directly converting chemical energy (hydrolysis of
ATP) into mechanical work.” ?"! Adenosine triphosphate (ATP) powers the
stepping motion of kinesin. The chemical energy extracted from the hydrolysis of
ATP in this kinesin ATPase is converted to mechanical work as the motor
molecule steps along the microtubule protofilament. The motor protein kinesin is
responsible for intracellular transport and has many properties that have
attracted considerable interest in these molecules as energy transducers and
transport systems for nanotechnology applications.">*? Kinesins are nanoscopic,
move processively along MTs for micrometer-long distances, support high speed
(several um/s), use little energy, and the microtubules (MTs) kinesin travel along
are stable, robust tracks that can be readily engineered into artificial lab on a chip
devices. 115182531

While studying kinesin-MT systems in in vitro environments, a typical
assay will take place in a microfluidic chamber. Kinesin motor molecules

nonspecifically bind to the surface of the chamber. A motility buffer containing



Velocity
Microtubule

RS T
.f Y \\\\\\\\\\ \.T_‘
Kinesin?

Glass Substrate

Figure 2.1 Geometry of a gliding assay. Plus-end directed motors step along the
MT surface towards the plus end to propel the MT along the glass surface.

ATP and MTs is then flown into the chamber. The kinesin motor domain
exposed to the ATP-containing motility buffer binds to MTs free in solution.
Kinesin motors step along the MTs with an inherent directionality. As illustrated
in Figure 2.1, when all of the kinesin step in the same direction along the MT, the
kinesin motor molecules push MT along the kinesin-coated surface of the
microfluidic chamber. This is known as a gliding assay. MTs can glide along the
surface uninterrupted for several millimeters at speeds >1 um/sec without any
external pumps or power sources. These qualities and the scale of the system are

ideal for active transport in microfluidic systems.

Microtubules as Nanoshuttles

Due to the appealing active transport mechanism the MT-kinesin system
provides in wvitro, there have been a number attempts to functionalize
microtubules as it appears to be the simplest way to adapt this protein system
into a useful active transport mechanism in microfluidic, lab on chip (LOC)
systems.” ! The first cargos carried utilized biotinylated tubulin and the strong

biotin-streptavidin (Bt-STV) linkage.”™ Streptavidin is multivalent, so a Bt-STV-



Bt sandwich is easy and inexpensive to create. These Bt-STV functionalized MTs
have been utilized to transport and even manipulate biotinylated DNA using a
Bt-STV-Bt linkage.”** Biotinylated nanospheres, quantum dots and
microspheres all served as cargoes on biotinylated MTs.”**! Once this MT-Bt-
STV-Bt-cargo linkage was optimized, the next logical step was to use this
modified tubulin to attach biotinylated antibodies to microtubules to transport
specific proteins.”" * These conjugations brought about a lot of excitement as
they introduced the kinesin-microtubule system into potential immunoassay
platforms.

The major disadvantage to the Bt-STV-Bt linkage is undesired crosslinking
that is possible due to the multivalent properties of STV. The assay must be
carefully done in many sequential steps to reduce the number of undesired MT-
MT, cargo-cargo, or MT-cargo-MT crosslinking events that result in clusters of
undesired byproducts. Some researchers purposely crosslinked microtubules in a
controlled manner using the Bt-STV-Bt linkage to create clusters of microtubules
in different geometries such as linear nanowires or nanospools.*> *! However,
the future applications for such geometries are still unclear. Later on, a variety of
more specific conjugation techniques were developed to covalently link
antibodies to microtubules using homo- or heterobifunctional crosslinkers."*> *!
While these techniques are an improvement to the biotin-dependent alternatives,
most still leave room for undesirable cross-linked products similar to the Bt-STV
linkage.

As these MT microshuttles evolved, the LOC kinesin-driven platforms
also had to advance in hopes to effectively incorporate these systems into useful

devices. Here, I will discuss the different ways researchers have manipulated this
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transport system and engineered devices to accommodate the controllable
properties of kinesin and microtubules. It remains largely unclear how biological
cells control the chemo-mechanical activity of kinesin motors to achieve the
complex and specific transport properties present in cellular function.*”
Theoretically, if the underlying control mechanisms that drive this highly
regulated intracellular transport were completely understood, one could create
and control a highly specific, infinitely multiplexed device that relies solely on
proteins and protein modifications to deliver cargos. Since these control
mechanisms are not fully understood, it is not clear how kinesin and
microtubules can be harnessed to their fullest potential for specific
multidirectional micro transport. Several attempts have been made to overcome
this limitation by utilizing the inherent chemical and mechanical properties of
the kinesin-microtubule system or engineering micro- or nanofabricated
structures or “smart” polymers to have better control of this system, which are
discussed further below. Significant strides in engineered biological systems

must be made to further understand how fully take advantage of kinesin and

microtubules in LOC technologies.

Highly Engineered Cargos

While significant work has been done to functionalize MTs, several
groups have gone a step further in engineering cargos and tethers that collect,
transport, and deliver cargos. Being able to control the transportation or delivery
of micro or nanoscaled cargo is ideal in microreactors, concentrators, or targeted
activation. All of the developed techniques incorporate engineered DNA

primers. Complimentary DNA primers linked to the MT and the cargo enable
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pick up, and a more preferential complementary primer is exposed on the
delivery site with the purpose of pulling the cargo off of the microtubule.
Brunner, et al. developed a microfabricated surface that enabled crossing MTs to
pick up treated microspheres with DNA tethers.”™ The Vogel and Sutoh group
went beyond by gathering, transporting, and delivering a specific analyte to a
deposition region using complementary DNA mentioned previously.”* > While
successful, this requires a highly engineered cargo, which is not desirable for
broad medical diagnostic purposes that typically depend on a huge library of
antibodies for proteomic detection but may be reasonable for other micro scale

applications.*"l

Kinesin Motor Control

While our knowledge of what naturally controls kinesin motors in
biological cells is limited, many have taken the most basic understandings of
kinesin motors and engineered systems that can turn motility on and off in
gliding assays. Controlling the accessibility of ATP in solution can regulate
motility. This concept has been utilized by developing stimuli-responsive
polymers to cage ATP.® Rahim, et al. and Hess, et al. used ATP caged by a
photoresponsive polymer that releases ATP into the microfluidic chamber after
being exposed to an ultraviolet pulse.”” ' The Diez group used a thermo
responsive polymer to create a similar reversible stop and go motility control in a
gliding assay format. Instead of controlling the ATP in solution, this polymer
could be activated to block kinesin motor domains and prevent MTs from
binding and traveling along the kinesin surface. The polymer is nonspecifically
adsorbed to the substrate alongside kinesin motors. When cooled to 27°C, the

8



polymer expands and physically blocks access to the motor domain, preventing
MT-kinesin interactions. When heated to 35°C the polymer finds a more
preferable conformation, tangled closer to the glass surface and exposes the
kinesin heads to the MT containing motility buffer.””! Recently, Diez also
engineered the opposite configuration to create controlled motility where the
polymer was bound to the MT instead of the kinesin surface.” The rate of
kinesn’s ATPase activity increases at higher temperatures thus supporting a
proportionately higher velocity. Unfortunately, the variation in kinesin activity is
not significant enough to use as a robust signal, so using these dynamic thermo-
responsive polymers is advantageous at functional temperature ranges./>
Taking control over the motor molecule, the Bachand group engineered a kinesin
motor that contained a divalent metal binding site in the neck linker region.
Exposing motors to a solution containing divalent metal ions inhibits kinesin,
thus preventing motility. The inhibition can be reversed by introducing a
number of chelating agents into the system.

Engineering the kinesin to exhibit desirable characteristics is a timely and
expensive endeavor, but with the improvement of computational modeling,
highly engineered motors may not be too far away.”” " Since motors are the
backbone to active, directed intracellular transport in vivo, looking at engineered
and natural motor control mechanisms is ideal for making these nano-transport

systems more complex and highly regulated in vitro. A lot of future potential lies

in multiplexed and advanced cargo delivery by focusing on motor control.



Mechanical Control of Microtubules

Many attempts to mechanically control the directionality of microtubule
movement have been made by utilizing the physical interaction between
oncoming microtubules and barriers with which they interact. This work was
pioneered by the Meyhofer and Kurabayashi group where Lin, et al. developed a
model that illustrates that the MT bends and is guided in the direction that is
most energetically favorable when coming in contact with a kinesin-free wall
(See Figure 2.2).”"7 In gliding assays microtubules can bend at angles smaller
than that suggested by their persistence length because tens or hundreds of
kinesin motors are applying a force that outweighs the Brownian motion that
cause bending.”! In these gliding assays a majority of the microtubule is bound
to kinesin, but the very tip remains free and controls the directionality of the
gliding motion. Without interference from a mechanical blockade, the tip, free of
kinesin, is limited to bending due to thermal energy. In this model and
experimentally, the direction in which the MT bends when it hits a kinesin-free
wall depends on how the very tip of the microtubule is directed.”

This interaction is also dependent on the material properties of the wall.”
' If a MT approaches a wall coated with functional kinesin molecules, there is
some probability the MT will travel over the wall dissociate from the kinesin-
coated surface instead of being steered by the wall. Surfaces can be fabricated
and treated to be unaccommodating to proteins binding which have been
utilized to create physical barriers in microfluidic chambers. For example, an
extremely hydrophobic surface will cause proteins to denature and become non-
functional. Lin and others have used this mechanical steering of MTs with some

blockade to autonomously guide MTs to specific regions or in a certain
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Figure 2.2 Microtubule being guided mechanically. As microtubules come in
contact with a wall (black line on right), the thermally diffusing leading minus end
(left) is guided in the direction that is most energetically favorable. As a result,
the MT follows this motion and is steered by the wall as it glides forward (right).
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direction.”” ”# Specifically, the microfabrication process developed by Lin has
become the typical standard for mechanically guiding MTs in micro- and
nanofluidic systems.” CYTOP is deposited on a glass wafer and etched away
using SF, reactive ion etching, exposing the glass surface. Under specific
fabrication parameters, kinesin motors bind and support motility on the exposed
glass surface. The CYTOP can be coated with a Pluronic polymer and then
possess material properties that cause kinesin to denature and prevent motility
on the CYTOP walls. These walls then serve as mechanical barriers that guide
MTs throughout the glass channels.

Additional mechanical constraints can be placed on the system by
interfering with the kinesin-MT binding. Many have studied the effects of
coating MTs with nanoparticles, for example, and observed effects on motility."*>
%l One group engineered a microfabricated device to sort microtubules by length.
Microtubule length can be controlled by adjusting the polymerization
parameters during tubulin growth or by shearing stabilized microtubules with a
Hamilton syringe or pipette tip.*® The Sato group created a biased gradient of
microtubules of different lengths by fabricating microtrenches that allow only
MTs of a length greater than the width of the trench to cross. Shorter

11



microtubules fell off the ledge and could not bridge the gap to continue transport
to the other side of the trench.” Engineering a system that sorts or guides
microtubules mechanically lessens the importance of using highly modified
proteins for controlling the system and supports autonomous control that is

promising for multiplexing.

Electrophoretic and Magnetic Control of Microtubules

Microtubules have an inherent negative charge on their surface.™ This
charged surface is thought to be important in motor-MT binding events.'*” 7!
Many have utilized this negative charge by guiding, aligning or manipulating

MTs using electrophoresis.®> %I

Van den Heuvel, et al. implemented
electrophoresis into a concentrator device to separate MTs at a Y-junction with
two different fluorescent labels.”” A charge was applied across a Y-junction to
either attract or repel MTs to the appropriate channel. While successful, this
approach requires constant surveillance of incoming filaments at a single Y-
junction, a large and expensive research microscope, and has low throughput.
Microtubules have also been aligned and manipulated using dielectrophoresis,
and, additionally, using a magnetic field after magnetic particles were attached
to one end of the MT.”" ® While the previous work utilizing dielectro- and
electrophoresis is binary (attraction or repulsion, alignment or randomization),
this technique has potential in multiplexing kinesin-driven devices. Changing the
surface charge of a microtubule or conjugating a material with different

dielectrophoretic properties would allow researchers to tune and multiplex a

device steered by an electric field. Although, a potential hurdle is that changing
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the surface properties of the MTs may affect the kinesin interactions and impair
motility.

While there has been great development in manipulating and controlling
this cytoskeletal system in vitro, the only successful attempts at autonomously
multiplexing a device were done by sorting MTs by length. The advances that
have been made in utilizing the kinesin-microtubule system in more applied
LOC technologies looks promising. Like many LOC systems that incorporate
biological systems, the desire to miniaturize medical devices, including
diagnostic devices, and transform them into smaller point of care (POC)
technologies that are easier to use and more reliable is desired. In the following
section, I discuss recent advances in microfluidics and immunoassays and how
they benefit future point of care diagnostics. Then, I will assess how the work
done with the kinesin-microtubule system can merge with the demands of
proteomic biosensors which motivates the foundation of my dissertation,

developing a kinesin-driven ultrasensitive immunoassay platform.

