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Abstract 

Nanoscale transport using the kinesin-microtubule (MT) biomolecular 

system has been successfully used in a wide range of nanotechnological 

applications including self-assembly, nanofluidic transport, and biosensing. Most 

of these applications use the ‘gliding motility geometry’, in which surface-adhered 

kinesin motors attach and propel MT filaments across the surface, a process 

driven by ATP hydrolysis. It has been demonstrated that active assembly 

facilitated by these biomolecular motors results in complex, non-equilibrium 

nanostructures currently unattainable through conventional self-assembly 

methods. In particular, MTs functionalized with biotin assemble into rings and 

spools upon introduction of streptavidin and/or streptavidin-coated nanoparticles. 

Upon closer examination of these structures using fluorescence and electron 

microscopy, the structures revealed a level of irregularity including kinked and 



vi 
 

coiled domains, as well as in- and out- of -plane loops. In this work, we describe 

the effects of large scale “defective” segments (i.e. non-biotinylated MTs) on 

active assembly of nanocomposite spools. We demonstrate the preferential 

removal of the defective portions from spools during assembly to overcome 

structurally induced strain in regions that lack biotin-streptavidin bonds. 

Additionally, we show how the level of defective MTs affect the morphology and 

physical properties of the resulting nanostructures.  

Further, we explore alternative nanostructures for controlling transport 

using the kinesin-MT biomolecular system. Guiding MT transport has been 

achieved using lithographically patterning physical and chemical features, which 

have been shown to limit the MT trajectories, causing MTs to escape the barriers 

and lead to stalling or complete loss of MTs. Here, we demonstrate reliable 

guiding and transport of MTs on three different chemically modified, and 

structurally varying surfaces using 1) self-assembled monolayers (SAMs) with 

varying functional groups, 2) Fetal-bovine serum (FBS) coated SAMs to generate 

protein patterns, and 3) silicification of the FBS coated SAMs to preserve the 

surface. Overall, the work presented in this dissertation provides crucial insights 

for future development of dynamic and adaptable hybrid nanostructures, as well 

as provides biocompatible patterns to modulate MT motility with the goal of 

advancing self-regulating, multi-functional materials.  
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Chapter 1  

 

Introduction and overview of this work 

For centuries, humankind has taken advantage of biological materials by 

extracting and adapting them for our needs. For example, animal proteins such 

as silk or wool have been transformed into materials that significantly impacted 

and influenced cultural and economic growth throughout human history1. Protein 

based materials have significantly evolved due to the scientific advances that 

allowed for exploring their use in a radically different manner, as they provide 

enormous potential especially at the nanoscale. Our extraordinary understanding 

of the biophysics of many proteins have enabled researchers around the world to 

tailor individual units and tune their function and shape to be used for many 

nanotechnological applications1,2. Cytoskeletal motor proteins such as kinesin 

have been proven to be very promising for nanotechnological applications 

because they are capable of converting chemical energy into mechanical motion.  

Thus far, nanoscale generation of mechanical work in synthetic material 

systems has been achieved through3,4: 1) bottom up design of molecular motors 

through chemical synthesis, in which conformational changes can be achieved 

using light or fuel molecules to enable macroscopic changes of material 

properties5–9, 2) top down fabrication using lithography to create miniaturized 
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electric motors (e.g. carbon nanotubes) at the submicron level10, and finally 3) 

biomolecular motor integration into synthetic environments, which proves 

advantageous over the other two approaches, as it overcomes the challenges of 

designing the motors and instead focuses on the integration of such highly 

efficient and functional nanomachines into a synthetic environment11. 

Many applications that involve nanomotors include, but are not limited to, 

biosensing, nanofluidics, molecular electronics, nanoscale/macroscale actuation, 

adaptive materials, and nanoscale transport, which were inspired by macroscale 

technology and advances in our understanding of molecular and cellular 

processes4. Biomolecular motors offer many advantages with respect to many of 

these applications. In particular, the genes that encode these proteins are well 

studied and known and can be inserted into bacteria to produce large numbers of 

these motor at a very low cost, hence enabling efficient biotechnological 

production12. The ability to modify the genes enabled additional tuning of 

mechanical and chemical parameters, as well as introducing chemical linkers to 

further modify the motors4.  

Further, these motors exhibit remarkable efficiency in converting chemical 

energy into mechanical work (≥ 50%) compared to manmade nanomachines 

powered by electrical energy that yield low efficiency (<30%) with large heat 

loss1. Additionally, these motors move fast, approximately 100 steps (8 nm per 

step) per second13. These motor proteins undergo dramatic conformational 

changes due to the binding and hydrolyzing of ATP in a cyclic process, and 

specifically bind to their complementary filaments, in this case, Microtubules 
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(MTs) for kinesin motors. MTs are linear polymers of tubulin proteins and serve 

as “railroads” or specific structures that kinesin motors exert force against. 

Through the conformational changes during hydrolysis coupled with the kinesin 

motor’s affinity to cytoskeletal filaments, motors can move or “walk” along MTs in 

a directed stepwise manner.  These nanomachines are truly an example of how 

polymeric structures can evolve in nature, a characteristic unmatched by man-

made nanomachines14.  

These motors, however, have a major disadvantage of a limited lifetime in 

vitro, in addition to very limited environmental conditions that can be tolerated4. 

Nevertheless, biomolecular motors operate autonomously in a constant 

environment, which far exceeds performance advantages of synthetic polymer 

nanomachines such as poly(N-isopropyl acrylamide)(PNIPAM).  For example,  

protein grafted PNIPAM can undergo phase transition from collapsed to 

extended state to block a binding site14–16, however, this type of nanomachine 

requires continual external stimulus.  Although artificially designed motors, for 

example DNA motors, have been shown to operate autonomously, they are still 

far behind on speed and efficiency, orders of magnitude lower as compared to 

biomolecular motors14,17,18. The ability of molecular motors to continuously cycle 

through their mechanochemical cycle (ATP hydrolysis of ~ 12kcal/mol) allows for 

many applications of long-distance transport and independent operation4. 

The technological applications and advances of biomolecular motors since 

their discovery would not have been possible without the collaborative efforts of 

biophysicists and cell biologists to discover and expand the designs and roles of 
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motors in cells and in artificial environments. The research involved in advancing 

their application in biotechnology was achieved by using research advances in 

motor proteins arising from studies of  cancer, heart disease, Alzheimer’s and 

other topics4,19–22.  

Much of the research used the ‘gliding motility assay’ 23 in which MTs (or 

actin filaments) attach to surface-bound kinesin (or myosin) motors and glide in 

the presence of ATP. This arrangement sparked the idea of exploring the 

transport mechanism of this biomolecular system in nanotechnology, based on 

the notion of allowing for directed and controlled movement of cargo using these 

‘molecular shuttles’ 24–28. Additionally, an alternative configuration can provide 

single-molecule transport in which filaments are immobilized on the surface and 

motors then attach and “walk” on the filaments. The two arrangements can also 

be combined successfully for more complex applications4. Chapter 2 of this work 

provides a detailed overview of the basic characteristics of the kinesin-MT 

biomolecular transport system discussed above, along with research and 

advances using this biomolecular system in nanotechnological applications such 

as guiding approaches, loading and unloading of cargo, and achieving desired 

nanostructures. This comprehensive review will likely form the basis of a 

published review article in the future. 

Highly strained, complex non-equilibrium structures have been assembled 

using active, motor-driven transport of kinesin-MT system. The configuration of 

these structures is not defined by the connections of their building blocks, but 

instead, their internal ordering is derived by the transport mechanism. Active 
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transport using this biomolecular system can also be tuned (e.g. motor density, 

fuel concentration) to enable more control over desired complex structures, as 

compared to thermally activated self-assembly processes that are limited to a 

narrow range of temperatures (i.e., limited overall control mechanism). As such, 

biomolecular transport systems have been shown to contribute to 

nanomanufacturing by pushing the boundaries of molecular self-assembly4. 

Specifically, biotinylated MTs translated by surface-bound kinesin motors can 

form rings and spools when bound to streptavidin or streptavidin-coated 

nanoparticles (e.g. quantum dots (sQDs)) 29–33.  

Although these structures sustain a level of order, fluorescence and 

electron microscopy reveal that these rings and spools contain irregular domains 

including twisted and kinked domains, as well as well as in- and out- of-plane 

loops34,35. Because these structures can tolerate a level of structural 

heterogeneity, they should also tolerate and possibly compensate for the 

controlled introduction of MTs that lack biotin (i.e. MTs that cannot bind sQDs). 

Because these non-biotinylated MTs cannot participate in spool formation, and 

hence are considered “defective”, we hypothesized that the spools’ ability to 

manage such defective building blocks will depend on the size and frequency of 

the defective MTs. Chapter 3 in this work details the effect of introducing large-

scale (micron size) defective building blocks (i.e., non-biotinylated domains) on 

the assembly of MT spools. This was accomplished by end-to-end annealing of 

MTs to create segmented MT building blocks with alternating biotinylated MTs 

(capable of forming spools) and defective MTs (non-biotinylated). We then 
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implemented the ‘gliding assay’ to study the effects of the defective MTs on the 

morphology and physical properties of the resulting structures, and we provide 

detailed investigation on how the defective building blocks were managed.    

The work detailed in Chapter 3 is currently in revisionas a research article 

in Nanoscale. As the primary author on this article, most of the research was 

performed by me at the Center for Integrated Nanotechnologies (CINT), Sandia 

National Laboratories (SNL). My role in this article was to design and perform all 

experiments, including MT preparation, assay preparation and performance, 

imaging, as well as image and data analysis. I was also responsible for preparing 

the manuscript and subsequent revisions. Virginia Vandelinder, the second 

author, assisted in experiments, analysis, and assisted in preparing the 

manuscript and revisions. Zackary Imam assisted in image and data analysis. 

Erik D. Spoerke assisted in writing the introduction of the manuscript and revising 

the article. Supervision, experimental input, data/statistical analysis, along with 

manuscript writing and revisions was provided by George D. Bachand. The 

format of this chapter is organized as follows: abstract, introduction, materials 

and methods, results and discussion, and acknowledgements. Supporting 

information for each chapter is included as an Appendix at the end of each 

chapter with corresponding figures. Chapter 4 is formatted in a similar manner for 

consistency to the reader. 

Chapter 4 presents a collaborative effort between the University of New 

Mexico (UNM) and SNL. This manuscript will be submitted to ACS Applied 

Materials and Interfaces (ACS AMI). As the primary author of this work, my role 
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was to design and perform the experiments at UNM and CINT, with the aid and 

guidance of fellow authors. I was responsible for preparing the MTs, preparing 

the self-assembled monolayers (SAMs) on glass, fetal bovine serum (FBS) 

layers on SAMs, preparing and performing motility assays, contact angle 

measurements, imaging using fluorescent microscopy, image and statistical 

analysis. I was also responsible for preparing the manuscript and subsequent 

revisions. Nicholas Martinez, the second author, contributed to the research plan, 

helped with image and data analysis, and assisted in writing the manuscript. 

Jimin Guo, the third author, also contributed to the research plan, performed 

silicification on the FBS coated SAMs samples, performed scanning electron 

microscopy (SEM) on the FBS layers, and provided input and revisions to the 

manuscript. Victoria Lujan perfumed image analysis. Jessica Depoy performed 

atomic force microscopy (AFM) on all samples. Michael T. Brumbach performed 

X-ray photoelectron spectroscopy (XPS) on all samples. Investigators on this 

research, C. Jeffrey Brinker and George D. Bachand provided guidance on 

experimental and data interpretation, and manuscript revisions. 

The work in Chapter 4 describes the effects of surface chemistry and 

topography on MT transport behavior. Thus far, the control of MT gliding can be 

achieved by a variety of mechanisms including lithographically patterning 

chemical and physical features. These methods, however, can expose biological 

materials to harsh organic solvents, tend to be expensive, and have caused MTs 

to get stuck and detach from nanostructured surfaces, as well as limit MT run-

time with poor motility quality. Overall, they therefore are limiting for more 
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complex applications of the biomolecular transport system36. In this work, we 

explore the regulation of MT transport behaviors by implementing a more 

biocompatible alternative through: 1) chemically modifying the surfaces with self-

assembled monolayers (SAMs) with varying end groups, 2) adding a protein 

layer by incubating the SAMs in Fetal Bovine Serum (FBS) to create protein 

patterns with varying morphology, and 3) silicifying the FBS coated SAMs to 

preserve the outermost protein structures. MT motility was evaluated on each of 

the three layers mentioned above. This approach enabled the production of 

topographically unique nanostructures and preserved features with chemical and 

structural diversity to study MT gliding and the ability of kinesin motors to guide 

motion.  

A summary of the work presented in this dissertation along with possible 

future directions for this work are presented in Chapter 5.  Overall, this 

dissertation demonstrates how the kinesin-MT biomolecular transport system 

continues to provide a means of achieving biomimetic functionalities for future 

development of nanoscale materials, specifically ones that exhibit self-regulating, 

healing, and adaptive features.   