2.2 Proteomic Biosensors

The current demand in the field of proteomic biosensors is to develop a
more sensitive, less invasive, inexpensive, rapid diagnostic device.”** The most
commonly used proteomic detection mechanism is an enzyme-linked
immunosorbent assay (ELISA) (See Figure 2.3). ELISA assays are typically
performed on a plate containing several wells. In direct ELISA assays the base of
each well is coated with a capturing antibody that specifically captures a protein

of interest. The unbound sample is rinsed from the well and a detection antibody
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Indirect ELISA Sandwich ELISA

Nty

Figure 2.3 ELISA assays. Capturing antibodies (purple) specifically bind to
protein antigen. A detection antibody that is fluorescently labeled is either
complimentary and binds the protein of interest (pink) or secondary and binds
the end of the detection antibody (blue).

is flown in. The fluorescently tagged detection antibody is complementary to the
antigen and binds to the analyte that was initially captured by the capturing
antibody, forming an antibody sandwich. In an indirect ELISA assay protein is
nonspecifically adsorbed to the base of the well along with the other proteins in
the sample. The capturing antibody binds only the protein of interest, or antigen,
in the well. The detection antibody in indirect ELISA is a secondary antibody that
binds to the heavy chain of the capturing antibody. The signal from the label on
the detection antibody is measured, and this signal corresponds to the amount of
analyte in the initial sample. These assays have a typical detection limit of 1-100
pPM which is limited by either the sensitivity of the fluorescent measurement or
the affinity of the analyte to the antibody."® While there has been a significant
amount of effort to improve the affinity of antibodies to reach affinities on the
order of a femtomolar, this is an extremely expensive and timely endeavor and is
generally not used for improving the sensitivity of these assays for a wide variety
of biomarkers.””"%! Thus, to improve the sensitivity of proteomic biosensors and
maintain an affordable cost for patients, other technologies have been developed

to challenge the typical well-based ELISA approach. Common techniques
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employed by technologies used today to surpass the standard ELISA limitations

include the following;:

e Lower detection limits: Increase the signal to nose ratio for
fluorescence or rely on other, more sensitive detection methods

apart from fluorescence or amplify the analyte signal.

o Faster assays: Allow antibody to diffuse within the sample instead

of relying on the diffusion of analyte to an antibody-coated surface.

e More accurate tests limiting error: Create an autonomous lab on a

chip device that reduces human error.

¢ Reduce costs and invasiveness of test: Downsize to nano- or
microfluidic systems that require smaller sample and reagent
volumes to lower costs. Smaller samples are less invasive to
sensitive patients such as newborns. Less invasive tests permit
more frequent testing or monitoring the progression of diseases or

therapies.!'"”

Table 1 shows comparisons between typical ELISA well assays and competing
approaches that currently exist on the market and their assay specifications.
Notice the tradeoffs in each technology. Some improve the detection limit but
lack ease of use or specificity while others improve ease of use and have
comparable detection limits. Trade offs exist for all of these technologies being
developed. As seen in the table below, progress has been made in engineering

and manipulating microfluidic immunoassay platforms to reach lower detection
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limits, lower costs, reduce human induced error, and reduce assay time. While
microfluidics had a role in accomplishing all of these tasks, existing methods to
significantly reduce the detection limit that rely on bioengineering, such as the
rolling circle amplification and engineered high affinity antibodies, are often too
expensive and too highly engineered to translate into practical, broad, high
throughput diagnostics. My dissertation work incorporates several of the
concepts inspired by the above technologies along with the previously discussed

potentials in incorporating the kinesin-MT system into LOC devices.

2.3 Kinesin-Driven Immunoassay Platforms

Microtubule Concentrator

Engineers have explored the various ways to manipulate the kinesin-
microtubule system using their mechanical or electrostatic properties or altering
biochemistries as discussed in Section 4.1. While these concepts have been
fundamentally explored, it was not until the Meyhofer and Kurabayashi groups
began integrating the kinesin-microtubule system into engineered microfluidic
devices that the motor proteins looked promising for advanced, applied
technologies. Taking what was known regarding mechanically steering
microtubules, they designed a microtubule concentrator device powered by
kinesin motor molecules that autonomously guided and trapped microtubules in
a concentrator region.””> !
The concentrator device illustrated in Figure 2.4 is constructed using the

aforementioned fabrication process that selectively promotes kinesin

functionality in etched glass regions while CYTOP walls guide microtubules into
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Figure 2.4 Microtubule concentrator device. The device is engineered to
autonomously guide MTs to a center concentrator region (fop right).
Perpendicular CYTOP walls (bottom right) guide the MT tips that come in contact
with the wall. To adapt the device for POC LOC diagnostic device, antibody
functionalized MTs would incubate with the sample (left) and be concentrated in
the device for detection. Figure adapted from Lin, et al. Nanoletters 8(4), 2008.

a concentrator region. Microtubules land in the kinesin-coated, glass petal-
shaped regions where they are transported by kinesin in a gliding assay. While
the instantaneous directionality of the microtubules cannot be controlled, over
time, the geometry of the curved CYTOP walls surrounding the petal regions
guides the microtubules into the center of the device. As microtubules reach the
center of the device, they enter into the concentrator region. The concentrator
region is comprised of arrowhead, shaped glass surfaces that are covered with a
parylene cover. The arrowhead regions, lined with CYTOP walls, cause the
microtubules to serpentine within the concentrator region. If the microtubules

disassociate from the glass (xy) surface, then the parylene cover prevents

microtubules from escaping the concentrator region from the z direction. As a
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result, millimeters of microtubules can enter into a microfluidic chamber and
then be specifically concentrated into a 25 um x 25 um concentrator region in less

than 30 minutes.

Motivation and Potential for Immunoassay Applications

Reflecting on the previous discussion in Section 4.2 on engineering
advanced immunoassay platforms, concentrating analyte, working with small
(<pL) sample volumes, and creating a diagnostic platform that is not complicated
for the end user are all of interest in the field of medical diagnostics. Diagnostic
devices for point-of-care (POC) applications have additional criterion including
the following: working with non-invasive samples, requiring no ancillary
equipment, and being easy to use. Using antibody functionalized microtubules
as nanoshuttles that can collect and transport specific analytes combined with
Liu’s microtubule concentrator has great potential in advancing current
immunoassay technologies.

Each concentrator requires only 0.13 nL of sample, concentrates
millimeters of microtubules, and runs solely off of chemical energy (ATP). These
traits coupled with antibody functionalized microtubules and an on-chip
detection mechanism would make this system ideal for a potential POC
diagnostic device. To transform this microtubule concentrator into an
immunoassay platform, two critical gaps in knowledge must be addressed to
realize its potential. First, the antigen binding capacity of the microtubules must
be properly characterized using various biochemistry and protein

characterization techniques to ensure that relevant detection capabilities can be
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realized in the system. Second, all aspects of the system (kinesin, microtubules,
motility, antibody-antigen binding, efc.) must not be compromised when

immersed in medically relevant samples.

Hurdles in Combining Kinesin and Microtubules in Proteomic Sensors
Sustaining various protein functions in these relevant protein systems
(kinesin, microtubules, antibody and antigen) in medically relevant biological
samples is a hurdle that has yet to be addressed. Samples required for protein-
based diagnostics include, but are not limited to, blood, urine, saliva,
cerebrospinal fluid (CSF), and tissue extracts.”” Cytoskeleton components
including kinesin and microtubules are not inherently found in biological fluids;
their natural environments are inside eukaryotic cells. In the proposed kinesin-
driven immunoassay platform, motility and stability of the microtubule-kinesin
construct must remain stable to concentrate antigen. Immersing kinesin and
microtubules into protein-rich biological samples where they are not necessarily
inherently compatible brings concern to their ability to remain motile and
functioning because protein-protein interactions, whether they are specific or
nonspecific, can be detrimental to in vitro assays. The complexity and diversity of
such samples can be seen in Table 2. Due to the heterogeneity found in biological
samples, it is unknown whether there are protein-protein interactions that will
interfere with the kinesin-microtubule construct in vitro. Antibodies and their
antigens, however, are found in abundance in blood samples. The antigenicity of
antibodies and their antigens are found relatively unaffected when immersed in
various biological fluids. They are manufactured, verified, and then
commercially sold to clinicians to use in ELISA assays in various biological
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Protein Ionic
Sample pH Concentration  Strength Commonly Used to Detect
(mg mL™) (mmol LY

Proteins, cholesterol, glucose,

Blood Plasma 7.3-7.5 50-70 145
small molecule drugs

Urine 46-8.0 01-13.5 150-300 ~ iormones, small molecule
drugs, blood cells

. Local (oral) microbes and

Saliva 6.2-7.7 0.7-2.5 44-163 proteins, DNA

Cer.ebrospinal 7973 0.3-0.7 130-170 Neur(?logical disor;lers,

Fluid infection, neurological damage

Table 2 Profiles of body fluids commonly used for diagnostic tests™>1"1

samples. So, the biggest concern in incorporating biological samples into the
microtubule concentrator device is whether the kinesin-microtubule construct
will be negatively affected in the protein-rich samples. A previous study by
Korten ef al observed the effect cell lysates; blood serum and plasma; and buffer
solutions conducive to PCR and labeling techniques had on cytoskeletal
transport systems.""® The motivation for their work was to establish a kinesin-
based platform for personalized genomic diagnostic applications. In this Korten
et al study the kinesin-MT system was found to be compatible with blood plasma
and blood serum when blood derivatives made up 0.1% of the buffer solution;
with cell lysates that contained 5000 cells ul”; and a variety of buffer solutions
and were not compatible in DNA hybridization conditions.

The array of proteins signaling the presence, progression, or regression of
diseases is unique to each individual disease. The protein landscape required of
various diagnostics is diverse and varies in complexity (number of analytes
required for proper diagnosis), sensitivity (detection or concentration limits

required), and temporally (protein landscape may change at various stages of the
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disease). And, the protein landscape of each disease is unique in each type of
bodily fluid used for the diagnosis. Today, blood serum and plasma are the most
common samples used in proteomic ELISA assays because of they tend to
contain relatively high concentrations of proteins present, which is desirable as it
makes the assay more robust. However, all of the other aforementioned
biological samples have distinct benefits that are driving the development of new
diagnostic test platforms.

Reflecting back on the four facets driving diagnostic technologies (lower
detection limits, faster assays, more accurate tests limiting error, and reducing
the costs and invasiveness of tests), protein concentrations affecting detection
limits and the method of obtaining the biological sample affecting the physical
invasiveness of the test are the two facets that are governed by the sample as
opposed to the engineering of the diagnostic device. While blood contain high
concentrations of proteins, it is invasive to collect the sample from the patient
because it require breaking the patients skin, similar to CSF. Furthermore, the
more invasive samples require skilled technicians, sterilized equipment, and can
only be taken in limited amounts so as not to negatively affect the patient. The
invasiveness of these protein-rich samples is a major limiting factor in many
diagnostic tests in resource-limited environments. Relying on non-invasive
samples such as saliva and urine is more desirable as they are less expensive,
available in large volumes without affecting the patients’” well being, and
eliminate the risk of infection or agitation to the patient. However, the trade off
associated with these non-invasive samples is that common protein biomarkers
are generally found in lower amounts if they are even present at all. As

mentioned in the prior discussion on proteomic biosensors, advances in

22



engineering and scaling down diagnostic tests is lending the field to more
robustly being able to detect lower concentrations of proteins for disease
detection. These engineering advances are, therefore, encouraging the
development of new diagnostic standards and arrays to be investigated and
implemented into diagnostic devices using noninvasive samples that I will

further explore in this dissertation.
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CHAPTER 3

ANTIBODY-FUNCTIONALIZED NANOSHUTTLES
DRIVEN BY BIOMOLECULAR MOTORS FOR
SENSITIVE IMMUNOASSAY APPLICATIONS

In this chapter I discuss the progress I made in further advancing and
characterizing antibody functionalized microtubules that can be used for
sensitive immunoassay applications. I developed a covalent conjugation
technique that uses a heterobifunctional crosslinker to specifically attach
antibodies to microtubules resulting in antibody-functionalized nanoshuttles for
innovative immunoassay platforms. This technique is effective for a variety of
antibody types, is highly specific, binds high densities of antibody (>100
antibodies um™ of microtubule), and does not sacrifice the active transport
properties of microtubules and their kinesin motor counterparts. The conjugation
design allows antibody-functionalized microtubules and antigen to diffuse freely
in solution, which significantly reduces typical enzyme-linked immunosorbent
assay (ELISA) times. The nanoshuttles can be concentrated to yield very high
antibody to antigen ratios ideal for ultralow antigen detection or to remove
undesired proteins or dyes from solution. Intrinsic motility characteristics of the
complementary biomolecular kinesin motors can be incorporated into advanced
actuation or concentration mechanisms in micro- or nanofluidic devices ideal for

novel immunoassay platforms.

24



3.1 Introduction

In clinical settings detecting low levels of protein via immunoassays that
leverage high affinity antibodies is critical for early disease detection. In the past
decade the miniaturization of immunoassay platforms and a variety of
microfluidics-based lab on a chip (LOC) designs have been a major driving force
in a steady progression towards lower detection limits, reduced assay times, and
less invasive procedures.” ™ One strategy is to harness the MT-kinesin
transport system as microshuttles for nano biotechnology applications, as
justified in Chapter 2. This approach led several groups to functionalize
microtubules with antibodies with the intent to transport specific target protein

[24, 32, 33, 41, 42,

cargos in LOC systems. %1 While data from this work support this
general concept, existing protocols broadly suffer from a range of limitations.
First, functionalized MTs should ideally be able to freely diffuse within the
sample without creating crosslinking byproducts such as MT and antibody
aggregates. Freely diffusing MTs significantly reduce incubation times, reduce
the complexity of handling procedures, prevent MT aggregates from forming
that hinder in vitro motility, and reduce the unnecessary waste of expensive
reagents. Crosslinking was most prevalent in conjugation techniques that relied
on multivalent streptavidin-biotin linkages or homobifunctional crosslinkers.
Second, conjugation methods should be applicable to a wide variety of
commercially available antibodies including antibody fragments and

recombinant antibodies. Third, the binding capacity, meaning the number of

functional antibody molecules per length of MT, needs to be high to realize
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assays capable of detecting femto- to nanomolar protein concentrations. To
develop sensitive and robust immunoassays, it is therefore essential that this
metric be quantified to evaluate the potential of functionalized MTs for
immunoassay platforms. Additionally, antibody-functionalized microtubules
must retain their motile properties with biomolecular motors.

To achieve my goal of realizing antibody-functionalized microtubules
with the full complement of properties desired for advanced immunoassay
applications, I developed and quantitatively characterized a covalent conjugation
technique that utilizes a heterobifunctional crosslinker to specifically conjugate
antibodies to microtubules. This technique prevents undesired crosslinking
byproducts, is effective for monoclonal, polyclonal, recombinant, and f(Ab)’,
antibodies, is highly specific, binds high densities of antigen and does not

sacrifice the motility properties of the MT-kinesin system.

3.2 Approach

The basic approach to our method is outlined in Figure 3.1. A free amine
on the polymerized MT surface and a reduced sulfhydryl group on the antibody
heavy chain are covalently linked via the heterobifunctional succinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC) crosslinker (Pierce 22360).
SMCC is 8.3 A long and contains an amine-reactive succinimidyl (NHS) ester
moiety on one end and a sulfhydryl-reactive maleimide moiety on the other. The
sulfhydryl group on the antibody intended for modification is an attractive target
because it neither sterically nor chemically interferes with the antigen-binding

domain, which is ideal for a successful immunoassay platform.
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Incubate at 37C for 1.5 hours to
Incubate at room temperature for 30 minutes. Crosslinker separate heavy chains of
covalently binds to free succinamidyl ester on MT surface. antibody and expose thiol group.

¢ v

Figure 3.1 Conjugation protocol. Microtubules functionalized with the
heterobifunctional SMCC crosslinker. Monoclonal, polyclonal, or f(Ab),
antibodies were reduced, and the exposed disulfide bond on the antibody heavy
chain was covalently bound to the SMCC-coated MT surface.

The labeling procedure begins by activating MTs with an excess of SMCC
crosslinker. The amine-reactive NHS ester reactions were continued for 30
minutes at room temperature to allow sufficient crosslinker binding to the MTs.
Detailed characterizations of SMCC-labeled MTs (MT-SMCC) via Ellman’s
Assays also showed that the hydrolysis of the maleimide moiety of SMCC to
maleamic acids was sufficiently slow (see Experimental Section) such that the

reactivity for binding antibodies is preserved under these labeling conditions.""!
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After the MT-SMCC conjugation, excess SMCC was removed from solution to
promote antibodies binding to MT-SMCC and avoid antibodies binding to
crosslinker free in solution. To remove free SMCC from solution, MT-SMCC
were spun in an ultracentrifuge (Beckman Airfuge) for 30 seconds at 30 psi
through a 60% glycerol cushion containing 20 uM paclitaxel (LC Laboratories
P9600) and resuspended in a sodium phosphate buffer with 20 uM paclitaxel.
The disulfide bonds linking the antibody heavy chains were reduced in a 50 mM
2-Mercaptoethylamine (2-MEA) solution for 90 minutes at 37° C to separate the
two heavy chains. To prevent any further reduction of antibody, excess 2-MEA
was removed through a buffer exchange column.” ™ This also avoids
interference with maleimide-sulfhydryl binding. Reduced antibodies were
immediately added to MT-SMCC at a 2-, 6-, or 10-fold molar excess with respect
to the total tubulin concentration, and the solution incubated for 2.5 hours at
room temperature to complete the conjugation. Then, free antibodies were
removed by pelleting the antibody-functionalized MTs via centrifugation and

resuspending them in 80 mM PIPES buffer containing 20 uM paclitaxel.

3.3 Results

Specificity and Binding Capacity of Antibody-Functionalized Microtubules

To characterize the specificity and binding density of antigen on the
functionalized MTs, I performed binding assays as illustrated in Figure 3.2 using
microtubules functionalized with polyclonal anti-bovine serum albumin (anti-
BSA) (Molecular Probes, A11133), pepsin digested f(Ab), anti-BSA, or

monoclonal anti-human interleukin 6 (anti-IL-6) antibodies (Invitrogen,
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Sandwich Assay Fluorescent Antigen Assay
(Used with Anti-IL6) (Used withAnti-BSA)

Biotinylated Labeling
,/Antibody with Fluorescent
Streptavidin ; /Fluorescent
| - Antigen

Antibody
Functionalized
Microtubule

Kinesin i

Glass Substrate
Figure 3.2 Schematic representation of binding assay. Antibody-functionalized
microtubules are labeled with either fluorescently tagged labeling antibody (left)
or a fluorescently tagged antigen (right) in binding assays. The kinesin-coated
glass substrate also supports gliding motility when ATP is available in solution.

CHC1263). The assays were carried out in simple microfluidic chambers
constructed form microscope slides and coverglasses. First, I sequentially coated
the chambers with buffer solutions containing casein and kinesin that adsorbed
to the glass surfaces. This reduces nonspecific binding of free antigens or
fluorophores to the glass surface during the assays. In addition, when MTs were
introduced in the microfluidic chambers, they bound to kinesin motors
(specifically the N-terminal motor domains) attached to the glass surface.
Consequently, the microtubules were held nanometers from the glass surface for
imaging. When ATP was present in the assay buffer, MTs were transported
along the kinesin-coated surface in in vitro gliding assays. Tetramethylrhodamine
(TMR)-labeled BSA served as the anti-BSA antigen while unlabeled IL-6 in
combination with an anti-IL6 biotinylated detection antibody labeled with TMR

streptavidin was used to detect anti-IL6 on the MT surface. To qualitatively
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analyze how antibody-functionalized MTs capture their respective antigens, I
polymerized fluorescently-labeled microtubules by incorporating a small fraction
of Cy5-labeled tubulin, functionalized the microtubules with antibodies using
our SMCC crosslinking protocol and then used fluorescence microscopy to
separately image microtubules and complementary as well as non-
complementary antigens. As illustrated in Figure 3.3a, antigen molecules bound
to MTs functionalized with complementary antibodies but not to MTs with non-
complementary antibodies or unlabeled microtubules. For example, as shown in
the third column of Figure 3.3a, TMR-BSA bound only to anti-BSA
functionalized MTs while untreated and anti-IL-6 functionalized MTs showed
negligible rhodamine fluorescence signals in the presence of even very high
concentrations of TMR-BSA (100 nM). Similarly, the binding behavior of IL-6
(second column) shows interactions with complementary anti-IL-6
functionalized MTs while untreated MTs and anti-BSA functionalized MTs did
not bind IL-6. I also note fluorescent specks in the images not associated with
MTs, particularly in the complementary antigen TMR images. Based on a
number of control experiments, I believe that these specks represent labeled,
functionalized MT fragments that invariably result from the handling procedures
associated with pelleting and resuspending MTs. Note however, that these
specks do not represent background nor nonspecific labeling associated with the
functionalized MTs. All of the IL-6 images were taken using TIRF microscopy at
higher magnification (note the longer scale bars). IL-6 assays had lower signal to
noise ratios and, therefore, inherently highlight the residual fluorophore on the
glass surface, which is an artifact of incomplete protein blocking. Taken together,

these observations suggest that the binding of antigen to functionalized MTs is
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) Cyanine 5 (Cy5) Rhodamine (TMR)
IL6+Biotinylated Anti-IL6 )
+TMR Streptavidin TMR-BSA

Cy5 MTs

Anti-IL6 Treated Anti-BSA Treated
Cy5 MTs

Untreated
Cy5 MTs
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Excess of SMCC with Respect to Total Tubulin Concentration

Figure 3.3 Antigen specific binding and binding capacity. a.) Cy5 microtubules
were either treated with polyclonal anti-BSA IgG (top row), monoclonal anti-IL6
(middle row), or not treated (bottom row) and incubated with 100 nM TMR-BSA
(right column) or 100 nM IL-6 and TMR labeled detection antibody (middle
column). Antigen binding is specific to treated, antibody-functionalized
microtubules. Labeling IL-6 with a fluorescently-tagged detection antibody
resulted in higher background noise that required TIRF microscopy. b.) TMR-
labeled microtubules functionalized with Anti-BSA IgG and incubated in 100 nM
TMR-BSA solution. The intensity of the fluorescent signal correlates with the
fluorescent antigen bound, which is plotted with respect to the conjugation
conditions. The error bar represents the standard error of each measurement (30
<N < 80).
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specific and the antigenicity of our functionalized MTs, a fundamental
requirement for future immunoassay applications, is preserved.

In the context of the envisioned applications, it is important to
characterize the specificity of antigen binding to determine if nonspecific binding
of antigen to the MT surface will limit antigen detection and ensure that our
results are applicable to a wide range of antigens. Ideally, nonspecific binding
would be sufficiently low (characterized by a dissociation constant K, that is
significantly higher than that of the antibody) such that the specificity (defined
by the ratio of antigen molecules bound to antibody on the functionalized MT to
the number nonspecifically adsorbed to the MT surface) would not limit the
resolution of the assay. To quantitatively measure binding of fluorescent analyte
to MTs, I quantified the fluorescence intensities from MT surfaces and relate
these to calibrated intensities (See Figure 3.4). I measured the amount of TMR-
BSA that binds to untreated MTs, which is representative of the nonspecific
binding of antigen to functionalized MT surfaces. Specifically, I incubated
untreated MTs with 100 nM, and 1 pM TMR-labeled antigen for 30 minutes and
then measured the number of rhodamine dye molecules on the MT surface.
Nonspecific binding was negligible at 100 nM with only 1.7 + 3.7 BSA pm™
(N=27) adsorbing to the MT surface. Nonspecific BSA binding became significant
only at 1 pM TMR-BSA in solution where unfunctionalized MTs bound 33.8 + 5.4
BSA pum’ (N=49) of MT. The observed adsorption behavior results in a
nonspecific dissociation constant several orders of magnitude higher than the
dissociation constant for a typical antibody (10" M) and is consistent with low-

affinity, nonspecific protein- protein interactions as observed by others."* Since
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Figure 3.4 Image processing for binding capacity measurements. First, the
background was subtracted (left). The length and integrated fluorescent intensity
of MTs labeled with rhodamine at a known labeling ratio were measured to
determine the standard fluorescence for a single rhodamine dye (top right). The
same length and fluorescence measurements were done on functionalized MTs
under the same imaging conditions. From here, I calculated the number of
rhodamine-labeled antigens on a MT (bottom right).

the ratio of nonspecific to specific analyte binding is <10%in the presence of 100
nM antigen for anti-BSA and f(Ab)’, anti-BSA, I can conclude that antigen
binding is highly specific, and integrating kinesin and microtubules into this
immunoassay platform does not sacrifice nor interfere with the specificity of

antibody-antigen binding.
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To predict the potential these engineered nanoshuttles have in future
immunoassay applications, I characterized the binding capacity of these
functionalized MTs. I define the MT binding capacity as the number of antigen
molecules a MT carries per unit length when all antigen-binding sites on the MT
are theoretically occupied. To determine the binding capacity, I refer to ligand-
receptor kinetics to ensure that an antigen occupies every antibody in our

binding capacity assays. The dissociation constant of a typical antibody is

Kp = % ~ 100 pM, where k,, = 10° M~ sec™ and k,;; = 107* sec™ .'® If 1

on

define R as the concentration of antibody (receptor) in solution, L as the
concentration of antigen (ligand) in solution, then C, the concentration of bound
antibody-antigen, is given by

R+L 2552 C
and the kinetics of our system is

dc

E = konRL - koffC

At equilibrium (% = 0), neglecting the effect of ligand depletion and assuming

this limit is asymptotically approached for t > (konLtorar + kopf) ™", then

Cequitibrium = —R;OtflLLtoml-

DTLtotal
Binding capacity assays were done with 100 nM antigen and < 0.2 nM antibody
bound to microtubules in solution. Thus, the conditions of the binding capacity
assays are conducive to 99.9% of antigen binding sites being occupied after a 25-
minute incubation according to the assumptions stated above.