  



9 
 

Chapter 2  

 

Biomolecular motors in nanotechnology 
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Introduction 

Molecular motors such as kinesin, enable a wide range of functions 

ranging from active transport in cells to large-scale actuation by muscles, and 

achieving these complex functions by efficiently converting chemical energy into 

mechanical work4. These motor proteins provide inspiration to be employed in 

synthetic nanodevices, and were the first prototypes of molecular shuttles28. This 

review focuses on the basic characteristics and the contributions involving the 

biomolecular motor kinesin and their associated filaments Microtubules (MTs) in 

nanotechnological applications. Techniques developed to guide the movement of 

the MT shuttles including surface topography and chemistry will be reviewed. 

Further, the coupling of cargo to the shuttles through strong and specific linking, 

as well as types of actively-assembled structures achieved are briefly discussed. 

The cellular cytoskeleton 

When the term “cytoskeleton” was first established in 1931 37,38, 

cytoskeletons were thought of as a static, fibrous structural system that provides 

reinforcement. It eventually became clearthat it is highly dynamic and is involved 

in many major cell processes such as muscle contraction, the beating of cilia, 

chromosome segregation, cell division, phagocytosis, and organelle transport38. 

Both prokaryotic and eukaryotic cells have an internal cytoskeleton39–44. In 

eukaryotic cells, it is a protein scaffold that consists primarily of a network of 

three types of filaments: actin, microtubules (MTs), and intermediate 

filaments39,40. Two of these filaments, specifically actin and MTs, serve as 

“tracks” for biomolecular motors (myosin and kinesin, respectively) to transport 
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vesicles and organelles around the cell 45. In the following sections, a brief 

overview of the structure, properties, dynamics, and nanotechnological 

applications of the MT- kinesin system will be presented.  

Microtubule cytoskeletal filaments 

MT’s are polymeric filaments that provide structural support for the cell 

and act as intracellular network to facilitate motor protein transport 39,45,46. The 

fundamental building blocks of MTs are α- and β-tubulin monomers that share ~ 

50% homology in their primary sequence47. These monomers bind together 

tightly through hydrophobic and electrostatic interactions to form a 

heterodimer48,49, with a molecular weight of ~ 110 kDa, diameter of ~ 4nm, and ~ 

8 nm in length. Each dimer has two bound guanosine triphosphate (GTP) 

molecules, one at the nonexchangeable (N) site on the α subunit where GTP is 

never hydrolyzed, and one at the exchangeable (E) site on the β subunit that is 

hydrolyzed to GDP during microtubule assembly 49 (Figure 2.1a).  

These dimers bind head-to-tail 50 to form linear protofilaments that vary in 

number, 13-14 in vivo, while in vitro the number can vary from 10-15 51–53, with 

most microtubules consisting of 13 protofilaments 51 (Figure 2.1b). The 

protofilaments associate to form extended sheets, and eventually form a 

cylindrical structure with an outer diameter of about 25 nm, inner diameter of 
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about 15 nm,  and a length of many micrometers 50,51,54. Tubulin heterodimers 

 

Figure 2.1. schematic representation of a microtubule and polymerization 
process. (a) Microtubule consisting of 13 protofilaments made up of linear chains 
αβ tubulin dimers (~ 8 nm) with an outer diameter of ~ 25 nm and lengths in the 
tens of microns. Ribbon diagram shows the GTP and Taxol binding sites, derived 
from electron crystallography55. (b) Polymerization process is initiated by tubulin 
dimers binding together in a head-to-tail fashion to form oligomers that elongate 
into protofilaments. Protofilaments interact laterally to form sheets once they 
reach 12 ± 2 dimers with an inward curvature, and the sheet closes into a tube 
(~13 protofilaments) to form the microtubule. The lattice forms a left-handed 
helical symmetry and discontinuity at the closure site (i.e. seam shown in black 
arrows). Figure (a) was adapted from Agrawal and Hess14 and (b) was adapted 
from Pampaloni and Florin56, and both reprinted with permission from Elsevier. 

form non-covalent bonds, both longitudinally and laterally between the dimers in 

a protofilament, in which longitudinal bond energy is greater than the lateral 

bond57,58. In the cell, MTs primarily consist of 13 protofilaments, with ~ 0.92 nm 

offset between dimers on adjacent protofilaments. If a sheet contains less or 
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more than 13 protofilaments, the MT undergoes lattice rotation causing the 

protofilaments to follow a helical path around the MT surface as opposed to 

running parallel to the MT axis 40. These hollow tubular filaments possess high 

flexural rigidity, resulting in characteristic persistence lengths ranging from 1 to 

10 mm 59. Since the protofilaments bind to each other in the same direction, the 

microtubule develops structural polarity, where one end is slow growing, 

terminated by an α-tubulin (i.e., minus end), and the other end is fast-growing, 

terminated by a β-tubulin (i.e., plus-end). The linear charge density has been 

reported for MTs at ~ 280 e-/ µm-, approximately 0.19 e- average charge per 

tubulin dimer  60,61, while the α- and β- terminated ends have positive and 

negative electrostatic potentials, respectively 62.  

MTs are highly dynamic structures that endure persistent phases of 

growing and shrinking, with abrupt transitions between the phases, a 

phenomenon known as “dynamic instability” 63. The growing and shrinking of 

MTs depend on the hydrolysis of GTP, and produce forces up to 40 pN and -15 

pN, respectively 40. When microtubules are in the growth phase, GTP in the E-

site is hydrolyzed to GDP 49, inducing structural transitions that affect the 

longitudinal interfaces and overall MT lattice stability 64. If polymerization exceeds 

hydrolysis, a “cap” of GTP-tubulin forms at the plus-end of the growing filament,  

stabilizing the MT. If the rate of GTP hydrolysis surpasses polymerization, the MT 

loses its GTP cap, and rapid depolymerization occurs (a phenomenon known as 

“catastrophe”). The depolymerization of the MT stops when a GTP tubulin 

encounters the MT lattice to initiate the growth phase (a phenomenon known as 
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“rescue”) 65. In the cell, proteins such as MAP2 and Tau modulate dynamic 

instability to increase the frequency of rescue and suppress catastrophe 66. In 

vitro, MTs are stabilized using an anticancer drug paclitaxel (i.e., Taxol ®) for 

nanomaterial applications 67, where the drug binds specifically to the β-tubulin 

near the GTP binding site 68. 

Although dynamic instability is stochastic and energy intensive, evolution 

clearly favors such process because dynamic MTs have been present in every 

eukaryotic organism (> 700 million years) 69. Dynamic instability allows MTs to 

easily reorganize and efficiently search the three-dimensional volume in the cell 

to find targets. Additionally, It allows cells to perform multiple tasks, such as 

generating pushing and pulling forces 70 to enable, for example, movement of 

vesicles and intracellular components, and to separate chromosomes into two 

daughter cells during mitosis 71.   

Kinesin biomolecular motors 

Kinesin was first discovered in 1985 by Vale and colleagues, based on the 

first observation of transport in the cytoplasm extruded from the giant axon of the 

squid 72–75.The purified protein, known as Kinesin-1, is essential for transporting 

of vesicles and organelles 76, especially over large distances 77. Kinesins are also 

involved in cell division, and the organization of cilia and flagella 14,78,79. It has 

been reported that kinesin mutants lead to paralysis, lethality and vesicle jams, 

80,81 and the motors’ association with disease-causing proteins can lead to 

degenerative neurological disorders 82,83. The kinesin family of  microtubule-

based motors is large; humans have ~ 45 different kinesin motors with specific 
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roles to support the needs of the cell 69. Phylogenic analysis defined groups 

within the kinesin family, and divided them into 14 separate families, based on 

cellular functions in different cells or organisms 84,85. 

 

Figure 2.2. Schematic representation of Kinesin-1 and the mechanochemical 
cycle of the motor. (a) schematic representation showing the cargo binding light 
chains, the coiled-coil stalk domain, the neck linker, and the motor or head 
domain of the kinesin motor. Figure adapted from Bachand et al.45 and reprinted 
with permission from John Wiley & Sons, Inc. (b) Proposed ‘hand-over-hand’ 
cycle of kinesin86. (i) The leading head undergoes a conformational change due 
to ATP binding, resulting in movement of the trailing head towards the plus end 
of the microtubule. (ii) The trailing head reaches the next binding site (~ 16 nm). 
(iii) Binding to the microtubule leads to ADP release from the new leading head, 
further straining the neck linker region and causes the two head domains to 
experience gating in different states. (iv) The strain is relieved upon ATP 
hydrolysis releasing a phosphate from the now trailing head, and the cycle 
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repeats in which the new leading head binds ATP. Figure reprinted from Agarwal 
and Hess14 with permission from Elsevier.       

Kinesin-1 is a tetramer of two identical “heavy chains”, and two associated 

“light chains” (Figure 2.2a). The heavy chains fold into two globular heads at one 

end, attached to a stalk in the middle, and a tail (light chains) at the other end87. 

Crystal structures revealed invariant folds in divergent kinesins, indicating the 

head is highly conserved88,89, and contains both the polymer-binding (MT or 

actin) and ATP-binding sites69. The coiled-coil stalk contains a flexible region 

known as the “hinge”, which permits the tail to fold back onto the head to inhibit 

motor binding to MTs and also coordinates the heads to allow for movement 

along MTs90 . The 50 nm, highly flexible tail domain91 of Kinesin binds to cellular 

cargo, where the selectivity of binding is controlled by specific functional marker 

molecules and binding proteins28,92. Further, the tail enables transport, and can 

serve as an inhibitory regulator, however, it has been less well studied than the 

head and stalk40,69,75. 

These motor proteins rely on adenosine triphosphate (ATP) for energy 

source, and are capable of converting its chemical energy (ATP) into linear 

motion with an efficiency exceeding 50% (measured by the ratio between 

performed work and free energy of ATP). 28,93  These proteins possess a sense 

of direction, where their morphology defines which direction they move on the 

filaments 28. Kinesin-1, for example, moves towards the plus end of the 

microtubules, while Kinesin-14 (c-terminal motors) moves towards the minus 

end45. 
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Kinesin-1 is a highly “processive” motor protein, in which at least one head 

is attached at any point in time while the motor ‘walks’, allowing the motor to 

follow a filament or MT in a continuous, uninterrupted motion. Such processive 

movement allows for a traveled distance of several micrometers, more than 

hundred steps each time a single motor binds to an MT before detaching.13,28,94–

96 Because of its high degree of processivity, a single kinesin molecule is able to 

propel MTs along a surface13. Although the exact sequence of events of the 

mechanochemical cycle of kinesin is still debated14, several studies have 

confirmed that Kinesin-1 walks along microtubules by an alternating head or 

‘hand-over-hand’ mechanism, depicted in Figure 2.2b. The motor’s head domain 

undergoes a small conformational change in the ATP binding site upon 

hydrolysis to ADP while the head is attached to the filament. The conformational 

change is then amplified by the lever arm ‘neck’ 97, and results in the movement 

of the trailing head forward and towards a specific direction (minus end for 

Kinesin-1) along the filament. After this ‘power stroke’, the head detaches and 

binds to the next available binding site on the filament14,69.   

Each head takes 16-nm steps, thus moving the entire molecule 8 nm 

(consistent with the spacing of αβ tubulin dimers) in a single step for each 

molecule of ATP it hydrolyses, resulting in long excursions towards the 

microtubule plus-end, as mentioned previously98–105. The force associated with 

the kinesin stepping has been reported at approximately 6 pN per step, which 

translates to approximately 48 pN nm of energy expended, with high 

thermodynamic efficiency (~50%) as previously discussed45.  Kinesin motors 
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have been reported to walk along microtubules at speeds of 1 µm/s in vitro, 

saturating ATP concentrations, with a stall force of approximately 8 pN 

(independent of ATP concentration)40.   

Biomolecular transport systems in nanotechnology  

Motor proteins and their associated cytoskeletal filaments have captured 

much interest in biotechnological applications, and have been used in synthetic 

environments 23,106–108. The linear micrometer sized structures formed from 

individual tubulin monomers can dynamically self-assemble in a reversible 

manner, and such properties have been explored for templating of 

nanostructured, inorganic materials 109–116. For motor proteins, bioengineering 

applications have been centered around mimicking their roles in biological 

systems, such as detecting analytes, modulating mechanical properties of 

materials, aiding in nanoscale assembly, and in particular, their function as 

nanoscale transport systems.1,14 

Motor proteins offer many advantages for synthetic devices, including the 

similarity in function in vivo and ex vivo, the immense knowledge available, and 

the ability to produce significant quantities of the protein through recombinant 

methods. However, limitation of devices based on motor proteins is inevitable 

since proteins need to be maintained in conditions similar to their native 

environment (i.e. cytosol). Some limitations include pH, salt content, temperature, 

denaturing substances, concentration of ATP, synthetic surface properties (can 

lead to denaturation of the protein), and degradation of protein if not frozen or 

lyophilized. 13,28,117,118  A major breakthrough to overcome such challenges came 
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about through the development of in-vitro ‘motility’ assays23. Motility assays 

employ two different geometries, called the ‘bead assay’ (filaments stationary, 

motors moving), and the ‘gliding assay’ (filaments moving, motors stationary), in 

which both approaches have been utilized to mimic the biological applications of 

motor proteins14.   