Using workable concentrations of crosslinker and anti-BSA antibody, I

varied the concentrations of SMCC and antibody to maximize the binding
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density of the conjugation. Binding capacity assays were performed using the
same protocol used for specificity assays. I achieved a maximum binding
capacity of 112.6 £ 3.2 antigen molecules per micrometer of microtubule as
shown in Figure 3.4b. Our data illustrate that optimal, high binding capacities
depend mostly on using the appropriate excesses of SMCC in the conjugation.
High excesses (40- and 200-fold excesses of SMCC with respect to total tubulin)
result in fewer antigens bound to the functionalized MT. At low crosslinker
concentrations (2-fold excess) I consistently observe low antigen densities on the
microtubules (1.5 + 0.72 BSA pm™ (N=83)), resulting in optimal labeling at
approximately 8-fold SMCC excess. I also conducted additional measurements
(data not shown) at intermediate SMCC stoichiometries (10- and 14-fold) that
showed that the optimum crosslinker concentration for our experimental
conditions is close to an 8-fold excess, and the antibody density as measured by
the number of functional antibodies per unit length of microtubule declines
monotonically from this optimum. I believe that this optimum is the result of two
of competing mechanisms. At SMCC concentrations below the optimal 8-fold
excess, the number of tubulin dimers labeled by the amine-reactive group in the
crosslinker is limited, and consequently, increasing SMCC concentrations led to
more antibody binding. On the other hand, while high concentrations of SMCC
activate nearly all tubulin dimers, excess SMCC at increasing stoichiometries are
practically impossible to completely remove from the MT preparation, and
unbound reagent in solution reacts quickly with antibodies such that the number
of antibodies binding to the MT is reduced. While I do see a strong correlation

between SMCC concentration and binding capacity, the correlation between
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antibody excesses and binding capacity is not apparent for the range of antibody
excesses used here. In addition to attaining high binding densities on the MT
shuttles, another important consideration is that the motility properties of the

MT-kinesin system remain intact after functionalization and analyte capture.

Motility Properties of Antibody-Functionalized Microshuttles

Since the kinesin-MT interactions depend on electrostatic and steric
interactions to sustain motility, there are concerns that heavily functionalizing a
MT can prevent or impair kinesin motility."” To characterize the effect our
conjugation method has on the motile properties of the kinesin-MT system, I
measured the speed using gliding assays in the presence of 10 nM analyte (see
Experimental Section) (Figure 3.5). The kymograph shown in Figure 3.5a shows
that the quality of gliding assay motility with antibody-functionalized MTs is
similar to unfunctionalized MTs. Looking at the white columns in Figure 3.5b
where no antibody is on the MT, I conclude that SMCC excesses have a slightly
negative effect on gliding assay speeds. I do not see a consistent correlation
between antibody excesses and gliding assay speed. Steric issues that would
likely be caused by the large antibody are not a problem as I see only a 33%
velocity decrease down to 800 nm sec” when the MT contains over 100 antibodies
um™in the 8-fold SMCC 10-fold antibody assay. The SMCC crosslinker appears
to be sufficiently small as to not terminate motility. Kinesins seem to easily
accommodate for antibodies, which label only 5-10% of tubulin dimers. The
conjugation parameters I tested using anti-BSA and TMR-BSA revealed a range

of conditions where the effects on motility are moderate, and the functionalized
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Figure 3.5 Functionalized microtubules support motility. a.) Kymograph of a
microtubule functionalized with anti-BSA in 10 nM TMR-BSA demonstrating
that kinesin motility is largely unaffected under the conditions used. Frames are
separated by 2 seconds. b.) Velocity of anti-BSA functionalized microtubules in
10 nM TMR-BSA solution was measured in gliding assays. The error bar
represents the standard deviation of each measurement.

MTs are capable of supporting robust gliding assays that can be integrated into

an active transport system.

Limitations for Sandwich Assay Construct

Ideally, for diagnostic applications one would prefer to utilize an antibody
sandwich assay construct that takes advantage of a labeled complementary
antibody to detect the analyte (See Figure 2.3). Labeling with a second antibody
is more advantageous than the detection method used in the anti-BSA results
discussed above because the analyte itself does not need to be directly labeled for
detection. Directly labeling the analyte specifically without the use of a labeled
detection antibody is unrealistic for diagnostic applications. Covalent labeling
proteins relies on generic labeling chemistries that target specific moieties but are

unable to distinguish between the same moieties on two different proteins.
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Therefore, to specifically covalently label protein analytes, the analyte must be
purified from the sample using various chromatography and/or filtration
techniques and then labeled using these generic labeling chemistries. Purifying
the sample to specifically label the analyte is necessary to maintain low
background fluorescence and to eliminate false signals caused by cross-reactive
species. The yield of such a purification and labeling procedure is generally low
(<20%), and furthermore, once the protein analyte is purified from the sample to
be labeled, such an ELISA platform is unnecessary since protein concentrations
could be determined using other techniques such as absorbance measurements.
Therefore, using fluorescently tagged secondary or complimentary antibodies for
analyte detection is the ideal method for detecting protein analytes in ELISA

assays.

My results indicate that there are limitations in incorporating antibody
sandwich assays into this microtubule-based immunoassay platform with
regards to motility. Sandwich assays were used to confirm that IL-6 cytokine
binds to anti-IL-6 functionalized microtubules as see in Figure 3.3a. Figure 3.6
shows how gliding assay motility is affected as the antibody sandwich is
assembled for IL-6 detection. As discussed in detail previously and illustrated in
Figure 3.5, covalently binding the primary antibody and BSA antigen to the
microtubule surface does not significantly impair gliding assay motility.
However, attaching a detection antibody significantly affects motility by
reducing gliding velocity over 3-fold to <500 nm sec” and leading to poor quality

motility.
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Three parameters were measured to characterize quality of motility. A
microtubule with poor quality motility is either tethered to the kinesin-coated
surface or has a ‘floating end.” Tethered microtubules are not motile, have zero
velocity, and were not included in velocity measurements. Oftentimes, tethered
microtubules appear to be twitching on the surface, suggesting that motors are
making contact with the microtubule but an additional mechanism is preventing
the microtubule from being propelled forward by the motor. Microtubules with
floating ends are motile, but one of the microtubule ends is freely diffusing in
solution while the rest of the microtubule is bound to the kinesin-coated surface,
which propels it forward (See Figure 4.4). Floating ends contribute to poor
quality motility because these free ends can lead to the microtubule dissociating
from the kinesin-coated surface over time. As the quality of motility is reduced as
the antibody sandwich is assembled, there is also a significant drop in the
number of events per field of view. Figure 3.6 shows that the percent of motile
microtubules and their velocities are positively correlated. The percent of
microtubules with poor quality motility are negatively correlated to the change
in velocity and percent of microtubules that are motile. In this case, reducing

microtubule gliding velocity is indicative of the quality of motility deteriorating.

To determine if the mechanism driving the degradation of motility with
the sandwich assay construct is steric, additional experiments were done.
Constructing the full sandwich assay requires several additional flow and rinse
steps through the assay chamber (See Experimental Section). Using the same
anti-IL-6 functionalized microtubules with no antigen or secondary antibody,

flowing through an equivalent amount of motility buffer at the same time points
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Figure 3.6 Effect of antibody sandwich cargo on kinesin-microtubule gliding
assay. The velocities at various stages of anti-IL-6 labeling were measured. The
gliding velocities of microtubules carrying antibodies and antigens are not
negatively affected. However, once a detection antibody binds to the antigen
complex, the velocities and quality of motility are severely affected. Error bars
show standard deviations.

did not decrease the velocity or quality of motility. These results demonstrate
that the additional time and flow steps used in these experiments do not
negatively impact the kinesin-coated surface. To ensure that neither the
secondary antibody nor the TMR-STV has an effect on motility, unfunctionalized
microtubules were used in the same assay where they incubated with the anti-IL-
6 secondary antibody and then TMR-STV. Neither velocity nor motility quality
changed in these assays. Based on these results, I conclude that the negative
impact on gliding assay motility is not caused by the assay itself but is, instead,
likely caused by steric hindrances brought about by the large sandwich assay

construct on the microtubule surface. The bulky construct appears to create
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microtubules that become tethered on the surface. These observations suggest
that the antibody sandwich construct cannot be effectively incorporated into the
aforementioned microtubule concentrator device with the current assay
conditions. The low microtubule densities and inability for these microtubules to
move processively for long periods of time (50 minutes) prevent a sufficient
number of microtubules from concentrating to make significant observations.
The limitations and potential for antibody sandwich assay constructs in kinesin-

driven technologies are further discussed in Chapter 5.

3.4 Conclusions

The overall goal of this work was to functionalize microtubules with
antibodies such that they can serve as both an immunoassay substrate and a
micro-transport mechanism that can bind low concentrations of antigens in
solution. Our results illustrate that the functionalization method presented here
specifically binds complimentary antigen from solution and maintains motility.
An additional advantage is that this method is well suited for a wide variety of
commercially available antibodies including monoclonal, polyclonal, and f(Ab)’,,
and it is also compatible with recombinant antibodies. Based on the coupling
chemistry and the high binding capacity, the technique described in this paper is
well suited for detecting low concentrations of antigen if directly integrated into
a microtubule concentrator device such as that developed by Lin et al.* Using
realistic antibody densities established in this work and the device geometry
reported in our previous work, I estimate that in a 10 nL sample, a total length of

5 mm of functionalized MTs holding ~100 antibodies pm™ could capture all of
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the six antigen molecules found in a 1 fM antigen solution after a 25 minute
incubation assuming that the antibody-antigen complex has a dissociation
constant (Kp) < 100 pM and the only antibodies in the system are those on the MT
surface.™ T believe that the functionalization method developed here holds
significant potential for sensitive immunoassay applications. By leveraging short
assay times, sensitivity, the ability to concentrate antigen to lower background
noise, and retaining antigenicity, these results suggest that the characteristics of
our functionalized MTs are well suited for advanced, microfluidic immunoassay
or protein delivery platforms. The next step is to integrate these antibody-
functionalized MTs into an immunoassay platform to extract and detect specific

proteins from medically relevant samples.

3.5 Experimental Section

Microtubule Preparation
Tubulin was extracted from bovine brain using a high salt cycling
purification protocol and alternate polymerization and depolymerization

cycles.*!

Microtubules for functionalization and motility assay were
polymerized in a solution containing 2.0 mg ml™ tubulin, 4.0 mM MgCl,, 1.0 mM
GTP, and 5% DMSO in BRB80 buffer (80 mM K-PIPES, 1.0 mM EGTA, 1.0 mM
MgCl,; pH 6.8). The polymerization solutions were incubated at 37° C for 30
minutes and then stabilized by diluting the solution 4-fold in a BRB80 and 20 pM
paclitaxel (LC Laboratories P-9600) solution. Labeled tubulin dimers were

labeled with amine reactive dyes 5-(and-6)-carboxythetramethylrhodamine

(Molecular Probes C1171) or cyanine-5 (GE Healthcare, PA15104). Excess dye
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was quenched with K-glutamate, and microtubules were removed from the dye
through polymerization and cycling. Labeling ratios of dye to tubulin was
determined by absorbance measurements (Shimadzu BioSpec) and the Beer-

Lambert law.

Kinesin Purification

A kinesin motor consisting of the head and neck domain of Neurospara
crassa kinesin (amino acids 1-433) and the stalk of Homo sapiens kinesin (amino
acids 433-560) with a cysteine tag called NKHK560cys was used. Motors were
expressed and purified as described by Lakamper, et al."! Briefly, motors were
expressed in DH5a Escherichia coli cells and purified using cation exchange

chromatography (GE 17-5054-01).

Microtubule Antibody Conjugation

The following buffers were degassed using a vacuum pump and flushed
with dry nitrogen gas before the conjugation procedure: PBS (100 mM Sodium
Phosphate, 0.15 M NaCl; pH 7.2), Activation Buffer (100 mM Sodium Phosphate,
0.15 M NaCl, 10 mM EDTA; pH 7.2), Cushion (0.IM NaHEPES, 1.0 mM MgCl,,
1.0 mM EGTA, 60% v /v glycerol; pH 6.8). Microtubules were polymerized, spun
down, and resuspended in PBS containing 20uM paclitaxel (+T). SMCC
crosslinker was dissolved in DMSO at 4 mg ml”, added to microtubules at the
desired molar excess, and incubated at room temperature for 30 minutes. Excess
crosslinker was removed from solution by spinning the treated microtubules

through the cushion +T. SMCC treated microtubules were resuspended in
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activation buffer +T. Antibodies were reduced in 50 mM 2-Mercaptoethylamine
(Thermo 20408) in activation buffer for 90 minutes at 37° C. 2-MEA was removed
from the buffer through buffer exchange columns flushed with nitrogen.
Reduced antibodies were immediately added to SMCC-MTs at the desired molar
excess. F(Ab)’, fragments underwent a pepsin protease digestion (Pierce, 44688)
and were frozen before used in the assay. Antibodies and microtubules
incubated at room temperature for 2.5 hours in a nitrogen flushed environment.
Excess antibody was removed by spinning and pelleting antibody functionalized
MTs, removing the supernatant containing free antibodies, rinsing the pellet, and

then resuspending the functionalized MTs in BRB80 +T.

Ellman’s Reagent Assays

Ellman’s reagent (Pierce 22582) is a solution that drives a color change
when it interacts with free maleimide moieties. Dissolve Ellman’s reagent at 4 mg
ml™" in Activation Buffer (see above). Prepare samples such that you expect to
have 0.1-1.0 nmoles of maleimide in solution. Samples should include the
crosslinker or protein of interest and contain sequential dilutions of cysteine
(0.0~5.0 nmoles). A standard curve should be done in parallel containing only
cysteine dilutions. Add 20 pL Ellman’s solution to 100 pL sample and 1 mL degassed
Activation Buffer flushed with nitrogen. Measure the absorbance of the solution with
excitation at 412 nm in the spectrophotometer. Plot the absorbance measurements such
that the number of moles of cysteine is on the x-axis and the absorbance measurement is
plotted on the y-axis. The control curve should be a straight line with a constant slope, m.

The maleimide-containing sample of interest will contain a horizontal lag that signifies
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free maleimide in solution. The point at which the horizontal lag ends and the a straight
line with slope m continues correlates to the amount (moles) of reactive maleimide in

solution.

Binding Capacity Assays

Antibody-functionalized microtubules were allowed to freely diffuse in
solution with 100 nM analyte unless otherwise stated for 25 minutes. First, a
precoat of 0.1 mg ml’' casein in BRB80 was flown through the microfluidic
chamber and allowed to incubate for 3 minutes. Subsequently, a kinesin solution
containing 0.05 mg ml™ casein and 0.12 mg ml" NKHK560cys in BRB80 +T was
introduced into the chamber and incubated for 5 minutes. Then, antibody-
functionalized MTs and analyte were added to the chamber and allowed to
incubated for 5 minutes followed by a BRB80 +T rinse set consisting of at least 8
chamber volumes to rinse away free analyte. For IL-6 assays, the labeling
antibody was flown through and incubated for 1 hour. After washing the
chamber, rhodamine-labeled streptavidin was flown through in excess and is
immediately rinsed with five chamber volumes of BRB80 + T. Samples were
visualized in epifluorescence using a Zeiss Axiovert 200 microscope and Zeiss
Plan-Neofluar 40x/1.3 oil immersion objective illuminated by a mercury arc
lamp wunless otherwise noted. Image sequences were recorded with a
Hammamatsu ORCA ER series camera. Quantitative analysis was performed

using Image] software.
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Motility Assays

The assay begins with the same surface precoating and kinesin incubation
sets described for the binding capacity protocol. Motility buffer (2 mM MgCl,,
0.05 mg ml" casein, 0.08 mg ml" catalase, 0.1 mg ml" glucose oxidase, 10 mM
glucose, 10 mM DTT, ImM ATP) containing 10 nM analyte and functionalized
MTs were incubate for 20 minutes and then flown through the chamber. The
chamber was sealed and microtubules incubate for 5 minutes before

visualization.
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CHAPTER 4

KINESIN AND MICROTUBULE COMPATABILITY IN
HUMAN URINE, SALIVA, AND BLOOD PLASMA

Chapter 3 demonstrated that microtubules can be transformed into microshuttles
to transport specific protein cargos. These findings show that functionalized
microtubules can serve as useful platforms for advanced immunoassay
applications. To further advance the kinesin-microtubule system in medical
diagnostic platforms, one major gap of knowledge in the field must be
addressed. Understanding how medically relevant samples affect the kinesin-
microtubule system is critical in moving this active transport system into applied
technologies. In this chapter I will assess the compatibility of the kinesin-
microtubule system in human urine, saliva, and blood plasma. The potential of
this system in complex, protein rich body fluids will be characterized by its
ability to bind cargos and move in gliding assays. Conclusions and discussions
will be framed to relate our results to the current transport requirements kinesin-

driven technologies have.

4.1 Introduction

Concerns regarding the kinesin and microtubule system’s motility

properties being compatible with more complex, protein rich body fluids (such
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as those listed in Table 2) arise because microtubules are not naturally found in
body fluids including blood serum, urine, and saliva used in immunoassays.
Therefore, these body fluids are not necessarily compatible to kinesin-
microtubule functionalities, which brings about two main concerns. First,
protein-rich solutions can be detrimental to the nonnative proteins.'* >
Incorporating engineered kinesin and chemically stabilized bovine microtubules
in mammalian body fluids may bring unforeseen complications. For example,
enzymes such as proteases, which are present in blood serum to clot blood and
saliva to assist in digestion, can bind and breakdown foreign proteins.** 3!l
Second, as sample solutions become more complex and protein-dense, specific
and nonspecific protein-protein interactions occur more frequently. Specific and
nonspecific protein interactions can hinder protein function sterically,
electrostatically, or conformationally. Because gliding assays rely on kinesin
specifically binding to microtubules and microtubule shuttles need cargos to

specifically bind to microtubules, steric or electrostatic interferences can be

detrimental to the system.

To advance this field in the direction of immuno-based POC diagnostic
applications, I pioneered studies with the kinesin-microtubule system in human
urine and saliva samples and examined the effects blood plasma has on the
kinesin-microtubule system. In the field of POC diagnostic technologies,
researchers are honing their efforts to develop diagnostic platforms that rely on
urine and saliva samples instead of blood, which is the current standard for most

ELISA assays.”* Consequently, urine and saliva are ideal sample targets for
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future diagnostic technologies, which is why they are a focus in this study along

with blood plasma.

Here, I will assess the ability for cargos to bind to microtubules in human
urine, saliva, and blood plasma. Then, I will look into how these medically
relevant samples affect gliding assay motility. Finally, a criterion for assessing
the compatibility of gliding assays in blood plasma will be developed by looking
at how motility qualitatively changes in blood plasma and how it affects existing
kinesin-driven technologies. Further understanding the potential and limitations
of body fluids in the kinesin-microtubule system will give engineers the
resources to appropriately design next-generation kinesin-driven immunoassay

platforms accordingly.

4.2 Biotinylated Microtubules and Their Ability to Bind
Streptavidin Cargos in Human Urine, Saliva, and Blood
Plasma

The ability for analyte to bind to the surface of functionalized
microtubules is critical for microtubules to serve as cargo-carrying microshuttles.
As discussed specifically with respect to immunoassay applications in Chapter 3,
affecting the quality of antigen binding to the microtubule by reducing the
affinity of the antibody, sterically blocking the antigen binding domain, or not
having sufficient time for the antigen to bind will negatively impact the antigen
capturing capabilities of the system. Therefore, it is important to properly
characterize the effect body fluids have on the ability for analyte to bind to

functionalized microtubule surfaces to conclude if microtubule-based
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microshuttles can be effectively integrated into immuno-based diagnostic

platforms.

The affinity of antibody-antigen binding is dependent on a number of
factors including pH, ionic strength, and temperature of the sample. While these
factors vary across biological samples (See Table 2), antibodies can be engineered
to be compatible with a variety of samples retain affinities relevant for ELISA
applications (10"2-10° M)."*! The antigenicity of most commercially available
antibodies to their antigen are generally considered unaffected by medically
relevant samples such as blood, saliva, and urine."® One exception would be
highly engineered antibodies, typically expressed in bacteria or yeast cultures,
with high affinities (10">-10"* M) that require more controlled and specific buffer
conditions to capture very small quantities of antigen.” Since standard,
commercially available antibodies are typically used in ELISA, I continue this
study under the assumption that antibodies themselves are not a limiting factor

when microtubules are functionalized as an immunoassay substrate.

To test the effect human urine, saliva, and blood plasma have on the
ability of functionalized microtubule to bind cargos, I measured the binding of
rhodamine labeled streptavidin binding to biotinylated microtubules in these
body fluids and compared the behavior to STV binding to biotinylated MTs in
BRB80 buffer. I chose to work with biotinylated MTs instead of antibody
functionalized MTs so that I could more comprehensively assess the magnitude
of proteins nonspecifically binding to and blocking the microtubule surface.
Biotin is very small compared to an antibody (0.24 kDa versus 150 kDa,

respectively). Working with a physically smaller receptor protein, I was able to
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examine the effects body fluids have on the microtubule surface at a smaller
scale. For example, if a cytokine, typically 12 kDa in size, nonspecifically binds to
the microtubule surface, it is more likely to sterically hinder a streptavidin from
binding to a blocked biotin site that lies very close to the microtubule surface
than an antigen from binding to an antibody whose binding site lays several
nanometers away from the microtubule surface. Also, since the biotin-
streptavidin linkage has been an instrumental method in conjugating various
cargos to microtubules (See Chapter 2), characterizing the effect of body fluids on
the biotin-streptavidin linkage is also critical in further developing this

microtubule-based microshuttle system.

To characterize the ability for the biotinylated microtubule to bind
streptavidin, I performed binding assays similar to those carried out in Chapter
3. The assays were done in microfluidic chambers constructed form microscope
slides and coverglasses. First, I sequentially coated the chambers with buffer
solutions containing biotin-free casein and NKHK560cys kinesin that adsorbed to
the glass surfaces. This process was optimized to reduce nonspecific binding of
free TMR-streptavidin to the glass surface during the assays. In addition, when
MTs were introduced into the microfluidic chambers, they bound to kinesin
motors (specifically the N-terminal motor domains) attached to the glass surface,
and the microtubules were held nanometers from the glass surface for imaging.
Biotinylated MTs were polymerized such that 93% of the tubulin was
biotinylated (See Experimental Section) and then pelleted in an airfuge at 30 psi
for 30 sec and resuspended in buffer containing 20 pM paclitaxel. Spinning down

the microtubules removed excess biotin remaining from the labeling procedure
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and biotinylated tubulin that was not polymerized. Once the MTs were bound in
the microfluidic chamber, the chamber was washed with 5 chamber volumes of
buffer to remove any remaining free biotin. Then, TMR-streptavidin dilutions
were made in the body fluid being studied with an addition of 20 uM paclitaxel.
The streptavidin-containing solution was added to the chamber and incubated
for 10 minutes with the biotinylated MTs. Lastly, the chamber was washed at one
time with 15 chamber volumes of buffer plus paclitaxel, and the TMR-

streptavidin-coated MTs were imaged.

The binding capacities of the biotinylated microtubules were calculated
using the same image processing technique discussed in Chapter 3 (See Figure
3.4). All of the imaging was done in BRB80 buffer instead of the body fluid of
interest. The quantum yield of the dye, which is affected by buffer conditions,
was not significantly altered by the exposure to body fluids. Control
measurements were done to quantify the effect the binding assay protocol with
the three body fluids has on the fluorescence of rhodamine. These results show
that the maximum change in fluorescent intensity is 20%, which is within the
range of the standard deviation (+10%) for the measurement. The variance of the
fluorescent intensity is taken into account in the y-error plotted below in Figure

4.1.

Binding assay results are shown in Figure 4.1. This data serves as a
comparative analysis that illustrates the ability of the microtubule surface to be
accessible to and bind medium sized proteins (specifically, the 60 kDa

streptavidin). First, in Figure 4.1a we confirm that TMR-streptavidin binding is
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Figure 4.2 Microtubules binding TMR-streptavidin cargos in body fluids. a)
TMR-STV binds specifically to biotinylated MTs in buffer. TMR-STV binds to
biotinylated microtubules at similar densities while in solutions of 100% b)
human saliva, ¢) human urine, and d) blood plasma.

specific to the biotinylated microtubules. The binding affinity of streptavidin to
biotinylated tubulin in BRB80 buffer is at least an order of magnitude larger than
streptavidin to unlabeled tubulin. Looking at the 100 nM and 1 nM
measurements for all samples tested (See Figure 4.1b-d), TMR-streptavidin binds
to the microtubule surface at densities of one hundred to tens of molecules per
micron of microtubule, respectively. Thus, the affinities between the biotinylated

tubulin and streptavidin are similar in all four buffer and human sample assays
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because K, = iz]_[g:ﬂ — [Bt] where K, is the affinity, [Bt] is the concentration of

biotin in solution, [STV] is the concentration of TMR-streptavidin in solution, and
[Bt-STV] is the measured amount of TMR-streptavidin bound to the microtubule
surface in solution. Since the binding densities are similar in all four samples
while the rest of the assay conditions remain constant, I conclude that these body

fluids allow cargos to bind to the microtubule surface.

While streptavidin and avidin are not present in human body fluids,
biotin is inherently found in some body fluids. Free biotin will affect the binding
capacity measurement by saturating the biotin-binding sites on streptavidin,
which prevents the biotin-saturated streptavidin from binding to biotinylated
microtubules. Urine and blood plasma inherently contain high concentrations of
biotin (on the order of 100 pM and 1 pM, respectively) highlighted in Figure 4.1c
and d.'"® ™ Since each streptavidin binds four biotin molecules and the affinity
between biotin and streptavidin is high, the depletion of biotin binding sites on
streptavidin becomes relevant to the assay when the concentration of
streptavidin approaches one fourth the concentration of biotin. As expected, the
binding of free biotin saturates the rhodamine signal in urine and blood plasma,
resulting in fewer fluorescent streptavidin bound to the microtubule surface at

low (<100 pM) streptavidin concentrations.

These results show that 100 nM and 1 nM concentrations of streptavidin
bind to biotinylated microtubules similarly in plain buffer, undiluted human
saliva, urine, and blood plasma. Since the body fluids tested here neither

sterically nor electrostatically prevent the medium sized streptavidin protein
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from binding directly to the microtubule surface, I conclude that microtubule
surfaces are capable of binding cargos in these medically relevant samples that
are often used in point of care diagnostic tests. These observations corroborate
the compatibility of antibody-functionalized microtubules as cargo-carrying
microshuttles in human urine, saliva and blood plasma. Next, I looked into the
motility properties of microtubules in these medically relevant biological

samples.