Bead Geometry 

In the bead geometry, the MT filament is typically adsorbed and 

immobilized onto a surface (e.g. glass), and the motor protein attached to a 

polystyrene microsphere (i.e. “bead”) walks along the filament. This minimalistic 

reconstruction that mimics the intracellular architecture has been used for many 

specific technological applications. For example, the walking mechanism of 

molecular motors was explored by determining the displacement of the bead 

over time using optical tweezers to exert force on the bead14,101,105,119–124.  This 

geometry can also be applied to multiple motors of the same or different kind, 

attached to a bead, to explore transport properties similar to overcrowding in 

cellular environment14,125,126. Although this geometry offers many advantages, it 

also possesses limitations such as size of tracks being limited to tens of microns 

(length of MTs), and it doesn’t allow for simple organization of filaments into 

complex architectures necessary to realize more complex applications45.   

Gliding Geometry 

The majority of nanotechnological applications involving cytoskeletal 

transport have adapted the “gliding” or “inverted” motility geometry. The gliding 

geometry uses surface immobilized biomolecular motors, in which the tails of the 
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motors are adsorbed to the surface and the motor heads transport the filaments, 

much like crowd surfing at a rock concert (Figure 2.3). This geometry offers many 

advantages  including long run lengths that depend on availability of ATP, and 

allows for functionalization of cytoskeletal filaments with biological and/or 

synthetic cargos45. Additionally, unlike the bead geometry, it is not limited by run 

lengths, but instead allows filaments to move for centimeters without interruption 

with sufficient surface coverage of motors. The length scale of motion is also 

enhanced because of the simultaneous interaction of multiple motors with the 

filament14,127, which decreases the likelihood of the filament detaching from the 

surface. 

 

Figure 2.3. Schematic representation of the gliding (inverted) motility assay. 
Microtubules transporting cargo (e.g. nanoparticles) attach and are propelled 
over the surface by surface-bound kinesin motors in the presence of ATP. Figure 
reprinted from Bachand et al.45 with permission from John Wiley & Sons, Inc. 

The work in the following chapters uses the gliding geometry, and 

therefore, it is essential to briefly describe the setup of this geometry. Gliding 

assays are achieved in “flow cells” assembled using a glass slide and a glass 

coverslip separated by spacers of approximately 100 µm height108. Such an 
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assay is usually performed in the following order28: (1) A protein monolayer is first 

adsorbed onto the surface through a flow-through of a solution containing casein 

or albumin to reduce denaturation and to enhance motor activity following non-

specific adsorption108,128, (2) exchange of solution containing the molecular 

motors allows the motors to adhere to the pretreated surface, (3) third solution 

flow-through to adsorb the filaments to the motors, and finally (4) imaging with 

fluorescence microscopy.  

Guiding of molecular shuttles 

Mastering the fast and precise positioning of nanoscale objects has been 

greatly advanced through strides in nanotechnology methods. However, 

limitations such as low compatibility of biological molecules with harsh nano-

structuring methods continues to hinder some applications. Biomolecular motors, 

such as Myosin V or Kinesin-1 have evolved in nature specifically for intracellular 

transport, making them of prime interest to integrate into devices to power 

nanoscale transport systems1,40.These molecular shuttles offer the advantage of 

overcoming limitations of diffusive transport over long distances, and can carry 

large cargo particles. Over short distances, they offer directed transport capable 

of handling the load without detour, allowing for increased delivery speed, 

dependent, of course, on the size of cargo loading and unloading areas129. 

Typically, on planar surfaces coated with motor proteins, cytoskeletal 

filaments perform persistent random walks. The paths result from the Brownian 

motion of the advancing tip of the filament as it finds the next motor. The 

trajectory path is then modeled as a worm-like chain, with stochastic properties 
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characterized by the persistence length14,130,131. Although random movement of 

shuttles is advantageous to some devices, guiding along predetermined paths is 

highly desirable to specify direction for transport along a path, ideally including 

the ability to switch between alternative paths.14 For example, microfabrication 

methods have been used to control the spatial distribution of the protein tracks, 

while external forces such as electric, magnetic fields, light or heat have been 

used to guide or control their position1. 

Surface topography to guide the molecular shuttles 

Barriers to physically confine motility of filaments have been achieved by 

using surface topography. When the MT shuttles collide with the inflexible 

sidewalls of the barriers, the large guiding forces of motors pushing the tip are 

then transformed into bending forces for the filaments. This then results in the 

guiding along the direction of the channel walls (Figure 2.4a).14,27,132–134 Simple 

ridges and grooves were one of the first designs of physical barriers for both the 

actomyosin and kinesin-MT system, but the widths and heights of these ridges 

were not easily controlled.26,135 This limitation was mitigated by fabricating 

replica-molding of polyurethane channels, with easily reproducible features.27 

Although many of these guiding channels are deep enough (i.e. > 200 nm) to 

prevent filaments from physically escaping the walls, the guiding approach angle 

remains the main factor in guiding efficiency upon filaments colliding with the 

channel sidewalls.136–138  

The bidirectional movement of shuttles along the filaments’ tracks is made 

possible due to the adsorption of filaments in random directions on the guiding 
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channels. As such, unidirectional movement was enabled by utilizing “rectifier” 

tracks. For example, an ‘arrowhead’-shaped rectifier permitted unidirectional 

movement with a 70% success rate, allowing for the development of advanced 

rectifier designs to improve rectification efficiency and mechanisms. The 

introduction of an undercut at the bottom of the guiding channel wall (Figure 

2.4b) prevented the filaments from climbing the sidewall, and such confinement 

enabled the preferential movement of filaments in the undercut region. This, 

combined with various other rectifier designs, allowed for efficient guiding and 

enabled unidirectional motion.14,139–145 Furthermore, completely capped 

microfluidic channels have been employed for the kinesin-MT system, providing 

three-dimensional confinement. 

 

Figure 2.4. Guiding of molecular shuttles and investigation of surface properties 
and topography. (a) Guiding using surface topography, in which the walls act as 
a normal force and bend the filaments along the wall. This approach however, 
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enables MTs to escape by climbing the wall (depending on approach angle) and 
attaching to motors adhered to the wall. (b) Guiding in the presence of an 
undercut below the wall, in which the filaments are redirected back into the 
region between the channels once they climb the wall. Figures (a) and (b) were 
adapted  from Agarwal and Hess14 with permission from Elsevier. (c) Surface 
topography can be revealed using microtubules that move randomly on the 
surface in a time-integrated image. Figure adapted  from Hess et al.146 and 
reprinted with permission from American Chemical Society © 2002. (d) 
Quantitative information of topographical features using the kinesin-MT system 
can be obtained by fluorescence-interference contrast (FLIC) wide-field 
microscopy. Figure adapted from Kerssemakers et al.138 with permission from 
John Wiley & Sons, Inc.        

Topographical features also enabled the probing and characterization of 

surfaces using MT-Kinesin biomolecular system. For instance, fluorescent MTs 

randomly sampled a topographically structured surface that consisted of elevated 

portions. Hundreds of fluorescence images were successively acquired and 

overlaid to reproduce the surface, which resulted in dark spots where MTs did 

not pass over the elevated portions of the surface146 (Figure 2.4c). Additionally, 

using fluorescence-interference contrast wide-field microscopy (FLIC), 

reproduction of the surface topography using these molecular shuttles was 

achieved138. FLIC microscopy uses interference effects from excitation and 

emission light, and in this case, enabled height information with nanometer 

resolution for fluorescent MTs situated above the reflecting silicon oxide surface, 

further allowing for imaging in three dimensions to reconstruct the surface. In this 

study, MTs propelled by kinesin motors cross shallow and deep pits. At high 

motor densities, the trajectories of MTs enabled the reproduction of surface 

topography from fluorescence intensities (Figure 2.4d), providing an alternative to 

macroscopic cantilever probes of scanning force microscopes14,138.   
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Surface chemistry to guide the molecular shuttles 

 Patterns in motor density and/or functionality created through surface 

chemistry patterns on layers that support adsorption of motor proteins provided 

an alternative to physical barriers that forced filaments into a desired direction. 

Such patterns enable the biasing of the Brownian motion of the filament tip in the 

direction of the track, shown in Figure 2.5a. Here, an overhanging filament tip 

emerges due to lack of attachment to a motor when the filament reaches the 

region that is motor-free or has inactive motors. The tip at this point either grows 

in length until it detaches from the surface, or it bends back to the motor-rich area 

as a result of Brownian motion14. If the filament is held by a motor at the edge of 

the region, the likelihood of the filament returning to motor-rich area is very high 

because it can swivel around the motor axis91. Additionally, a small approach 

angle of the filament, as well as low filament stiffness, enable the return of the 

filament tip to the track14,133,134. It is however important to point out that although 

patterns in kinesin density and/or functionality are achieved, a major challenge is 

the requirement of a casein coating layer for the motility assay, which can 

inevitably shield kinesin from the surface. One solution to this problem was to 

support MT motility through a variety of surfaces, for example, non-fouling 

coating that aid in suppressing the adsorption of both casein and kinesin133,147.  
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Figure 2.5. Guiding of molecular shuttles using surface chemistry and the 
combination of surface topography and chemistry. (a) Guiding of microtubules 
using surface chemistry was achieved by generating contrasts in motor 
functionality between two regions. Once the MTs crossed the track edge, an 
overhanging MT tip emerges that fluctuates due to thermal forces until it binds to 
a motor in the motor-rich region. MT bound to motor at the edge can rotate more 
freely since motors can swivel around their axis. (b) Guiding using the 
combination of surface chemistry and topography, in which the walls can 
interfere with binding or functionality of motors, and filaments are redirected at 
small approach angles along the walls. This combination makes this guiding 
approach more reliable as compared to surface topography or surface chemistry 
alone approaches. Figure adapted from Agarwal and Hess14 with permission 
from Elsevier.  

 Further, biotinylated kinesin motors have been attached to biotinylated 

self-assembled monolayers (SAMs) through specific interactions, where SAMs 

were attached to nanometer-scale gold lines within walls of micrometer-sized 

chambers. The biotinylated kinesin motors attached to the SAMs through the 

direct interaction between streptavidin and intermediate layers of biotinylated 

albumin. In this case, the protein multilayer consisting of  biotinylated BSA were 

used to enhance the number of available biotins to bind the kinesin motors, as 

well as limit  the MT gliding to the tracks on the walls of the chamber148. 

Additionally, kinesin tracks have been formed using filaments as stamps to bind 

and transfer kinesin motors to planar surfaces. Once motors were deposited on 

surface and released the filament templates, nanometer wide tracks of motors 
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were left behind enabling the binding and propelling of filaments in either 

direction of the tracks14,149.   

Guiding using the combination of surface topography and chemistry 

 Early on, it was evident that issues with surface and chemical topography 

would arise, and were indeed reported14. Topographical confinement still allowed 

for kinesin attachment to sidewalls, further enabling filaments to climb the 

sidewall and escape. With chemical confinement, filaments that crossed the 

boundaries would detach from the surface due to lack of redirection of filament 

motion by a wall25,27. Such outcomes are problematic, as it is evident that there 

would be loss of filaments in both cases, especially due to strong dependency on 

approach angle of filaments to the boundary, as well as filament stiffness133. One 

possible solution to overcome these issues was to combine both chemical and 

topographical confinement (Figure 2.5b), and to limit motor attachment to the 

bottom surface (glass) of the guiding channels 14.   

 The newly integrated guiding approach was first demonstrated by 

constructing non-fouling channel walls using Triton X-100 (nonionic detergent)143. 

Further, non-fouling channel walls were also constructed using pluronic F108 

physioadsorbed onto hydrophobic SU-8 or fluorosilane coated walls133,150. 

Further, guiding was also achieved on gold patterns, that were also 

functionalized with poly(ethylene glycol) chains, where patterns were etched into 

SiO2 surface151. 
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Cargo loading and unloading 

The ability to load cargo onto cytoskeletal filaments has been successfully 

achieved, in which recent developed techniques have been integrated into many 

device applications. Here, we briefly discuss the importance of cargo loading and 

unloading on these molecular shuttles and their implications in nanotechnological 

applications. 

In vivo, specifically vesicle transport in neurons, kinesin can bind to vesicle 

transmembrane proteins either directly or through a scaffold protein 28. These 

specialized scaffolding proteins create a connection between the kinesin tail, 

which is well adapted to grasping cargo, and the specific 

cargo14,152.Reproducting specialized scaffolding proteins, however, is not an easy 

task to replicate in vitro, due to limited information and difficulty of reconstituting 

the system for cargo binding28. Ideally, a specific and reversible yet strong 

connection between transporter and cargo is desired, and this has been 

achieved using the gliding geometry discussed previously. The gliding geometry 

made it possible through different engineered approaches to connect and 

disconnect from various types of cargo, while also offering durability and the 

ability to adapt to different types of cargo without interfering with gliding motion of 

filaments14,27.  

MTs tend to have advantages in the aspect of cargo loading as opposed 

to other filaments such as actin filaments. MT’s with suitable polymerization 

conditions that end up with 13 protofilaments tend to align parallel to the 

microtubule axis and do not rotate while being propelled by kinesin motors, as 
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opposed to the axial rotation of actin filaments, which has been proposed to 

interfere with the actin-myosin interactions14,53,153,154. 