4.3 Microtubules and Their Motility Properties in Blood
Plasma, Urine, and Saliva

To investigate the transport capabilities of the kinesin-microtubule system
in medically relevant samples, I performed gliding assays in a series of dilutions
of blood plasma, urine, and saliva and measured their velocities. The assay
chambers were prepared as previously described with a casein coat blocking the
surface and NKHK560cys kinesin motors adsorb to the glass surface.
Fluorescently labeled microtubules were introduced into the chamber with an
ATP-containing motility solution (See Experimental Section) and the body fluid.
At 87% body fluid the entirety of BRB80 buffer typically used in gliding assays
was replaced with the body fluid. The remaining 13% of the solution consisted of
microtubules and motility solution (2 mM MgCl,, 0.05 mg ml" casein, 0.08 mg ml’
! catalase, 0.1 mg ml" glucose oxidase, 10 mM glucose, 10 mM DTT, 1 mM ATP,
20 uM paclitaxel). The microfluidic chambers were then sealed and visualized

after 10 minutes. The gliding assay results are presented in Figure 4.2 where
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Figure 4.3 Gliding assay velocities in body fluids. Gliding assay results show
that gliding assay motility deteriorates at concentrations >27% in human blood
plasma (top) and saliva (middle). Gliding assay motility remains robust in urine
(bottom).
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velocities and kymographs of motile microtubules are presented for each body
fluid tested. Gliding assay motility was the most robust in human urine while
gliding assay velocities decrease in higher concentrations of blood plasma and
saliva. Both plasma and saliva assays show that gliding assay motility stops at
67% and 47% buffer replacement, respectively, and microtubules no longer bind
to the kinesin-coated surface. For these assays, the velocity is marked as 0 um sec’
' with no error bars because there were no motile events to measure. When blood
plasma and saliva make up 27% of the motility assay buffer, gliding assay
velocities decrease significantly by 30-40%. For gliding assays performed in
urine, there is no marked decline in gliding assay velocity as the urine becomes

more concentrated in solution.

As discussed in Chapter 3, gliding assay velocities several hundred
nanometers per second remain in the ideal range for existing kinesin-driven
technologies. From these results I conclude that blood plasma, saliva, and urine
all support gliding assay motility after moderate (< 10-fold) dilutions 10 minutes
into the gliding assay. These results coupled with the streptavidin-binding
results presented in Section 4.2 strongly suggest that human saliva, urine, and
blood plasma can be diluted in assay buffer and directly used without any

additional processing steps to collect and transport cargos in gliding assays.

4.4 Motility Characteristics Required for Steering
Microtubules in Kinesin-Driven Technologies

Now, I will assess the potential of incorporating body fluids in existing

kinesin-driven technologies. Reflecting on the existing kinesin-driven platforms
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that have been developed (See Chapter 2), we recall that current designs rely on
gliding assay geometries where microtubules are autonomously guided through
microfluidic devices. The most developed kinesin-driven platform(s), such as
those developed by Lin et al, depend on mechanical microtubule-barrier
interactions to direct the leading end of microtubules.” " %! Another proof-of-
concept models developed by van den Heuvel et al steer the leading end of
microtubules using electrostatic forces.® Both of these steering mechanisms rely
on guiding the freely diffusing, leading end of the microtubule along a kinesin-
coated surface (See Figure 2.3).”” To be successful, the devices also require that
microtubules move and be directed independently of each other and that the

assay functions for approximately 1 hour.

To characterize the quality of gliding assay motility, I monitored behaviors that
were present in body fluid-containing gliding assays and would prevent the
microtubule tip from being effectively guided in kinesin-driven technologies.
These behaviors are illustrated in Figure 4.3 and 4.4. I define high quality
motility as microtubules gliding with constant velocities where the leading end
of the microtubule is within 600 nm, or within the depth of focus of the optical set
up (Zeiss Plan-Neofluar 40x/1.3 oil immersion objective excited with 590nm
light), of the kinesin-coated glass surface as illustrated in the top panel of Figure
4.3. High quality motility is the most ideal for the microtubule tip to be
effectively guided in kinesin-driven platforms because steering events have a
higher probability of success and is the standard upon which existing

microtubule-guiding models are based."””
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Figure 4.4 High quality motility and the effects of aggregation. Top High
quality, smooth motility is conducive for leading MT tips to be effectively guided
mechanically in gliding assays. Bottom Moderate MT bundling prevents MTs
from being independently guided in kinesin-driven technologies. Severe
aggregation halts MT motility in gliding assays.
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Microtubules aggregating was an artifact observed in certain assays
containing body fluids. While bundled microtubules can still remain motile as
seen in the kymograph labeled “Moderate” in the bottom pane of Figure 4.3 and
in existing literature, individual microtubules cannot be distinguished and
independently guided in assays where individual MT control is necessary for
successful steering events.*" Bundling can become more burdensome in assays
by causing microtubule aggregates that are not parallel to each other as seen in
the kymograph labeled “Severe” in the bottom pane of Figure 4.3. Severe
bundling prevents MTs from moving in a gliding assay, and over time, these
severe bundles dissociate from the kinesin-coated surface and diffuse away.
Halting motility in a gliding assay and having microtubules dissociate from the
kinesin-coated surface due to severe clumping is detrimental to the kinesin-
driven technologies that characterize success as moving microtubules
throughout a microfluidic platform. Others have explained microtubule
aggregation as an artifact of either specific or nonspecific protein-protein
interactions."*"" Specific protein-protein interactions that cause MT bundling
usually involve microtubule-associated proteins (MAPs) or microtubule-based
biomolecular motors. When bundling occurs in solutions that do not contain
MAPs or MT-based motors, such as the body fluids used in these assays, we

assume that nonspecific protein-protein interactions cause the aggregation.

Figure 4.4 illustrates a third artifact of gliding assays in body fluids called
floating ends. Floating ends are not typically seen in motility assays performed in
popular buffer conditions and have not been previously studied. Since floating

ends are not prevalent in standard gliding assays, I assume that the floating ends
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are an artifact of the protein-rich samples and not a result of imperfections in the
microtubule that may cause curvature at the ends. A floating end occurs when
one end of a microtubule dissociates from the kinesin-coated surface and diffuses
hundreds of nanometers to microns into solution. “Moderate” floating ends
diffuse into solution, eventually reattach, and continue to glide upon to the
kinesin-coated surface. The yellow arrow in the kymograph marks the point
where the microtubule detaches from the kinesin-coated surface and the floating
end begins to the right of this point. Floating ends are considered “Severe” when
the microtubule completely dissociates from the kinesin-coated surface and
diffuses into solution which is not ideal for microtubule shuttles transporting

cargos in kinesin-driven devices.

While MTs exhibiting moderate floating ends continue to be motile, the
floating end reduces the probability of a successful steering event because of the
mechanics of the system. Microtubules are naturally stiff with a persistence
length of 8 millimeters."* Since microtubules typically used in gliding assays are
tens of microns long, we can assume that a microtubule acts as an elastic
cylindrical rod."® When bound to a kinesin-coated surface, it is energetically
favorable for the stiff microtubule to remain bound to the flat, glass surface (xy
plane). The leading tips of microtubules in gliding assays undergo thermal
diffusion (Figure 2.3) such that the tip diffuses in solution at some angle 6 in the
z-direction. In smooth, high quality motility 6 remains very small, and the freely
diffusing end of the microtubule quickly binds to a kinesin motor molecule in the

directed path to be successfully guided. In high quality motility, the elastic
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Figure 4.4 Floating ends are detrimental to guiding microtubules The yellow
arrow marks where the floating end begins. In both kymographs the floating end
is to the right of the arrow and diffuses freely in solution while the remainder of
the MT stays bound to the kinesin-coated surface. In moderate cases, the MT can
sustain gliding assay motility. Severe floating ends cause the MT to dissociate
from the kinesin-coated surface.
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energy due to bending is U(0) >> k;T where k; is the Boltzmann constant and T is

the temperature.

As a result, the restoring force overpowers thermal fluctuations and drives
the stiff microtubule down to the kinesin-coated xy-plane (6 = 0), assuming that
kinesin is sufficiently dense and is not a limiting factor. When 6 becomes larger
and approaches some critical angle B(0), the restoring force that drives the MT
down to the more energetically favorable position (6 = 0) for successful steering
events can be overpowered by a drag force on the MT tip. By definition, 6 for
MTs with floating ends is significantly larger than 6 in high quality motility.
Thus, floating ends increase the probability for microtubule tips to reach
microstates where 6 > p(0), which increases the probability of having

unsuccessful steering events and is undesirable for kinesin-driven technologies.

Two theories of the causation of floating ends are addressed here. First,

floating ends can be an artifact of a sparsely coated kinesin surface. Defining t, as

the time it takes the MT tip to bind to the next kinesin molecule, if t;, > !/, where
I is the length of the portion of the microtubule bound to the kinesin-coated
surface and v is the gliding velocity of the microtubule, then a floating end
would be considered “severe” and the MT would dissociate from kinesin-coated
surface. According to previous literature, I assume that kinesins are spaced
approximately 200 nm apart from one another in the assays used in this work.
This kinesin-density has been shown to promote smooth, high quality motility
under typical assay conditions.”” An alternative theory for the cause of floating

ends is that proteins block the microtubule surface such that kinesin cannot
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successfully bind to the microtubule surface. This would result in severe floating

ends if protein blocking made #, such that t, > l v. Functionally, the two effects

are the same.

To better understand the potential of the kinesin-microtubule system in
advanced immunoassay platforms, I performed an in depth analysis to
characterize gliding assay motility using the three qualitative standards of
motility established in this section in blood plasma, specifically. By
understanding the effects blood plasma has on gliding assay motility, we can
prepare samples accordingly and engineer devices to develop robust, efficient

kinesin-driven devices that function in medically relevant samples.

4.5 Motility Properties of Kinesin and Microtubules in
Human Blood Plasma

To assess the compatibility of blood plasma for kinesin-driven
technologies, I measured the gliding speeds and the amount of bundling and
floating end events that occurred in gliding assays. By tracking the number of
MTs that remain motile and can be guided independently (i.e., no clumping or
bundling) and efficiently via the leading end being conjugated to the kinesin-
coated surface (i.e., no floating ends) over 1 hour, I can determine under which
conditions blood plasma can be successfully incorporated into kinesin-driven
technologies that autonomously steer microtubules. These gliding assays were
performed using NKHK560cys motors, fluorescently tagged microtubules, and

the same assay conditions as previously mentioned (See Experimental Section).
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Since assays were monitored for one hour, an ATP regeneration system was
incorporated into the motility buffer to ensure that changes in velocity were an

effect of the blood plasma in solution and not due to depletion of ATP.

Unfiltered Blood Plasma

Gliding assay motility results are illustrated in Figure 4.5 where blood
plasma made up 5%, 1%, and 0.1% of the motility buffer. The gliding assay
velocities were unaffected by the presence of blood plasma during the one hour
assay (grey bars). The velocities remain constant throughout the assay, staying
within one standard deviation of the initial velocity. The phosphokinase ATP
regeneration system used is sufficient for maintaining robust gliding assay
motility in solutions containing 5% blood plasma. Since no change in velocity is
seen as the concentration of blood plasma increases by 50-fold in this assay, it
appears that the kinesin motor molecules themselves are unaffected by the
presence of blood plasma in the sample. Significant inhibitiors or steric or
electrostatic interferences between kinesin and proteins in the blood plasma
would have the following effects: increase in the presence of floating ends,
slower gliding assay velocities, or terminate the gliding velocity. Since
microtubule behavior is observed in this assay, directly drawing conclusions
regarding the kinesin in the system would not be compelling or sound. To assess
the effect blood plasma has on kinesin motor molecules, one could make single
molecule observations to determine how the binding rate, velocity, and run

length of kinesins are effected in blood plasma when compared to plain assay
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Figure 4.5 Gliding assay motility in blood plasma Gliding assay velocity (grey
bars) remain constant in the presence of blood plasma. MT clumping (pink)
affects the 5% plasma assay while floating ends significantly affect 1% and 0.1%
assays after 60 minute long assays.
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buffer. Due to the complexity of the blood plasma, it would be difficult to
distinguish whether the quality of motility is affected by plasma proteins
interfering with the microtubule surface or the kinesin motors themselves.
Although diagnosing the exact mechanism affecting the system is limited in both
gliding and single molecule assays, interpreting gliding assay results is the most
appropriate method to assess the kinesin and microtubule’s compatibility in
blood plasma for kinesin-driven technologies that rely on gliding assay protein

geometries.

Next, I look at how blood plasma affects the quality of microtubule
gliding by observing detrimental behaviors outlined in Section 4.4. Shown in
Figure 4.5 MT bundling (pink circles) is significant in the more concentrated 5%
assays with 66% of the MTs being clumped or bundled after an hour. As MT
aggregation becomes an issue in the 5% blood plasma assay, the ratio of motile
MTs in the assay remains high. Over time, severely bundled MTs dissociate from
the kinesin-coated surface and diffuse away. As bundling progresses in the 5%
assay, only those that are still motile are present in these observations (green
circles). In the 1.0% and 0.1% assays floating ends lower the quality of motility
more so than aggregation. As 100% of the microtubules in the assays have
floating ends within 40 to 60 minutes in the 1% and 0.1% blood plasma assays,
respectively, the motility ratios (green circles) in the gliding assay decline. The
1% and 0.1% assays have more MTs tethered to the glass surface that are not

motile.

These results corroborate that blood plasma interferes with the

mechanisms utilized in existing kinesin-driven technology platforms that rely on
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steering microtubule tips. Because bundling dominates in the higher (5%) blood
plasma concentrations, this data suggests that nonspecific protein-protein
interactions affect the quality of gliding assay motility. The fact that the velocities
in 1% and 0.1% blood plasma assays do not decrease suggests that the floating
ends in these assays are an artifact of more moderate protein-protein interactions
(instead of direct kinesin interference) which would be a direct result of further
diluting the blood plasma from 5% where protein-protein interactions cause
bundling. Preliminary experiments integrating 1% blood plasma into Lin’s
microtubule concentrator device, and these conclusions were confirmed.
Microtubules on the kinesin-coated surface were motile, however the density of
the microtubules in the devices significantly decreased with time. As
microtubules encountered the kinesin-free barriers, they dissociated from the
kinesin-coated surface instead of being steered by the barrier. The number of
MTs concentrated in 1% blood plasma was <1% of those concentrated in plain
assay buffer. The few that were concentrated consisted of motile microtubule

bundles that successfully made their way to the concentrator regions.

Significant (1,000-fold) dilutions of plasma are not sufficient in sustaining
long term (1 hour) motility assays that rely on steering microtubules because of
the abundance of floating ends. Thousand-fold sample dilutions themselves are
not ideal for immunoassay applications regardless of the motility effects because
diluting the sample demands more sensitive detection capabilities. To exhaust
the studies on the blood plasma for the proposed technologies, I looked into
sample preparation techniques that result in high quality motility and are

applicable for point-of-care diagnostic applications to which kinesin are so
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appealing. In immunoassays a large number of biomarkers commonly used for
disease detection involve a class of small molecular weight proteins called
cytokines."™ In order to keep cytokines of interest in the blood plasma sample
and limiting the protein-protein interactions that likely interfered with the blood

plasma gliding assay, I filtered the blood plasma using size exclusion filtration.

Filtered (10 kDa) Blood Plasma

Filtering blood plasma with a 10 kDa filter keeps 10% of the protein
species and 74% of the hormone species that are inherently found in blood
plasma present in the sample, which is ideal for immunoassays that detect an
array of these small proteins, peptides, or steroids. The 10 kDa filtration step also
keeps small molecule drugs in the blood sample which can be monitored to
determine the effectiveness or status of various drug delivery systems such as
chemotherapies. After filtration the blood plasma was used immediately in the
same gliding assay protocol (See Experimental Section). The microtubule
velocity and quality of motility were analyzed using the same set of qualitative
standards discussed in Section 4.4. I tested 10-, 20-, and 100- fold dilutions of
filtered blood plasma. Similar to the unfiltered plasma, the gliding assay
velocities in filtered plasma were unaffected by the tested dilutions. The
velocities for all of the tested samples were constant for one hour, all ranging
within one standard deviation of the measurement. Since the unfiltered blood
plasma did not alter the gliding assay velocity (See Figure 4.5), I expected that

filtering plasma and removing proteins from the solution would either glide
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Figure 4.6 Gliding assay motility in 10 kDa filtered blood plasma. Gliding
assay velocities (grey bars) are not significantly affected by incorporating filtered
blood plasma in gliding assays. As time increases, floating end MTs impact the
quality of motility in 10% and 5% samples while MT bundling is not an issue
when compared to unfiltered blood plasma.
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similarly or more robustly than in unfiltered plasma. Filtering out large proteins
and ultimately reducing the total protein concentration in solution led to a
significant decrease in microtubule bundling or aggregation (pink circles) where
>87% of the microtubules in solution were gliding independent of each other.
Additionally, the presence of floating ends (yellow circles) was significantly
reduced in the filtered sample. After one hour floating ends make up 27%, 9%,
and 5% of the 10-, 20-, and 100-fold diluted plasma samples, respectively. As
hypothesized, reducing the concentration of plasma protein in the assay led to
higher quality motility. These observations support the theory that bundling and
floating ends are caused by nonspecific protein-protein interactions. As the
quality of motility improves by filtering the blood plasma, the ratio of motile

microtubules also increases.

4.6 Conclusions

The results presented in this Chapter indicate that microtubules can
collect and transport cargos in human saliva, urine, and blood plasma for short
(10 minute) time scales. I developed a method to analyze the compatibility of
complex biological samples in existing kinesin-driven technologies that rely on
controlling microtubule motion by steering the leading tip of the microtubule in
gliding assays. After assessing the quality of motility in blood plasma and 10 kDa
filtered blood plasma, I concluded that unfiltered blood plasma is not an effective
sample to incorporate in such assays. To achieve high quality motility in

unfiltered blood plasma, assays must be done for short periods of time (<1 hour)
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and diluted 1000-fold. These large dilutions negate the benefits of performing
immunoassays in blood plasma because the analyte of interest becomes diluted
1000-fold and detection limits of immunoassay platforms must compensate by
becoming 100- or 1000-fold more sensitive for most assays. Robust motility that
satisfies the current demands of kinesin-driven technologies is achieved through
a 10- to 20-fold dilution of blood plasma that contains the proteins, peptides and

steroids 10 kDa or smaller.

4.7 Experimental Section

Human Sample Preparation: Blood Plasma

Blood was drawn in a sterile environment from a trained professional per
OSEH regulations in an EDTA anticoagulant coated tube (Becton Dickinson
367861). Tube was inverted several times. Blood was spun for 15 minutes at 2,000
x g at 4° C to remove blood cells and platelets. Supernatant was put in a clean
tube and kept on ice until it was aliquoted and frozen at -80° C for storage. Blood
plasma was thawed on ice before each assay and vortexed for several seconds
before handling. When blood plasma samples were filtered, pure blood plasma
was spun for 15 minutes at 5,000 x g in 10 kDa columns (Corning Spin-X) or 30
kDA columns (Amicon). The solution that was filtered out of the columns was

used immediately and considered the 100% filtered plasma standard.
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Human Sample Preparation: Saliva

No food or liquid was consumed 1 hour prior to collecting the saliva
sample. After collection, saliva was spun at 10,000 x g for 20 minutes at 4° C. The
supernatant was collected, aliquoted, and stored at -80° C. Saliva was thawed on

ice before each assay and vortexed for several seconds before handling.

Human Sample Preparation: Urine

Urine was collected and centrifuged at 10,000 x g for 20 minutes at 4° C
and then filtered through a 0.22 pm vacuum filter. The sample was then
aliquoted and stored at -80° C until used in the assay. Urine was thawed on ice

before each assay and vortexed for several seconds before handling.

Microtubule Preparation

Tubulin was purified and microtubules were polymerized as described in
Chapter 3. In the binding assays, tubulin was labeled with amine-reactive
biotin-XX succinamadyl ester (Thermo B-1606) using the same labeling
procedure used for TMR dye described in Chapter 3. Excess biotin was quenched
with K-glutamate, and microtubules were removed from the label through

polymerization and cycling.
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Binding Capacity Assays

Microtubules polymerized with 1.87 mg ml” biotinylated tubulin and 0.13
mg ml' tetramethylrhodamine labeled tubulin. After polymerization,
microtubules were spun in Beckman Airfuge at 30 psi for 30 seconds and
resuspended in BRB80+T. Tetramethylrhodamine streptavidin (Invitrogen S-870)
was carefully diluted for this assay as to ensure that a significant amount of
protein was not lost to nonspecific binding of the streptavidin to the surface of
the eppendorf tubes or pipette tips. Dilutions were done in a solution of 1.0 mg
ml” biotin-free casein that will be referred to as blocking buffer. For human
sample assays, dilutions were done using the same protocol except that the
protein-rich human sample was used as the blocking buffer. The desired amount
of blocking buffer was added to the base of the tubes in which the dilution took
place and allowed to sit for several minutes to ensure that the surface of the tube
was blocked. Pipette tips were coated with the blocking buffer before pipetting
any solution containing streptavidin. Once streptavidin was added to the
dilutions, the solution was mixed using a blocked pipette tip in the base of the

tube coated with blocking buffer.

All assays were performed in a microfluidic chamber described in Chapter
3. First, a precoat of 0.1 mg ml" casein in BRB80 is flown through and sits for 3
minutes. Kinesin wash containing 0.05 mg ml™ casein and excess NKHK560cys in
BRB80 +T is flown through and sits for 5 minutes. Biotinylated microtubules
were flown through and sit for 5 minutes followed by a BRB80 +T rinse of 5
chamber volumes to rinse away any remaining free biotin. Two chamber

volumes of TMR-streptavidin diluted in blocking buffer or the human sample
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being tested was flown into the chamber and incubated with the microtubules
for 10 minutes. The free, unbound fluorescent streptavidin was rinsed from the
chamber using 15 chamber volumes of BRB80+T. Samples were visualized using
the aforementioned epifluorescence, mercury arc lamp optical set up. Image
processing and measurements were done using the same protocol discussed in

Chapter 3.

Motility Assays

Microfluidic flow chamber was assembled as described above. The assay
begins with the same precoat and kinesin wash described above for the binding
capacity protocol. Motility buffer (2 mM MgCl,, 0.05 mg ml™” casein, 0.08 mg ml"
catalase, 0.1 mg ml™ glucose oxidase, 10 mM glucose, 10 mM DTT, 1 mM ATP, 20
uM paclitaxel) containing TMR-labeled microtubules and an ATP regeneration
system (0.05 mg ml" creatine phosphokinase and 10 mM phosphocreatine) was
added to the specific human samples and then flown through the chamber.
Dilutions of the human samples were made in BRB80 such that only the human
sample itself is diluted from the solution and enzymes and chemicals (with the
exception of BRB80) within the motility buffer remain at constant concentrations.
The chamber is sealed with hot wax and sits for 5 minutes before visualizing.

Image sequences were taken on the aforementioned optical set up.
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Quality of Motility

Motility assays were run as described above. Data was collected in 10
frames with 2 seconds between each frame at the mentioned time intervals. The
videos were analyzed by eye where each event was counted during the 20 sec
clip. Tethered or floating events included any event that did not move or had a
floating end for at least 6 seconds. The total number of microtubules observed
were those counted in the first frame and used as the total number of MTs

throughout the entire analysis for that 20 sec video.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

The work presented in this dissertation makes a clear step forward in the
direction of implementing a kinesin-driven active transport system into a
realistic immunoassay platform to detect ultralow analyte concentrations. This
progress is promising for the implementation of such a device in resource-
limited settings where assays must be done quickly with noninvasive samples
and without electricity at ambient temperatures. Before a kinein-microtubule
based immunoassay platform can be implemented in clinical settings there are
two key barriers that must be overcome. Here, I will discuss the necessary future
steps to detect analyte that is not directly labeled (Section 5.2) and in better
incorporating the microtubule-kinesin system into medically relevant samples
(Section 5.3). The section will conclude with suggestions for future directions

kinesin-driven systems should progress.

5.1 Conclusions

The work presented in this thesis critically contributes to the field of

biomolecular motor-driven technologies. While scientists and engineers have
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developed the kinesin-microtubule system to serve as an active transport system
for LOC technologies, there existed voids in previous work that prevented the
system from being implemented into clinical settings, specifically a more
thorough, quantitative analysis assessing the detection potential of antibody
functionalized microtubules and the compatibility of the protein systems in
medically relevant samples. In this work a protocol was developed to covalently
link antibodies to microtubules that was designed to prevent undesired
crosslinking events which results in simple handling procedures, faster assay
times, and cheaper assays. Furthermore, the antigen binding capabilities of the
functionalized microtubules were thoroughly quantitatively analyzed to
conclude that microtubules could, in fact, be used to capture ultralow (fM)
concentrations of antigen. The second portion of this work looked at the ability
for microtubules to bind cargos and be transported in gliding assays in human
blood plasma, urine, and saliva. The results show that microtubules can, in fact,
capture and transport cargos in these medically relevant samples. A set of
criterion was established to characterize the effect body fluids have on gliding
assays that is reflective of the demands for current kinesin-driven technologies.
The method of analysis should serve as a standard for future kinesin-
microtubule-body fluid compatibility studies as it gives a unique insight to the
potential the body fluid has on being integrated into kinesin-driven technologies.

The quantitative analyses performed throughout this dissertation work
are novel and were necessary in establishing the kinesin-microtubule system as a
platform for immunoassays. Here, I will address the future work that needs to be
done in developing an ELISA-based device that takes advantage of the kinesin-

microtubule system that is ready for clinical use. I begin by exploring the work
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needed to broadly detect and transport antigen labeled with a detection
antibody. Then, the necessary engineering that needs to be done to create a
micro- or nanofluidic device that harnesses the body fluid motility results

presented will be discussed.