The first reported cargo attachment to kinesin-propelled biotinylated MTs 

was achieved by attaching streptavidin-coated polystyrene microspheres27. Then 

other methods of attachments followed using avidin155, streptavidin-coated 

quantum dots156, ferritic particles157, DNA158–161, and carbon nanotubes162. 

However, MT conjugation with different cargo before being introduced into the 

flow cell posed a problem, as the functionalized filaments were unable to bind to 

the surface-adhered motors14,27,155–157. One solution to this problem was to define 

cargo binding and motor binding regions in which the filaments were biotinylated 

in segments14,156,163. 

 

Figure 2.6. Cargo loading. Biotinylated microtubules coated with streptavidin can 
attach to biotinylated cargo, such as biotinylated polystyrene nanospheres (~ 40 
nm diameter), as the microtubules are translated by surface-bound kinesin 
motors. Figure adapted from Agrawal et al.164.   

Cargo can be conjugated to filaments through covalent or non-covalent 

chemistries. However, non-covalent attachment techniques (ex. antibody/antigen 

bonds) are preferable due to selectivity and reversibility. The strong non-covalent 
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interaction of biotin and streptavidin is very commonly used due to the 

commercial availability of biotinylated filaments, and hence, has been extensively 

integrated into molecular shuttle systems14. Additionally, cargo can be attached 

to filaments bound to surface-adhered motors through buffer exchanges. This 

technique aided in determining attachment kinetics of streptavidin to biotinylated 

MTs, as well as size and concentration of different types of cargos, which 

inevitably became critical in active self-assembly applications of these 

filaments14,32,33,165–169.  

Cargo loading without the biotin/streptavidin functionalization has also 

been accomplished by antibodies attached to the filaments166,170. Additionally, 

double-antibody-sandwich enabled cargo loading of cowpea mosiac virus 

(CPMV) onto moving shuttles has been used, which inspired multi-analyte 

assays and biosensor applications of the biomolecular system171–173. 

Cargo unloading would also be beneficial because it would allow for 

cargoes to be transferred between different stations, and the shuttles could be 

used multiple times174,175. Since unloading would require breaking the bond 

between the cargo and shuttle, it is vital to do so in a controlled manner because 

such force will inevitably test the integrity of the polymer structure. Various 

mechanisms can be employed to unload the cargo including the release of 

certain chemicals and enzymes, changes in pH, DNA, and even UV-light28. For 

instance, MTs conjugated with malachite green demonstrated the ability to 

capture and release malachite green aptamers simply by adding excess 

malachite green to the motility solution176. 
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Nanomaterials assembly  

Self-assembly is the process in which components spontaneously organize 

and form structures, either through passive or active assembly processes.167,177–

180 Passive self-assembly uses thermal fluctuations to move components into 

place through diffusive processes. Although this process is highly parallel, and 

therefore fast, diffusion is slowed down with increasing particle size, and the 

mismatch between interaction and thermal energies hinders accuracy of the 

process1,180. On the contrary, active self-assembly uses non-thermal energy to 

transport the isolated components, and as such, has captured much interest to 

build structures not easily attained through traditional passive self-assembly or 

fabrication methods. Active-self-assembly offers many advantages over passive, 

such as harnessing external sources of energy to overcome the speed limitations 

of diffusion-driven “passive” assembly to move parts, resolve mismatched 

connections, and form non-equilibrium structures.1,167,177,179–181       

Molecular shuttles have shown promising applications in terms of the 

assembly of nanoscale and microscale components into larger structures. Active 

self-assembly driven by molecular motors has been shown to offer many 

advantages such as faster assembly time, assembly of larger building blocks into 

large complex structures, and most importantly, allows for structure assembly not 

easily attainable through diffusion-driven self-assembly processes167,180. In the 

following sections, we review the types of structures attained using molecular 

motor-driven self-assembly.  
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Bundles and network structures 

Active transport of kinesin motors adhered to a surface in a gliding assay 

leads to collisions between biotin and streptavidin functionalized MTs182. The 

propelled MTs collide with each other, align and subsequently non-covalently 

crosslink to one another. Such collisions ultimately lead to bundles composed of 

several filaments (Figure 2.7), which vary in length depending on the number of 

bundled filaments because of the random attachment process. Further, the 

bundles may grow (in length and thickness) and could result in other structures 

as the filaments continue to be translated in the flow cell. 

 

Figure 2.7. Phase diagram for the morphology of self-assembled microtubule 
structures as a function of cross-linker ratio (streptavidin/biotin or St/Bt) and 
tubulin concentration (Tub). I-IV (left) represent the varying morphological phases 
of assembled structures depending on the ratio of St/Bt and Tub ratios, 
consisting of single MT phase (I), bundle phase (II), network phase (III), and ring 
structures (IV), with corresponding fluorescence microscopy images (right). Scale 
bars: 10 µm. Figure adapted from Tamural et al.183 with permission from the 
Royal Society of Chemistry. 

MT bundles (or “wires”) have been extensively explored using active self-

assembly processes, in which factors such as filament rigidity, density, velocity of 

MTs, and motor density influenced their formation. For instance, stiffer MTs that 
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were prepared with guanylyl-(α, β)-methylene-diphosphonate (GMPCPP) 

resulted in favorable formation of linear bundles. The formation of longer bundles 

required more building blocks and hence required higher initial density of MTs. 

Further, the gliding velocity of MTs affected the length of the formed bundles, in 

which slow MT gliding velocity (0.1 µm s-1 compared to maximum gliding speed 

of ~ 0.5 µm s-1) resulted in the longest MT bundle. Interestingly, some studies 

showed that higher kinesin densities resulted in longer bundles, however, other 

studies suggested high kinesin concentration could result in breakage of the MT 

bundles into shorter linear arrays. In this aspect, there were experimental 

conditions that were different among the studies which could have resulted in 

these contradictory results, and therefore, further investigations are essential in 

the future to determine how motor density might affect the MT bundle 

size32,169,180,184–189. MTs can also join end-to-end to form wires rather than 

bundles through electrostatic effects, without the aid of molecular motors. 

However, these wires are not as long as ones created through motor-driven-

assembly and tended to form over much longer timescales through diffusion. 

Further, bundles that formed through electrostatic interactions can be made polar 

using cross-linkers (e.g. synthetic polymer caring positive charge such as poly (L-

lysine)). In the presence of motor proteins, the motile polar bundles showed 

velocity dependency on the degree of polarity 50,180,185,190–192. In this case, one 

major drawback to the active self-assembly of MTs is the inability to implement 

polarity on MT gliding assays.  
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Furthermore, osmotically assembled MTs were combined with oligomeric 

kinesin (two or more kinesin motors bound together), which resulted in structures 

that resembled the core structure of eukaryotic cilia and flagella. The addition of 

ATP activated the motors causing the resulting bundles to transition into a 

nonequilibrium phase that mimicked the wave-like beating of axonemes45,193,194. 

Such structures demonstrate the ability of these systems to self-assemble into 

functional biomimetic devices that possess molecular motion45. Future 

developments to control the structural manipulation of bundles over many length 

scales, as well as bundle size and location, may be advantageous to fabrication 

methods for futures devices, specifically for directed transport of cargo in micro- 

or nanofluidics180. 

Network structures can also form in the gliding assay at larger values of 

the ratio of streptavidin conjugated MTs to biotin and high MT density (Figure 

2.7). The high streptavidin coverage on MTs enables the motile MTs to bind to 

each other at isolated points rather than along their lengths, and as such, MTs 

cannot align180. Further, the MT networks that are formed exhibit swarming 

behaviors and can organize at high and low densities with distances ranging up 

to several tens of micrometers180,183. Additionally, stable MT networks can self-

organize by manipulating the interactions (e.g. depletion forces) among 

neighboring highly dense MTs that lack cross-linking agents180,195.  

Rings and spools 

Rings and spools have been of interest due to their ability to transform 

linear translational motion of motors into rotational motion. Further the ordered 
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arrangement of these structures driven by cross-linking reagents decrease the 

entropy of the system, even when the filaments are under considerable amounts 

of strain. Further, such systems enable the self-assembly of  non-equilibrium 

structures in which motors allow access to a store of chemical energy180. Great 

strides have been made in terms of controlling spool features, and these 

properties will be discussed below.  

As mentioned previously, the inverted assay is ideal to construct 

nanostructures in a bottom-up fashion. Here, we consider structures other than 

the linear bundles and network structures mentioned above, specifically rings 

and spools that also arise from the active self-assembly of motor-driven MT 

filaments4,168. A “ring” typically consists of a single filament bundle that cross-

links to itself in a closed loop, while a spool forms from multiple filaments that join 

lengthwise180.  

 Gliding MTs in these assays adapt tightly bent or buckled configurations in 

which their radii of curvatures far exceeds the natural curvature of free, 

fluctuating MTs45,196,197. MT’s persistence length is on the order of millimeters, 

and therefore, are under considerable strain, storing of up to 105 kBT of bending 

energy4. The strain induced by the surface-adhered kinesin motors enable non-

equilibrium, nanoscale structures to actively self-assemble. For instance, 

nanospools and nanorings can self-assemble from biotinylated MTs that are 

translated by kinesin motors in the presence of streptavidin or streptavidin-coated 

nanoparticles31,32,35,168,169,184,192,198–200 (Figure 2.7 and 2.8). Such phenomena 

occur due to the collective work of kinesin motors that overcome the bending 
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energy of such stiff filaments, which also results in the polar alignment of 

overlapping MTs by breaking opposed contacts between mis-oriented MTs45.  

 It has been suggested through various studies that the small radii of MT 

spools are a result of strain-relaxation of cross-linked MTs into helices, closed 

loops, or pinning of MTs due to defects, as opposed to thermal 

fluctuations168,180,189,192,201,202.  Pinning has been shown to result in the tightest 

spools due to motor proteins exerting force on the MT that results in buckling of 

the stiff MT. Further, it has been suggested that pinning is the dominant 

mechanism for the initiation of MT spooling which determines the size distribution 

of the spools189. However, Vandelinder et al. have recently demonstrated the 

earliest events (nucleation) that drive subsequent nanocomposite assembly, and 

identified the dominant mechanism to be collision events between crosslinked 

gliding MTs when photoinduced inactivation of kinesin motors is minimized31. 

Here, three events were observed: pinning, collisions, and induced curvature. 

Pinning occurs when two MTs bundle together and form a spool when the 

leading tip becomes pinned by a dead motor. Collisions are driven by multiple 

MTs that collide and eventually form a spool. Induced curvature occurs when a 

bundle of MTs travel in a persistent curved trajectory until the ends interact and 

form a closed spool. These formation mechanisms affected the inner diameter 

and rotation direction of the resultant rings and spools. Pinning resulted in the 

smallest average ring diameters (~2.7µm), collisions resulted in intermediate 

diameters (~ 6.2 µm), while induced curvature resulted in the largest inner ring 

diameters (~ 32 µm), and all showed bias of rings rotating counterclockwise. 
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Figure 2.8. Assembly of nanocomposite spools. Surface-adhered kinesin motors 
attach and translate biotinylated microtubules with attached streptavidin-coated 
quantum dots (sQDs). Kinesin motors dissipate chemical energy by ATP 
hydrolysis, along with linear translation and axial rotation of the microtubules. 
The introduction of sQDs into the gliding assay introduces thermodynamic 
energy into the system, resulting in biotin-streptavidin non-covalent bonds. The 
bending of the microtubules stores mechanical energy, along with formation of 
collided coil and kinked domains within the assembled nanocomposite structures. 
figure adapted from Liu et al.168 with permission from John Wiley and Sons, Inc. 

The motor-assembled MT nanocomposites in the presence of streptavidin-

coated nanoparticles (Figure 2.8) have shown invaluable materials properties in 

which: 1) stored elastic energy of the spools can exceed 33,000 kBT, and 2) MTs 

with twisted protofilaments (i.e. any MT that has more or less than 13 

protofilaments) mechanistically drive ring formation45,168. Depending on assembly 

conditions, specifically during self-assembly of tubulin dimers into MTs, the 

number of protofilaments can vary in which 12- and 14- protofilaments MTs 

possess right- and left-handed supertwists, respectively203. Since kinesin motors 

follow along the protofilament’s axis, MTs that possess 12- or 14- protofilaments 

transported by surface-bound kinesin motors result in axial rotation with respect 
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to the direction of the supertwist. Further, it has been shown that during the 

assembly process of nanospools, adjacent MT filaments form strained coiled-coil 

domains that follow the oligomerization of MTs that contain a supertwist45,168. The 

supertwist of the MTs enables the control of rotational direction of the rings and 

spools, in which the rotation of the rings can bias clockwise (right-handed twist) 

or counterclockwise (left handed twist).168,169,180,199,202,204 Length and rigidity of 

the MTs along with the type of kinesin motor used in the flow cell have been 

shown to affect the rotational direction of the nanocomposites205. Further, 

controlling the thermodynamic contribution and rate of energy-dissipation, and 

microscale confinement further allows for modulating assembly of such 

structures35,45,168,198. 

 Characteristic features of the spools have been shown to be controlled 

through motor density, length and rigidity of filaments180,189,192,205,206. For 

instance, higher motor densities resulted in tighter spooling of MTs, while stiffer 

MTs prepared with GMPCPP resulted in larger diameters. Further, longer MTs 

resulted in larger spool diameters. The successive addition of MTs in stages into 

flow cell enabled the tuning of spool thickness (characterized by the difference 

between the outer and inner diameter of the spool)200. 