5.2 Future Work: Fluorescent Detection Via Labeled
Detection Antibodies

As addressed in Chapter 3 a thorough study exploring gliding assay
motility with antibody-sandwich constructs tethered to the microtubule surface
should be explored to most effectively implement the antibody functionalized
MTs into clinical settings. The assays in this dissertation demonstrated robust
motility when antibodies tethered to MTs were carrying fluorescently tagged
antigens. In clinical settings, labeling the antigen directly is unrealistic. If one
were to specifically label the antigen, which would require purifying the protein
from the sample, the immunoassay itself would become unnecessary since the
protein would be extracted through other means. Using a fluorescently tagged
detection antibody to specifically label the antigen is the current standard for
immunoassays and is ideal. In this study I discovered that the large antibody
sandwich constructs present in high densities sterically hinder the microtubule-
kinesin interaction in the given assay conditions, which prevents gliding assay
motility. Other researchers have been able to successfully transport large cargos
such as beads, vesicles, and cells, but the labeling density of their microtubules is
significantly less and the kinesins maneuver around individual cargos."® > To
sustain motility, the binding density of the analyte could be reduced so that

kinesin can accommodate for and move around the large cargo in order to
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transport these larger constructs. Since reducing the antibody density sacrifices
the detection limit of the system (Chapter 3.3), I will now explore ways in which
motility can be sustained while maintaining a high concentration of antibody in

solution.

Modifying Assay Geometry to Support the Transport of Large Cargos

The gliding assays reported here were all performed using a 560 amino
acid long truncated kinesin-1 motor protein. As a result, the motor domains of
the truncated motor rest very close (~7 nm) to the glass surface that is imaged in
a gliding assay.'"" A full-length kinesin-1 motor protein is over 900 amino acids
long and has a length of 58 nm. Using the truncated motor, the long coiled-coiled
tail domain that makes up 86% of the length of the kinesin motor is not present.
Since my results (Chapter 4) suggest that sandwich assay motility issues arise
from steric hindrances, I believe that using a longer or full length kinesin motor
will promote the transport of larger cargos bound to the microtubule surface will
by distancing the functionalized microtubule further from the glass surface.
Because the truncated kinesin are able to support robust motility on a
microtubule with 5-10% of dimers functionalized, my results suggest that longer
kinesin constructs could accommodate for a similar density of larger protein
complexes assuming that longer kinesin molecules are bound to the glass surface

at a similar density.
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Modifying MT-Antibody Conjugation Procedure to Support the Transport of
Large Cargos

Modifying the microtubule-labeling procedure to change the geometry of
the labeling system may be sufficient in supporting antibody-sandwich assay
motility without significantly sacrificing the detection capabilities of the system.
Single molecule studies show that kinesin step linearly along the microtubule
protofilament.™"! We can take advantage of the gliding assay geometry by
attaching large cargos to half of the microtubule and leaving the other half of the
microtubule along the cylindrical axis free for kinesin to bind and step along. The
existing protocol (Chapter 3.2) functionalizes microtubules as they diffuse freely
in solution such that the MT labeling is uniform along the MT surface. An
alternative to this method would be to functionalize MTs while they are bound
to a kinesin coated surface using an ATP analog, such as adenosine 5-(B,Y-
imido)triphosphate (AMP-PNP), would hold the MT to the surface throughout
the entire procedure. Using the same assay geometry as the binding capacity
assays (Figure 3.2), 10 uyM AMP-PNP can be added to solution to securely bind
the microtubules to the kinesin-coated surface. Then, the entire conjugation
procedure can be done in a glass assay chamber such that the surface of the MT
that is bound to the kinesin remains unfunctionalized.

To avoid SMCC crosslinker from binding to kinesin motor, the SMCC-
labeling portion of the protocol can be performed outside of the assay chamber.
SMCC-coated microtubules can then be added to the assay chamber for antibody
functionalization. SMCC densely bound to the entire surface of the microtubule
does not threaten to motility since the crosslinker does not significantly affect

motility (Figure 3.5). Alternatively, if one wants to perform the entire labeling
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procedure in an assay chamber, engineered kinesin that limit the number of
exposed amine binding sites or are cysteine-free can be used to limit crosslinker
from binding to kinesin. Cysteine-free motors have been engineered and are
proven to sustain motility in gliding assays."*

Because the kinesin are bound to one side of the microtubule, antibodies
will not be able to bind along the same protofilament to which the kinesin
molecules are bound, leaving a lateral surface along the microtubule free from
antibodies. Assuming that the kinesin coated surface binds to the two nearest
protofilaments that lie closest to the NKHK560cys kinesin-coated surface and
that reduced antibodies occupy a volume of approximately 14 nm x 5 nm x 4 nm,
the reduced sulfhydryl groups on the antibody will be unable to reach the three
protofilaments lying closest to the kinesin coated surface of the microtubule.'!
When three of the thirteen tubulin protofilaments are blocked from binding
antigen, the binding capacity of the microtubule would be theoretically reduced
by 23%. Recall that we define R as the concentration of antibody (receptor) in
solution, L as the concentration of antigen (ligand) in solution, and C, the

concentration of bound antibody-antigen. The kinetics of our system are

dc
E = konRL - koffC

At equilibrium (% = 0), neglecting the effect of ligand depletion and assuming

this limit is asymptotically approached for t > (konLtorar + kopf) ™", then

_ Rtotalltotal
Cequilibrium - .
Kp+Ltotal

Therefore, reducing the total concentration of antibodies, R, in solution

directly reduces the number of bound antigen, C, which ultimately correlates to
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the detection limit of the assay. Using realistic antibody densities established in
this work coupled with a 23% reduction in binding capacity due to the modified
protocol discussed above, a 10 nL sample containing 5 mm of functionalized MTs
holding 86 antibodies pm™ (23% of the maximum 122 antibodies um™ established
previously) would capture five of the six antigen molecules found in a 1 fM
antigen solution after a 25 minute incubation. This calculation also assumes that
the antibody-antigen complex has a dissociation constant (K) < 100 pM and the
only antibodies in the system are those on the MT surface. Therefore,
functionalizing microtubules with antibodies while the microtubules are bound
to a kinesin coated surface would still create functionalized microtubules capable
of capturing ultralow concentrations of antigen while supporting the transport of
large cargos.

Performing the conjugation procedure in an assay chamber will require
that assay conditions be re-optimized. Incubation times will need to be adjusted
to accommodate for the fact that microtubule diffusion is no longer occurring.
While the SMCC and antibody excesses optimized in this assay will serve as a
good standard, the conditions should be optimized again to maximize the
binding capacity of the system. Lastly, since pelleting the microtubules is no
longer an option given this conjugation protocol, rinse steps should be optimized
to sufficiently rid the system of excess antibodies and crosslinkers that may
interfere with the specificity and detection capabilities of the system. If the
functionalized microtubules are going to be used in the same assay chamber that
they were functionalized, it is also necessary to ensure that the conjugation

procedure does not prevent kinesin motility. Leaving kinesin at room
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temperature for long periods of time (several hours) will negatively impact
kinesin motility. But once optimized, this modified procedure could produce
antibody-functionalized microtubules that sustain motility with large, sandwich

assay constructs as cargos.

Transport Fewer, Larger Cargos to Sustain Motility

Instead of coating the entire surface of the microtubule with antibody
sandwich constructs, one alternative is to change the geometry of the system
such that antibody functionalized microspheres are transported by the
microtubules. Microspheres can be functionalized with the antibody of interest
along with a small portion of anti-tubulin antibodies that can bind to the
microtubule.” Binding fewer antibody-functionalized microspheres on the
microtubule would allow for the microtubule to carry fewer large cargos and
maintain a high binding antigen binding capacity and, theoretically, not sacrifice
motility. The size and binding density of the bead can be optimized to realize

similar (fM) detection limits as the antibody functionalized microtubules.

5.3 Future Work: Kinesin-Driven Immunoassay Platforms
in Blood Plasma

As discussed in Chapter 4, existing kinesin-driven platforms that
autonomously guide microtubules have limited potential to function in blood
plasma due to the long term (60 minute) effects blood plasma has on the quality
of gliding assays. Urine looks like a promising body fluid to further characterize

and determine if urine-based diagnostic tests are a more appropriate platform for
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kinesin-driven immunoassay technologies. Other samples that have not been
explored by researchers include cerebrospinal fluid and various types of cell
lysates. However, because blood derivatives are the existing standard and
currently offer the broadest application for immunoassays, determining how to
best incorporate kinesin and microtubules into blood derivatives is imperative in
advancing the field. As a result, we must assess the known limitations of kinesin-
driven technologies in blood plasma to determine in what direction future

technologies should proceed.

Separate Sample Collection from Gliding Assays

Since gliding assay motility in blood plasma deteriorates over time,
researchers could separate protein collection, or cargo loading, onto the
microtubule surface from motility. One way this can be accomplished is by
loading cargos directly onto the microtubule surface while the microtubules are
held in place on a kinesin-coated surface. Microtubule bundling and aggregation
is dependent on microtubules interacting with one another. While bound in
rigor, the microtubules will not have the opportunity to collide with each other
as the analyte binds to the microtubule surface. However, being bound to a
surface in rigor does not prevent nonspecific protein-protein interactions from
occurring, which can cause bundling and floating ends as soon as the
microtubules become motile. Since the working hypothesis driving the
conclusions in Chapter 4 is that nonspecific protein-protein interactions drive the

deterioration of gliding assay motility, several control experiments must be
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performed to determine if the microtubules and kinesin can recover from being
exposed to blood plasma. Removing the kinesin-microtubule system completely

from blood derivatives is another option.

Microtubules can be completely removed from blood derivatives by using
a collection mechanism such as an antibody-functionalized microsphere instead
of functioning the microtubule itself (discussed above) that can be exposed to the
sample. Microspheres functionalized with antibodies can diffuse freely in body
fluids without aggregating."*! After binding the analyte of interest, the
microspheres can be pelleted out of the sample solution and rinsed through
centrifugation steps or using a magnet if the beads are paramagnetic. Once the
beads carrying the analyte are removed from the blood plasma, the beads can
bind to microtubules through an anti-tubulin antibody or a biotin-streptavidin

linkage.

Engineer Technologies Accommodating for Motility in Blood Plasma

By understanding how gliding assay motility changes over time (Chapter
4.4), engineers can design kinesin-driven technologies to accommodate for these
characteristics. For example, engineering a kinesin-driven device that runs in 1%
unfiltered blood plasma for 20 minutes would lead to only a 14% decrease in
microtubule density with nearly 70% of the microtubules having high quality
motility, allowing them to be effectively guided via mechanical or electrostatic
interactions as previously discussed. Reducing the length scales of future

kinesin-driven technologies such that assays are completed in 20 minutes instead
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of an hour could be sufficient in sustaining motility in medically relevant

samples without requiring excessive dilutions or filtration.

Removing the importance of high quality motility for microtubule control
or the need to steer microtubules altogether could accommodate blood plasma
samples. Instead of the proposed mechanism where a fluorescent signal from
cargo-carrying MTs would be used for protein detection, researchers could,
instead, engineer a system where motility itself detects the analyte of interest.
This could be done by engineering a protein-signaling cascade that releases or
produces ATP to power the kinesin motors or engineering a microtubule tether
that releases the microtubule in the presence of an analyte “key” are just two
examples as to how motility can be used as an analyte signal. Kinesin motor
molecules can be engineered to have a key mechanism that switches the motor
from being inhibited to uninhibited and free to traverse along the microtubule.
Previous work in developing engineered motility switches for the kinesin-
microtubule system is discussed in Chapter 2.1. Taking advantage of advanced
bioengineering principles can transform the gliding assay geometry into a
platform for analyte detection in blood plasma with a binary signal (motility and
no motility). One downfall to these systems is that they would have to be highly
specific to the analyte, which would make developing a platform that can detect

multiple analytes laborious and expensive.

Alternatively, the assay geometry could be reversed to accommodate for
the demonstrated robust kinesin motility in blood plasma. By tethering
microtubules onto a coverglass for kinesin to travel upon, MT aggregation or

floating ends seen in gliding assays would no longer be relevant. Instead of
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microtubules serving as microshuttles carrying the cargos, the kinesin motors
could be engineered to collect and carry specific cargos just as they do naturally
in biological cells. Individual kinesin motor molecules are not ideal for
millimeter-scale transport because, depending on the motor, they processively
move for tens of nanometers to microns. However, if many motors are
conjugated to a single cargo, the length of their runs increases.'* Since the
gliding assay geometry is the assay substrate that engineers have built kinesin-
driven technologies upon, a lot of engineering would need to go into controlling
the motion of kinesin and the placement of microtubule tracks in a reversed

assay geometry.

5.4 Future Outlook for Kinesin-Driven Technologies

As biologists, engineers, and biophysicists continue to study the complex
intracellular transport system, the potential for incorporating biomolecular
motors into microfluidic technologies will grow. Inside a biological cell the
kinesin and microtubule system are highly regulated and support advanced,
energy efficient transport functions. As we better understand how these systems
are regulated and controlled, we can incorporate these mechanisms into lab on
chip devices. As we wait for the secrets of the biology to unravel, engineers have
the capabilities to manipulate and create advanced biological systems from
scratch. So long as the field continues with innovation and persistence, the

kinesin and microtubule system have significant potential for improving POC
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medical devices over the next several decades as engineering and biology

progress together.
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