 Rings and spools are not limited to crosslinked agents as described 

above, but rather can self-organize transiently (driven by continuous flow of 

energy rather than active assembly that uses energy flow to form the structures) 

into rings, spools and vortices by interactions with neighboring filaments at high 

filament densities201,207. MT rings and spools can also form at air-buffer interfaces 
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without the crosslinking agents streptavidin and biotin, relying upon the 

hydrophilicity of the protein surface to cause the MT to curve away from the air-

buffer interface. Such structures formed at the air-buffer interfaces, however, 

tend to have smaller circumferences and narrower size distributions as compared 

to spools created in traditional flow cells.180,204 

Conclusions  

 The integration of biomolecular transport systems (e.g. kinesin-MT) into 

artificial environments enables the advancement of nanotechnology. Particularly, 

the unique characteristics of these motor proteins prove to be an excellent 

template for nanoscale transport in cells, and hence, makes them ideal to be 

used in many nanotechnological applications involving motor-driven self-

assembly and transport. The incredible capacity of biomolecular motors to 

achieve the efficient conversion of chemical energy into mechanical work 

motivates their integration into nanoscale devices. Although the incorporation of 

these motor proteins into useful technological devices is still limited, our growing 

understanding of their biophysics allows for their use as nanomachines, and the 

ability to produce and modify them on a large scale enables their integration and 

assembly of functional devices. With the current advanced techniques and tools, 

a variety of mechanisms to demonstrate cargo loading (e.g. biotin and 

streptavidin), as well as guiding of these molecular shuttles through patterned 

physical and chemical surfaces have been studied. Moreover, motor protein-

based transport enables the dynamic self-assembly and organization of non-
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equilibrium nanostructures with emergent behaviors (e.g. self-healing) through 

the dissipation of chemical energy. 
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Abstract 

Defects can determine and influence various properties of materials, and 

many technologies rely on the manipulation of defects (e.g., semiconductor 

industries). Defect management is a survival mechanism in many biological 

organisms (e.g. DNA repair), which has inspired materials scientists to design 

artificial nanomachines that mimic the ability to detect defects and repair damage. 

Biological motors have captured considerable attention in developing such 

capabilities due to their ability to convert chemical energy into directed motion in 

reponse to environmental stimuli, which maximizes their ability for detection and 

repair. The objective of the present study was to develop an understanding of how 

chemical and structural heterogenities (defects) in building blocks affect the 

kinesin-driven, active assembly of microtubule (MT) spools.  Segmented MT 

building blocks were formed through an annealing process that resulted in 

alternating, micron-scale bonding (i.e., biotin-containing) and non-bonding (i.e., 

biotin-free) domains. Here, the introduction of these MT building blocks that 

contain non-bonding domains into a kinesin gliding motility assay along with 

streptavidin-coated quantums resulted in the active assembly of spools with 

altered morphology but retained functionality. Moreover, it was noted that non-

bonding domains were autonomously and preferentially released from the spools 

over time, representing a mechanism by which defects may be removed from 

these structures. Overall, our findings demonstrate that this active assembly 

system employs quality control mechanisms to overcome constraints caused by 
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defects in the building blocks, which can be potentially expanded to a wide range 

of applications such as material self-regulating and the healing active materials. 
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Introduction  

Defects represent disruptions or interruptions of order, structure, or 

homogeneity in a material. They are found in nearly all materials to varying 

extents, and the nature and behavior of defects can dramatically impact materials 

properties and performance. For example, n-type and p-type dopant “defects” in 

silicon semiconductors provide the critical electronic properties fundamental to 

modern microelectronics.208,209 Oxygen defects in ceramic oxides impact ion 

transport properties key to solid oxide fuel cells.210 Inclusions can degrade optical 

properties in glasses, while metallic dopants in alumina give rubies their vibrant 

color.211 Dislocation densities and metal carbide inclusions in steel can drastically 

affect its strength and robustness, which is why annealing or hot working (e.g., 

forging) is used to redistribute, segregate, or remove defects and impurities from 

metals.212 Although the influence and dynamic behavior of defects is often 

considered in these types of structural and technological materials, relatively little 

attention has been given to defects in bio-inspired supramolecular materials. 

 Biological organisms have evolved into highly-optimized functional 

systems, displaying remarkable abilities such as self-regulation and self-repair in 

the presence of defects or damage, further increasing the organism’s lifetime. 

Such tasks require the cells to respond to stimuli in their environment, and most 

importantly, to convert chemical energy into mechanical work.213–216 In the cell, 

kinesin motors harness the energy from ATP hydrolysis to actively transport 

intracellular components (e.g., vesicles, chromosomes) along cytoskeletal 

networks composed of microtubule (MT) filaments, with high efficiency 
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(~50%).28,45,217–219 Such intriguing cellular functions inspired researchers to 

create nanomachines capable of mimicking and/or co-opting biological materials 

for the development of dynamic, synthetic materials.220,221 Because biomolecular 

motors offer the ability to respond to different environmental stimuli through their 

regulated collective movement, they are of prime interest as a template in 

developing nanomachines that could sense defects and repair damage.216,222–227 

Other researchers have sidestepped the problem of creating nanomachines by 

using kinesin motors for many ex vivo applications, such as powering novel 

analytical, diagnostic, and computational devices,2,68,173,228 as well as driving 

active self-assembly of non-equilibrium, nanostructured materials.29,30,45,68  

To date, the possibility of using kinesin motors to repair defects in ex vivo 

materials has not been explored. MTs, however, are able to self-repair 

mechanically induced defects in the tubulin lattice through the incorporation of 

tubulin subunits from solution.50,229,230 Although this ability demonstrates the 

robustness of the MTs ex vivo, much less is known about the formation and 

effects of defects in dynamic and active self-assembly materials involving the 

kinesin-MT transport system. One example of kinesin-driven active self-assembly 

involves the formation of rings and spools, where a ring is defined as single 

filament that cross-links to itself to form a closed loop, and a spool consists of 

multiple filaments that join lengthwise. 4,29–33 In this system, biotinylated MTs 

serve as the fundamental building blocks, and the binding of streptavidin or 

streptavidin-coated quantum dots (sQDs) drives their spontaneous assembly into 

rings and spools. While serving as an interesting model of active assembly, the 
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formation of rings and spools may also be used as a sensing element. For 

example, label-free detection of microvesicles was recently reported based on 

the formation of spools.231  

While fluorescent imaging suggests that the spools are well-ordered, 

electron microscopy reveals that these structures are topographically and 

morphologically diverse including twisted and kinked domains, as well as in-

plane and out-of-plane loops.35,168 These observations suggest spools can 

tolerate a certain level of structural heterogeneity, but the question remains as to 

whether they can compensate for MT building blocks that have large (e.g., 

micron-scale) domains that lack biotin and are unable to bind sQDs. The large 

number of biotin-streptavidin bonds that are formed among MTs and sQDs 

during assembly is critical to stabilizing the high bending energy (~30,000 kT per 

turn) stored in these structures.168,198,232 As such, the tolerance of active 

assembly and the resulting spools should be strongly dependent on the relative 

size and frequency of the domains that lack biotinylated tubulin.  

To test this hypothesis, we characterized the active assembly of MT 

spools using MT building blocks composed of varying lengths and frequency of 

“bonding” and “non-bonding” domains. Herein, we define bonding domains and 

MTs as those containing biotinylated tubulin and therefore “compliant” in their 

ability to form biotin-streptavidin bonds. In contrast, non-bonding domains and 

MTs are defined as those polymerized in the absence of biotinylated tubulin and 

thus represent “defects” due to their inability to form biotin-streptavidin bonds. 

Using these MT building blocks, we observed the incorporation of bonding and 
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non-bonding domains and MTs into spools, but also the preferential removal of 

non-bonding domains and MTs from spools over time. We hypothesize that this 

phenomenon is related to the inability of these domains and MTs to balance high 

bending energy with covalent bond formation, as well as mechanical strain due to 

mismatches in kinesin motor velocities. Overall, this work provides new insights 

into the influence and behavior of defective building blocks in dynamic 

supramolecular materials that may have important implications for the future 

engineering of self-regulating and “healing” nanomaterials. 

Materials and Methods 

Lyophilized unlabeled tubulin, Hilyte Fluor 488 (Hilyte 488) labeled tubulin, 

aminomethyl coumarin acetate (AMCA) labeled tubulin, and biotin labeled tubulin 

purified from porcine brain were purchased from Cytoskeleton Inc. (Denver, CO) 

and used according to manufacturer’s instructions without further modification or 

purification. Streptavidin conjugated quantum dots (sQDs, 655nm) were 

purchased from ThermoFisher Scientific (Waltham, MA). All chemicals were 

purchased from Sigma Aldrich unless otherwise noted.  

Preparation of motor proteins 

Full-length Drosophila melanogaster kinesin-1 from the pPK113 

expression plasmid98 was expressed in Escherichia coli BL21 (DE3) pLysS cells. 

Briefly, when the culture reached an OD600nm of ~0.7, protein expression was 

induced through the addition of 0.5 mM isopropylthio-β-galactoside (IPTG). Cells 

were harvested by centrifugation at 9000×g, and lysed using BugBuster® with 

Benzonase® (EMD Biosciences, Inc., Billerica, MA) and 100 mM AEBSF (4-(2-
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Aminoethyl) benzenesulfonyl fluoride hydrochloride (Sigma-Aldrich Inc., St. 

Louis, MO). Kinesin was then purified by Ni-NTA chromatography as previously 

described98,156. Protein concentration was determined by standard bicinchoninic 

(BCA) assay to be 4 µM. Aliquots of the protein were snap frozen in liquid 

nitrogen and stored at -80°C. 

Preparation of Microtubules  

Fluorescent, biotinylated, and unlabeled MTs were prepared by 

resuspending lyophilized tubulin in BRB80 buffer (80mM PIPES pH 6.9, 1 mM 

MgCl2,1 mM EGTA) containing 1mM GTP and 10% glycerol to a final tubulin 

concentration of 5 mg ml-1. AMCA labeled tubulin was combined with biotinylated 

and unlabeled tubulin at a molar ratio of 1:1:2, respectively, for both experimental 

and control population of 0% defects. Hilyte 488 tubulin and unlabeled tubulin 

were mixed at a molar ratio of 1:1 for experimental and control population of 

100% defects. MTs were polymerized at 37 °C for 30 minutes and stabilized 

against depolymerization using BRB80 solution containing 10 µM paclitaxel for a 

final tubulin concentration of 0.1 mg ml-1. Segmented MTs were achieved by 

mixing biotinylated AMCA MTs with Hilyte 488 MTs at the following defect 

percentages: 20, 33, 50, 66, and 80. All populations mixed at different 

percentages, as well as the control population were incubated at room 

temperature for two days to allow for sufficient fusion.  

Motility assays 

Inverted kinesin motility assays were performed by constructing a capillary 

flow cell on a glass slide using double-sided tape and a coverslip, with average 
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channel dimension of ~20 mm long, 5 mm wide, and 0.2 mm deep. Kinesin was 

diluted to 8 nM in 80mM PIPES with 2 mg mL-1 casein and 2 mM adenosine 5′-

(β,γ-imido) triphosphate (AMP-PNP), a nonhydrolyzable form of ATP used to 

immobilize the MTs. This solution was added to the flow chamber and incubated 

for 5 minutes. The flow cell was then washed using motility solution (BRB80 

containing 0.2 mg mL-1 casein, 1 mM AMP-PNP, 0.02 mg mL-1 glucose oxidase, 

0.008 mg mL-1 catalase, 20 mM D-glucose, and 1 mM DTT) to remove unbound 

motors. Paclitaxel stabilized MTs diluted in motility solution were infused into the 

flow cell and incubated for 5 minutes to allow MTs to bind to the kinesin coated 

surface. The flow cell was washed with motility solution to remove any unbound 

MTs. sQDs were diluted to a final concentration of 10 nM in motility solution as 

described above except substituting 1 mM ATP for AMP-PNP to facilitate MT 

mobility, and supplementing with 1 mM Trolox to optimize photoprotection233. The 

sQD solution was added to the flow chamber and incubated for 5 minutes to 

allow sufficient sQD attachment to the biotinylated MT segments, followed by 

several wash steps using motility solution containing ATP to remove excess 

sQDs.  

Fluorescence Microscopy 

The flow cells were mounted on an Olympus IX-71 inverted fluorescence 

microscope equipped with a 100 W mercury fluorescence lamp (Osram) and an 

ORCA-3CCD digital camera (Hamamatsu). Olympus filter sets U-MWU2 

(AMCA), U-MWIB3 (488 fluorophores), and Chroma dual-band filter set U-

N51009 (simultaneous visualization of 488 fluorophores and sQD 655) were 
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used. Fluorescence images were acquired using 60× and 100× oil immersion 

objectives. Image processing and tracking of ring formation were performed in 

Fiji234.  Lengths and number of MTs  were measured before and after the addition 

of sQDs using the Neurite Tracing function235 in Fiji. Statistical analyses and 

plotting were performed using SigmaPlot 13.0 (Systat Software, San Jose, CA). 

Calculation of fraction defect MTs in spools 

The expected fraction of non-bonding MTs in spools, 𝐹𝐹𝑑𝑑, (orange line in 

Fig. 3.3) was calculated by the following. The total length of non-bonding MTs 

expected in the spools is 𝐿𝐿𝑑𝑑 = 𝑓𝑓𝑑𝑑 ∙ 𝑛𝑛𝑠𝑠 ∙ 𝑙𝑙𝑠̅𝑠, where 𝑓𝑓𝑑𝑑 is the fraction non-bonding in 

segmented MTs, 𝑛𝑛𝑠𝑠 is the number of segmented MTs, and 𝑙𝑙𝑠̅𝑠 is the average 

length of the segmented MTs. All of these parameters were measured 

experimentally for each relative non-bonding level (Fig. A3.2). Similarly, the total 

length of bonding MTs expected in spools is 𝐿𝐿𝑐𝑐 = 𝑓𝑓𝑐𝑐 ∙ 𝑛𝑛𝑠𝑠 ∙ 𝑙𝑙𝑠̅𝑠 + 𝑛𝑛𝑐𝑐 ∙ 𝑙𝑙𝑐̅𝑐, where 𝑓𝑓𝑐𝑐 is 

the fraction bonding in segmented spools (𝑓𝑓𝑐𝑐=1-𝑓𝑓𝑑𝑑), 𝑛𝑛𝑐𝑐 is the number of bonding 

MTs, and 𝑙𝑙𝑐̅𝑐 is the average length of bonding MTs. Then the fraction non-bonding 

in spools is 𝐹𝐹𝑑𝑑 = 𝐿𝐿𝑑𝑑 (𝐿𝐿𝑑𝑑 + 𝐿𝐿𝑐𝑐)⁄  . At low non-bonding MT levels, almost all the non-

bonding MTs are in segmented MTs, with very few purely non-bonding MTs. At 

higher relative non-bonding levels, more of non-bonding domains are in pure 

non-bonding MTs and fewer are in segmented MTs. For the green line in Fig. 

3.3, the ratio of green to red fluorescence intensity in the spools were measured. 

After background subtraction, the ratio of bonding (red) and non-bonding (green) 

MTs in spools was calculated using a standard curve generated from the 

intensity ratios and fraction of non-bonding MT by length.  
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Results and discussion 

The relative ratio of biotinylated (i.e. bonding) tubulin and sQDs regulates the 

active self-assembly of spools; bonding MTs will form spools at concentrations of 

biotinylated tubulin as low as 10%,198 ~160 biotinylated dimers per micron. 

Consequently, bonding MTs will have small regions free of biotinylated tubulin 

(i.e., tens of nm), which have a negligible effect on the structural nature of the 

spools. To more fully understand the structural assembly of the spools, we 

formed segmented MT building blocks through the directed self-assembly (i.e., 

annealing) of bonding and non-bonding MTs50,236,237 at varying ratios.  

Two populations of MTs were independently polymerized and subsequently 

combined together to anneal end-to-end MTs with varying levels of defect (Fig. 

3.1a). Bonding MTs (blue) were formed by polymerizing unlabeled, biotinylated, 

and aminomethylcoumarin (AMCA)-labeled tubulin; non-bonding MTs (green) by 

polymerizing unlabeled and HiLyte® 488-labeled tubulin. Directed self-assembly 

yielded annealed, segmented MTs that had alternating bonding (blue) and non-

bonding (green) domains (Fig. 3.1b) of varying sizes and frequency. The 

resulting MTs were introduced into the gliding motility assay (Fig. 3.1c, top), 

followed by the introduction of sQDs (Fig. 3.1c, middle and bottom) to initiate the 

active assembly of spools, which were characterized by fluorescence 

microscopy. 
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Figure 3.1. Assembly of spools using segmented MTs. (a) Formation of 
segmented MTs by mixing various ratios of bonding (blue) and non-bonding 
(green) MTs.  (b) Photomicrographs showing the resulting three types of MTs: 
blue, bonding MTs, green, non-bonding MTs, and blue-green segmented MTs 
consisting of bonding and non-bonding domains. (c) Schematic illustration of the 
in vitro gliding motility assay used to assemble the spools in which surface-bound 
kinesins translate the MTs (top panel); the addition of streptavidin-coated QDs 
(middle panel) results in the formation of spools (bottom panel). Scale bars = 10 
µm. 

The morphology of the spools revealed qualitative changes based on the 

introduction of MTs containing non-bonding domains. When only bonding MTs 
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were present, the resulting spools generally adopted an oval or circular shape 

with densely packed MT layers and occasional structural variants in the form of 

loops and spirals (Fig. 3.2a, 0%), consistent with prior reports.32,168,169,205 With 

segmented MTs, the spools adopted more irregular shapes characterized by a 

decrease in the packing MT density, as well as larger gaps and loops that were 

primarily associated with non-bonding domains (Fig. 3.2a). We also observed 

unbound ‘tails’ consisting of non-bonding (green) domains of the segmented MTs 

(Fig. 3.2a, 80%). Overall these observations demonstrate the ability of kinesin 

motors to drive the assembly of stable spools from segmented MT building 

blocks. 

 

Figure 3.2. Spool morphology and size. (a) Fluorescence micrographs of spools 
showing structural differences across the different percentages of non-bonding 
MT domains. Scale bar = 5 µm. Average (b) density and (c) area of spool for 
different levels of non-bonding MTs. Error bars = standard deviation.  Number of 
measurements (n) used to determine spool density was 10 fields of view for each 
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treatment; n used to determine spool areas was 98, 101, 44, 29, 20, and 26 for 0, 
20, 33, 50, 66, and 80% non-bonding domains, respectively. 

We assessed the quantitative differences between the bonding and 

segmented spools by measuring the inner diameter of MT spools as it is 

strongly dependent on the nucleation mechanism.31 The average inner 

diameters (Fig. A3.1a) formed from bonding and segmented MTs were 

similar, 2.3 ± 2.2 μm (mean ± standard deviation) and 2.1 ± 1.5 μm, 

respectively (P = 0.481), and suggest that spools formed from both types of 

building blocks assembled by a combination of pinning and simultaneous 

collision.31 The density of spools (i.e., number of spools per area) was also 

evaluated at 30 min post-introduction of sQDs. Here, a decrease in the 

density of spools was observed when comparing bonding and segmented 

MTs, 700 ± 190.5 and 212.5 ± 79.1 spools per mm2, respectively (P < 0.001). 

Further, the density of spools exhibited an inverse correlation with respect to 

percentage of non-bonding domains (Fig. 3.2b; r = -0.895; P = 0.02), which 

intuitively may be explained by the reduction in bonding domains capable of 

nucleating the formation of a spool. 

The subsequent growth of the spools may be characterized by the 

thickness and/or area of a spool. These properties are a product of (i) the 

growth process in which colliding MTs are sequentially added to the outer 

perimeter of the existing spools,168,200 and (ii) the loss of any MTs from the 

rotating spools. The average thickness of spools (Fig. A3.1b) formed by 

segmented MTs (0.6 ± 0.3 μm) was smaller than those formed by bonding 

MTs (0.9 ± 0.4 μm; P < 0.01). Further, the thickness of the spools was 
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inversely correlated to the percentage of non-bonding MTs (Fig. A3.1b; r = -

0.973; P < 0.002). The mean area of a spool formed from segmented MTs 

(6.3 ± 5.8 μm2) was also smaller than that observed for bonding MTs (8.5 ± 

6.2 μm2; P <0.001), and inversely correlated with the percent of non-bonding 

MTs (Fig. 3.2c; r = -0.925; P = 0.008). Collectively these results suggest that 

the presence of non-bonding MTs has an adverse effect on the growth of 

spools. 

 

Figure 3.3. Theoretical vs. measured fraction of non-bonding MTs in spools. The 
blue line shows the fraction of non-bonding MTs that would theoretically be 
expected in spools assuming that all types of MT building blocks were 
incorporated at an equivalent rate. The orange line extends this theory with the 
assumption that only bonding and segmented MTs are incorporated into spools. 
Here, measured experimental data of the initial MT counts and length 
distributions were used in the theory to predict the fraction in spools. The green 
line shows the measured fraction of non-bonding MTs in spools based on 
fluorescence images Error bars = standard deviation. Note: (80% defects data 
excluded due to insufficient number of observations and large variability). 
 

Examing the fraction of non-bonding domains and MTs in  spools can offer 

important insights as to how domains that cannot form biotin-streptavidin 
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bonds are managed during the assembly and growth processes. If one 

assumes that all MTs are incorporated at equivalent rates, the fraction non-

bonding domains and MTs expected to be incorporated into spools may be 

estimated simply by the ratio of the two different MT types (Fig. 3.3, blue 

line). Because non-bonding MTs lack biotin, it is assumed that their 

incorporation into spools should be minimal and may be removed from the 

theory by excluding purely non-bonding MTs (Fig. 3.3, orange line). Here, 

measured experimental values of number and lengths of non-bonding MTs 

(Fig. A3.2) were used in the modified theory. These estimates were then 

directly compared with experimental data in which the fraction of non-

bonding MTs in spools was measured via fluorescent intensity at 30 min, 

(green line; note that data for 80% defects were excluded due to a low 

number of observations and high variability). Details of these calculations 

are provided above in the Experimental section. The measured fraction of 

non-bonding MT in the spools (green line) shows deviation from both the 

theoretical predictions (blue and orange lines), which may be explained by 

two potential mechanisms. First, although the segmented MTs can 

incorporate into spools, the frequency of incorporation may be lower due to 

the presence of non-bonding domains. Alternatively, the non-bonding 

domains of the segmented MTs that were initially incorporated into the 

spools may be broken and released due to the high bending energy in the 

spool and inability of non-bonding domains to compensate for this energy 

with stabilizing biotin-streptavidin bonds. In addition, because spools rotate 
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at a constant angular velocity, the kinesin motor transport MTs at different 

linear velocities depending on where they are in the spool,198 which can lead 

to additional strain between adjacent MTs in a spool. The latter hypothesis 

(i.e., removal of non-bonding domains) is exemplified in Fig. 3.4a, where a 

non-bonding “tail” is severed from a spool. As these tails are not stabilized 

through lateral bonding to adjacent MTs, sharp kinks and bends may form 

as the spool rotates; during such events, the tail segment forms a bend that 

exceeds the critical radius of curvature (~0.6 μm)238  at which  point the non-

bonding domains of the segmented MTs break, and are released from the 

spool. This behavior is a direct result of the dynamic character of this motor-

driven, non-equilibrium system.    

Breakage and release of the non-bonding domains of the segmented MTs 

over time should result in an overall increase in the number of non-bonding 

MTs moving freely in the gliding motility assay (i.e., green MTs not 

associated with spools). Thus, the release of non-bonding domains of the 

segmented MTs may be quantified by measuring the density of unattached 

defect MTs at various time points (Fig. A3.3a). Indeed, we observed an 

average increase of ~190% in the number of non-bonding MTs across the 

different non-bonding MT levels (20-80%) over a thirty-minute period.  As 

shown in Fig. 3.4b, this effect was dependent upon the ratio of non-bonding 

in segmented MTs, with the greatest increase in density of unattached non-

bonding MTs was observed at 20% defects (421% increase), and the 

smallest increase was observed at 50% defects (86% increase). These data 
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support the hypothesis that segmented MTs are preferentially broken into 

bonding and non-bonding MTs, and that the non-bonding MTs are 

disproportionately released from the spools due to the lack of stabilizing 

biotin-streptavidin bonds. To ensure that the observed increase was not 

simply caused by random shearing or breakage of MTs, we also quantified 

 

Figure 3.4. Breakage and release of non-bonding MTs. (a) Time-lapse 
micrographs demonstrating breakage and release of a non-bonding MT domains. 
Scale bar = 5 µm. (b) Change in average density () and average length () of 
free non-bonding MTs as a function of the relative non-bonding MT level (t= 30 
min). Number of measurements (n) used are listed in Fig. A3.4 & A3.5. Error bars 
= propagated standard errors. 
 

the change in length of non-bonding MTs over the same period (Fig. 3.4b 

and S3b). Here, a ~36% decrease in length was observed for non-bonding 
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MTs (20-80% defect levels). It is likely that non-bonding domains removed 

from spools experience shortening, as the breakage that releases these 

domains will not occur solely at the interface of non-bonding and bonding 

domains, but also in the middle of non-bonding domains. The change in 

density and length of bonding and segmented MTs was also measured to 

confirm that the release of non-bonding MTs was indeed preferential, relative 

to the bonding MTs. These data suggest that bonding and segmented MTs 

are released from spools, but at a much lower level (Fig. A3.4 and A3.5). 

Thus, we conclude that defect, non-bonding domains and MTs are 

autonomously and preferentially removed as part of the active self-assembly 

of MT spools. 

 

Figure 3.5. Spools integrate or reject MTs upon collision.  Time-lapse 
micrographs showing (a) rejection of bonding MT (red), and (b) integration of 
non-bonding MT (green) into the spool. Note: the spool is rotating counter-
clockwise.  Scale bar = 5 µm. (c,d)  Collision angles of unattached  non-bonding  
(),bonding(), and segmented () MTs that integrated into (outer) or were 
rejected from (inner) spools. d) Diagrams of an MT encountering spools at angle 
θ greater than (left) and less than (right) 90˚. 

We also assessed how non-bonding domains and MTs affected the 

incorporation of MT building blocks during spool growth. Fig. 3.5a shows an 
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example of a bonding MT being rejected from a spool, while Fig. 3.5b shows 

a non-bonding MT being incorporated into the same spool. We observed that 

the collision angle (θ) determined whether an MT building block would either 

be incorporated into or rejected by the growing spool. Specifically, MTs 

colliding with rotating spools displayed a significantly greater probability of 

being incorporated when θ < 90° (P < 0.0001; Fig. 3.5c, d). Incorporation 

was independent of the MT type; i.e., all three MT types displayed similar 

rates of incorporation at θ < 90°. While this observation may appear 

inconsistent with regard to non-bonding MTs, the incorporation of non-

bonding MTs into spools is transient and likely results from being sterically 

trapped in gaps/loops in the spool. Collisions at θ > 90° largely result in 

rejection of the MT building blocks due to the shear force generated by MTs 

moving in opposing directions.  

By segregating and eliminating the non-bonding defective domains of the 

segmented MTs, the energy dissipated during assembly effectively parallels 

the action of defect annealing or hot-working in metals, where thermal or 

mechanical energy is used to redistribute or remove defective domains from 

a material. In effect, the active assembly process is prioritizing functionality, 

and eliminating MTs that fail to meet the functional standard of this system. 

Collectively, this knowledge establishes a critical foundation upon which 

more advanced biomolecular and hybrid nanomaterials may be designed 

and developed based on active assembly processes.   
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Conclusions 

Here, we described how defect, non-bonding domains in MT building 

blocks affect the active assembly and behavior of motor-driven MT spools. Active 

assembly of spools was observed using segmented MT building blocks 

consisting of alternating bonding (biotinylated) and non-bonding domains with 

varying lengths and frequencies. Use of these building blocks resulted in spools 

with altered morphologies, reduced densities, and reduced areas. Moreover, we 

observed the autonomous and preferential removal of the non-bonding domains 

from spools over time, which may be attributed to the lack of bond formation 

necessary to offset the mechanical strain induced during the dynamic rotation of 

the spools. Furthermore, the ability of free MTs (segmented, bonding, and non-

bonding) to incorporate into the spools was shown to be strongly contingent on 

the collision angle (θ < 90°).  Overall, our findings provide fundamental insights 

into how energy dissipation can be used to regulate the composition of actively 

assembled structures, particularly with respect to quality control of defective 

building blocks. These observations will guide future development of 

nanostructured materials with adaptive and self-healing behaviours. 
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Figure A 3.1. Average inner diameter and thickness of spools. (a) Average inner 
diameter of spools for each non-bonding MT level. (b) Average thickness of 
spools as measured by the difference between outer and inner radii. Number of 
measurements (n) was 98, 101, 44, 29, 20, and 26 for 0, 20, 33,50, 66, and 80% 
levels of non-bonding MTs, respectively. Error bars= standard deviation. 
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Figure A 3.2. Average length and count of MT domains within the segmented 
MTs. Average (a) length and (b) count of bonding (blue bars) and non-bonding 
(green bars) MT domains in segmented MTs as a function of percent non-
bonding MT level. Number of measurements for (a): blue bars =80, 70,70, 69 
,81 and green bars=68, 73, 64, 90, 95 for 0, 20, 33,50, 66, and 80% levels of 
non-bonding MTs, respectively. Number of measurements for (b) for blue and 
green was 7,44, 51, 56, 76 for 0, 20, 33,50, 66, and 80% levels of non-bonding 
MTs, respectively. Error bars = standard deviation. 
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Figure A 3.3. The average density and length of unattached non-bonding MTs 
(i.e., not in spools) as a function of percent non-bonding MTs. (a) average 
density and (b) length were measured prior to (solid lines/closed circles, t=0) and 
after adding sQDs (dashed lines/open circles, t=30min) for non-bonding MTs. 
Number of measurements for each data point in (a) was 5 images. Number of 
measurements for (b) was: (i) solid line= 44,74,104,142,111,102; dashed line = 
98,104,89,100,108,102 for 0, 20, 33,50, 66, and 80% levels of non-bonding MTs, 
respectively. Error bars= standard deviation. 
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Figure A 3.4. Average change in density and length of bonding MTs as a 
function of non-bonding MT level. Average (a) density and (b) length were 
measured prior to (solid lines/closed circles, t=0) and after adding sQDs (dashed 
lines/open circles, t=30 min) for bonding MTs. Number of measurements for each 
data point in (a) was 5-6 images. Number of measurements for (b) was : (i) solid 
line = 90,80,74,85,74,58; dashed line = 74,88,129,75,77,54 for 0, 20, 33,50, 66, 
and 80% levels of non-bonding MTs, respectively. Error bars for (a) and (b)= 
standard deviation. (c) Change in the average density () and length () of 
unincorporated bonding MTs as a function of the non-bonding defective MT level. 
Number of measurements is the same as (a) and (b). Error bars= standard error 
of the mean. 
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Figure A 3.5. Average change in density and length of segmented MTs as a 
function of non-bonding MT percent. Average (a) density and (b) length were 
measured prior to (solid lines/closed circles, t=0) and after adding QDs (dashed 
lines/open circles, t=30 min) for segmented MTs. Number of measurements for 
each data point in (a) was 5-6 images. Number of measurements for (b) was: (i) 
solid line=57,69,89,105,75; dashed line =58,76,75,79,47 for 0, 20, 33,50, 66, and 
80% levels of non-bonding MTs, respectively. Error bars for (a) and (b)= standard 
deviation. (c) Change in the average density ( ) and length (  ) of segmented 
MTs as a function of the non-bonding defective MT level. Number of measurements 
is the same as (a) and (b). Error bars= standard error of the mean.  
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Abstract 

Nanoscale transport using the kinesin-microtubule (MT) system has been 

successfully used in many nanotechnological applications including self-

assembly, nanofluidic transport, and biosensing. These applications commonly 

use lithography to create physical or chemical patterns to guide MT motion in the 

gliding motility geometry, in which surface-adhered kinesin motors attach and 

propel MT filaments across a planar surface. However, these patterning 

techniques have been shown to limit the MT trajectories, where MTs can escape 

the barriers and lead to stalling or complete loss of MTs in the assays. In the 

present work, we prepared biocompatible substrates to explore the regulation of 

MT transport behaviors by: (i) chemically modifying surfaces using ω-

functionalized alkanethiol self-assembled monolayers (SAMs) on gold with three 

(amine, carboxyl, and methyl) different functionalities, (ii) depositing fetal bovine 

serum (FBS) proteins on SAMs with varying secondary structures modulated by 

underlying functional groups of the SAMs and (iii) silicifying the layers to preserve 

the surface. Each layer was characterized using X-ray photoelectron 

spectroscopy (XPS), water contact angle, atomic force microscopy (AFM), and 

scanning electron microscopy (SEM) was used for the FBS layer only. We 

characterized the effects of surface chemistry and roughness of each layer on 

MT motility by tracking MTs to determine their velocities, trajectories, and 

displacement. Among all the modified surfaces, silicified surfaces revealed 

excellent properties supporting kinesin adhesion and MT transport, and hence, 

could be used as a potential model surface to guide motion on complex 
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substrates. Overall, this work establishes novel patterning techniques capable of 

supporting kinesin-based transport and provide valuable insights regarding 

biomolecular transport on complex nanostructures for future development of 

biosensing and probing applications. 
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Introduction 

Miniaturization of lab-on-a chip devices to micro- and nanoscale dimensions 

necessitates hybrid systems integrating biological components239. Recently, 

attention has been geared towards using biological motors to power such devices 

since motor technologies based on silicon or related material are still in their 

infancy240–243. In cells, active transport is achieved by motor proteins capable of 

efficiently transporting cargo along cytoskeletal filaments via energy dissipation in 

the cytoplasm. One specific example is the motor protein kinesin-1, capable of 

carrying cell organelles and macromolecules over long distances along 

microtubule filaments244. Microtubules (MTs) are hollow polymeric protein 

filaments with a diameter of ~ 25 nm and tens of micrometers in lengths that form 

a 3D transportation network within the cell239. Kinesin motors can transport cargo 

at rates of ~ 12 µm s-1  with energy  efficiency of ~ 50% 11,245.  

The intriguing properties of kinesin-based transport of molecular shuttles (MTs) 

made them of prime interest for applications in hybrid nanoscale systems. For 

example, this transport system has been used for molecular cargo pick-up and 

drop off, molecular cargo assembly, assembly of MT spools, and a prototype 

smart-dust biosensor173,174,189,246. These systems have been largely achieved 

using the well-established in vitro “gliding assay”, in which surface-adhered kinesin 

motors attach and propel MTs across a planar surface (Figure 4.1). Propulsion 

events in these assays enable the free end of the leading tip of the gliding MT to 

undergo thermal fluctuations until it locates and binds to a motor, and the 

remaining part of the MT stays anchored to the other motor proteins, a “search-
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and-catch” mechanism that inspired the integration of such system into actively 

probing topographical and chemical properties of a surface129,146,173,247–249. 

 

Figure 4.1. Schematic of the in vitro gliding motility assay on top layer (SiO2). 
Kinesin motors attach and translate MTs via ATP hydrolysis on: (1) alkanethiol self-
assembled monolayer (SAM), in which MT motility was evaluated on each of the 
following functional groups:  CH3, COO

-
, and NH3

+
, (2) Fetal bovine serum (FBS) 

coated SAMs, and (3) silicified FBS on SAMs. 

The production of nanoscale devices necessitates the development of 

nanofabrication processes that enable the integration of motor proteins without 

impacting their functionality243. Thus far, many nanofabrication processes are 

capable of creating structures with dimensions comparable to motor proteins and 

MTs, however, device fabrication techniques require chemistries that tend to be 

incompatible with biological materials243,250.  For example, patterning using 

biological constituents  such as proteins and cells has been explored in many 

applications including biosensor technology, tissue engineering, as well as 

fundamental studies of cell biology251–257. One very common and extensively used 

technique to attain such patterns is photolithography. This technique, however, 

possesses limitations including high costs of equipment, requirement for clean 
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room access, and hindering of specific chemical and ligand functionalization onto 

surfaces for bio-specific adsorption251. Such techniques have also been shown to 

be problematic to the kinesin-MT system in which low quality of motility has been 

reported using lithographically nanostructured surfaces, MTs tend to get stuck and 

block transport paths, eventually causing MT detachment and loss. As such, a 

more biocompatible alternative is necessary, and one very commonly used 

technique for protein and cell patterning as an alternative to photolithography is to 

pattern a surface by altering the chemistry of the surface using self-assembled 

monolayers (SAMs)251.  

SAMs on a metal substrate are routinely used to investigate the influence of 

surface-chemistry induced cellular responses, as they have been shown to be 

excellent model systems for controlled surfaces258–263. SAMs offer many 

advantages that include a wide variety of chemical functionalities and chain lengths 

that can be easily synthesized with tunable surface properties, efficient self-

organization into nanoscale thickness layers on gold without the requirement of 

external stimuli, and amenability to excellent characterization at the molecular 

level264–268. The ability to control the functional groups presented on the SAMs’ 

surfaces renders them suitable to study specific and non-specific protein 

adsorption to surfaces251.  We have previously shown that the combination of 

topographic patterns and surface chemistry (i.e. SAMs)  affect adhesion of kinesin 

motors, further influencing MT motility and self-assembly of nanostructures35.   In 

the present work, SAMs with three different functional groups (COO-, NH3+, and 

CH3) were used as model surfaces, and served as the first layer to explore the 
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effect of substrate chemistry on microtubule motility (Figure 4.1).CH3-SAMs are 

hydrophobic, while COO- and NH3+ are relatively hydrophilic. At physiological pH 

(7.4), the COOH SAM displays a negatively charged surface, whereas NH2 SAM 

displays a positively charged surface269,270.  

 In vitro assays involving kinesin-MT studies, glass is typically the substrate of 

choice for its hydrophilic properties, where it allows for deposition of proteins 

necessary for bioactivity of the assays. Previous studies revealed that the 

interaction of internal hydrophobic domains of proteins with surfaces leads to 

changes in the secondary structures of the proteins271,272. These studies inspired 

us to explore the dominating effects of biomolecular motor protein interaction on 

protein patterns that exhibit various orientation and structures driven by surface 

functionality (i.e. SAMs with alternating charge and hydrophobicity). Our goal was 

to vary the resulting structures on the surfaces using proteins not directly involved 

with the assay. Here, MT motility was explored on serum proteins adsorbed on 

these modified surfaces (i.e., second layer), in which SAMs of each functional 

group was incubated separately in fetal bovine serum (FBS) prior to motility assay 

studies (Figure 4.1).  

The first set of experiments focused on the effects of surface charge and 

secondary protein structures on MT motility using SAMs and FBS-coated SAMs, 

respectively. The next step was to maintain surface roughness using a well-

established silicification process to better understand how the underlying surface 

features affect MT movement. As the predominant biomineralization method in 

nature, the biosilicification process resulting in silica under mild physiological 
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conditions has attracted biologists, chemists, and materials scientists due to its 

ability to construct exquisite architectures with great structural control over nano- 

to millimeter length scales273–277. Cellular biosilicification is a self-limiting 

biomolecular surface-directed silica assembly process that results in nearly an 

exact replica of external and internal cellular architecture in the form of nanometer 

(<10 nm) thick silica layers273–275. Brinker et al.273–276 reported that under mild 

acidic solution conditions, silica deposition is restricted to proteinaceous 

biomolecular surfaces, which serve as silica condensation catalysts. Once the 

catalytic sites are occluded, deposition is terminated, resulting in precise 

replication of inter- and intracellular heterogeneity. Cellular biosilicification also 

causes mechanical stabilization even after simple drying of the samples without 

significant dimensional changes. As such, a silicification process (i.e., third layer) 

was conducted on protein-coated (i.e., FBS) SAMs to maintain variation in the 

surface roughness to investigate the effect of the underlying topography of 

substrates on MT motility (Figure 4.1).  

Overall, this work demonstrates the effects of surface chemistry and roughness 

on biomolecular motor protein adhesion and transport by using a set of “bottom-

up” biocompatible fabrication techniques for future development of bioassays and 

molecular sensors.  

Materials and methods  

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. 
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Fabrication of self-assembled monolayers (SAMs) 

Round 15mm glass cover slips (26021, Ted Pella Inc.) were coated with gold 

and used as substrates for self-assembled monolayer (SAMs) formation. 

Coverslips were etched for 30 min prior to gold deposition in Piranha solution [70% 

(v/v) concentrated H2SO4, 30% industrial grade H2O2 (Fisher Scientific)] rinsed 

with diH2O, and blown dry with N2. Gold coating was conducted by sequential 

electroevaporation of optically transparent films of a chromium adhesion layer (2 

nm; High Vacuum Evaporator Systems), followed by gold (30 nm, 99.99% purity; 

Plasmaterials). Metal deposition was accomplished at 2 nm/s using a Thermionics 

VE-90 vacuum Evaporation System (TLI Enterprises) with chamber pressures at 

or below 1×10-5 Torr. Freshly prepared gold substrates were immersed in 1mM 

ethanolic alkanethiol solutions [1-dodecanthiol (471364); 11-mercaptoundecanioc 

acid (450561-5G); 11-amino-1-undecanethiol, hydrochloride 1 N NaOH (A423-12, 

Dojindo Laboratories)] and SAMs were allowed to assemble for 12 h. Etched cover 

glass and gold-coated cover glass  were incubated alongside SAMs in absolute 

ethanol. Before use or characterization, samples were cleaned of unbound thiols 

in absolute ethanol and dried with N2.  

Protein deposition 

To permit silicification of SAMs surfaces, non-specific protein deposition was 

accomplished by incubating SAMs in buffered media (Dulbecco’s Modified Eagle 

Medium (DMEM, Gibco) with 10% fetal bovine serum (FBS, Gibco) for 1 hour. 

Samples were rinsed with 1X phosphate buffered saline (PBS) and di-ionized 

water for salt removal and dried with N2. 
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Silicification 

For silicification, protein coated SAMs samples were rinsed with 1X PBS (Life 

technologies, Carlsbad, CA) and deionized water, then immersed in a silicification 

solution containing 100 mM tetramethyl orthosilicate (TMOS, ≥99%), 150 mM 

Sodium Chloride (NaCl) and 1.0 mM Hydrochloric acid for 24h at room 

temperature. After 24h silicification, samples were dehydrated by sequential 

rinsing in deionized water, 30% ethanol, 50% ethanol, 70% ethanol, 90% ethanol, 

and 100% ethanol (KOPTEC) for 5 min in each solution and allowed to air dry for 

24h before storing at room temperature for further use. 

Contact angle measurements 

Static contact angles and images were evaluated using the sessile drop 

technique on a Model 100-00-115 Advanced goniometer (ramé-hart Instrument 

Co.). Briefly, 5 µL of ultrapure water was pipetted onto the sample surface and the 

contact angles were measured immediately after drop formation to minimize the 

effect of dynamic surface wetting and evaporation. Contact angle measurements 

between the water droplet and the sample surface were determined using 

DROPimage Standard software (ramé-hart Instrument Co.). This procedure was 

repeated three times at different sites on the same surface, and the contact angle 

of sample was expressed as the mean ± standard deviation of the three contact 

angle measurements. 

X-ray photoelectron spectroscopy (XPS) 

Elemental compositions of the surfaces were determined by XPS using a Kratos 

AXIS Supra. Base pressure of the system was less than 5 x 10-9 Torr.  A 
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monochromatic Al Kα (1486.7 eV) operating at 75 W was used as the source.  In 

general, three spots on each sample were analyzed, and analysis region sizes 

were 300 x 700 microns elliptically.  Survey spectra were recorded at 160 eV pass 

energy with 1.0 eV step sizes and 100 millisecond dwell times.  High resolution 

scans were performed with 20 eV pass energy, 50 meV step sizes, and 200-600 

millisecond dwell times depending on the signal of the core line of interest.  Charge 

neutralization was provided from low energy electrons from a filament above the 

sample. Data was processed using CasaXPS (Casa Software Ltd.) using the built-

in Kratos relative sensitivity factors for quantification. 

Atomic force microscopy (AFM) 

A Bruker (formerly Veeco) Dimension 5000 was used to scan and measure the 

surface topography of the samples. Three 10 µm2 regions on the sample surface 

were scanned with tapping mode, using Bruker TESP-HAR tips, with a scan rate 

ranging from 0.2 Hz to 0.5 Hz. Slower scan rates were used for the samples with 

varied topography, while the faster scan rates were suitable to the more uniform 

surfaces. Image processing was limited to one dimensional flattening, and root 

mean square surface roughness analysis on the flattened images was done using 

Nasoscope software from Bruker. 

Scanning Electron Microscopy (SEM) 

The sample slides were mounted on SEM stubs (Ted Pella, Inc.) using 

conductive adhesive tape (12 mm OD PELCO Tabs, Ted Pella, Inc.). Samples 

were then sputter coated with a 10-nm layer of gold using a Plasma Sciences CrC-

150 Sputtering System (Torr International, Inc.). SEM images were acquired under 
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high vacuum, at 20-30 kV, using an FEI Quanta 3D FEG, (FEI, Hillsboro, OR, 

USA).  

Preparation of motor proteins 

Full-length Drosophila melanogaster kinesin-1 from the pPK113 expressing 

plasmid98 was expressed in Escherichia coli BL21 (DE3) pLysS cells. Briefly, when 

the culture reached an OD600nm of ~0.7, protein expression was induced through 

the addition of 0.5 mM isopropylthio-β-galactoside (IPTG). Cells were harvested 

by centrifugation at 9000×g, and stored at -80°C. Cells were lysed using 

BugBuster® with Benzonase® (EMD Biosciences, Inc., Billerica, MA) and 100 mM 

AEBSF (4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride. Kinesin was 

then purified by Ni-NTA chromatography as previously described98,156. Protein 

concentration was determined by standard bicinchoninic (BCA) assay to be 4 µM. 

Aliquots of the protein were snap frozen in liquid nitrogen and stored at -80°C. 

Preparation of Microtubules 

 Lyophilized unlabeled tubulin and Hilyte Fluor 488 labeled tubulin purified from 

porcine brain were purchased from Cytoskeleton Inc. (Denver, CO) and used 

according to manufacturer’s instructions without further modification or purification. 

Fluorescent and unlabeled microtubules (MTs) were prepared by resuspending 

lyophilized tubulin in BRB80 buffer (80mM PIPES pH 6.9, 1 mM MgCl2, 1 mM 

EGTA) containing 1mM GTP and 10% glycerol to a final tubulin concentration of 5 

mg ml-1. HiLyte™ Fluor 488 tubulin and unlabeled tubulin were mixed (25: 75 molar 

ratio), then polymerized at 37 °C for 30 min, and stabilized against 

depolymerization using BRB80 solution containing 10 µM paclitaxel for a final 
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tubulin concentration of 0.1 mg ml-1. MTs were incubated at room temperature for 

three days to fuse. 

Motility assays 

Inverted kinesin motility assays were performed by constructing a capillary flow 

cell on a glass slide using double-sided tape and a coverslip containing the 

designated layer, with average channel dimension of ~20 mm long, 5 mm wide, 

and 0.2 mm deep. Kinesin was diluted to 8 nM in 80mM PIPES with 2 mg mL-1 

casein and 2 mM Adenosine 5′-(β,γ-imido) triphosphate (AMP-PNP), a 

nonhydrolyzable form of ATP used to immobilize the microtubules. This solution 

was added to the flow chamber and incubated for 5 minutes. The flow cell was 

then washed using motility solution (BRB80 containing 0.2 mg mL-1 casein, 1 mM 

AMP-PNP, 0.02 mg mL-1 glucose oxidase, 0.008 mg mL-1 catalase, 20 mM D-

glucose, and 1 mM DTT) to remove unbound motors. Paclitaxel stabilized MTs 

were diluted in motility solution as described above except substituting 1 mM ATP 

for AMP-PNP to facilitate MT mobility. MTs were infused into the flow cell and 

incubated for 5 minutes to allow MTs to bind to the kinesin coated surface. The 

flow cell was washed with motility solution containing ATP to remove any unbound 

MTs.  

Fluorescence Microscopy 

 The assays were imaged with two different microscopy systems: (1) Olympus 

IX-71 inverted fluorescence microscope with a 60x 1.42NA oil immersion objective, 

Orca3CCD digital camera (Hamamatsu), and U-MWIB3 (488 fluorophores) filter 

set, and (2) Lecia DMI3000 B inverted fluorescence microscope with a 63x 
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1.518NA oil immersion objective and Hamamatsu C11440 Orca flash 4.0 digital 

camera. 

Image and Statistical Analysis 

Image processing and manual tracking of MTs using MTrackJ were performed 

in Fiji234. Statistical analysis and plotting were performed using Sigmaplot 13.0 

(Systat Software, San Jose, CA). Krushal-Wallis ANOVA (analysis of variance) on 

Ranks using Dunn’s or Mann-Whitney post-test were used for data analysis. 

Differences were indicated by p-values < 0.05. All results were expressed in mean 

± standard error of the mean.  

Results and discussion 

Characterization of modified substrates 

Surface properties for (i) SAMs, (ii) FBS-coated SAMs, and (iii) silicified, FBS-

coated SAMs were characterized by X-ray photoelectron spectroscopy (XPS) to 

detect the elemental composition near the outermost surface (~10 nm depth), 

contact angle measurements to determine surface wettability, and Atomic Force 

Microscopy (AFM) to evaluate surface topology and roughness. Each layer was 

characterized prior to MT motility studies, and results are summarized in Table 4.1, 

Figure 4.2, and Figure A4.1. To demonstrate changes in surface upon layer 

addition, characterization results are discussed for each layer separately.   

Characterization of self-assembled monolayers (SAMs) 

Previous studies have shown the quality of SAMs is highly dependent on the 

cleanliness of the substrate, purity of reagents, intrinsic stability of SAMs, and 
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adventitious contamination caused by self-assembly and storage processes.278–282 

Therefore, since many factors can influence the SAM adsorption/arrangement on 

the surface, further influencing the following added layers and the MT motility 

results, we characterized the ultra-thin SAMs layer using multiple characterization 

methods, and further applied the testing procedure as a routine check to the added 

layers to determine changes on the surface. 

 

Table 4.1. X-ray photoelectron spectroscopy atomic composition and static water 
contact angles (n=3; values are mean ± SEM) of SAMs, FBS coated SAMs, and 
silicified SAMS following FBS coating. Numbers in parentheses are theoretical 
values. 

Contact angle measurements of the SAMs, shown in table 4.1, were in 

agreement with those reported in literature for similar SAMs.259,283–286 As expected, 

the SAMs with polar groups tended to increase wettability (ɵ < 90°), whereas 

hydrophobic/nonpolar groups decreased wettability (ɵ > 90°). The untreated glass 

substrate was the most hydrophilic (ɵ = 29.3 ± 2.2°), while the gold-coated glass 
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(Au) was moderately hydrophilic (ɵ = 73.9 ± 1.2°). The difference in water contact 

angles between the Au and the SAMs/Au further confirms the presence of the 

varying functional groups on SAMs. Specifically, the COO- and NH3+-SAMs 

exhibited hydrophilic characteristics (ɵ = 36.3 ± 0.1°, 49.2 ± 1.1°, respectively), 

while the CH3-SAM had the highest contact angle (ɵ = 100.7 ± 2.0°) due to the 

hydrophobic nature of the monolayer.280,285,287 

Complementarily, composition results from XPS analysis shown in Table 4.1 

confirmed the wettability measurements. The values obtained for the SAMs were 

in general agreement with expected theoretical compositions (shown in 

parenthesis in Table 4.1) based on molecular structures of the alkanethiols used 

in this work. COO- and NH3+ SAMs were easily confirmed by the presence of 

oxygen (5.5 at %) and nitrogen (1.8 at %). Carbon was detected on untreated glass 

and Au, which is indicative of organic contamination on these surfaces, along with 

oxygen on NH2-SAM, which might have been the result of oxidized sulfur 

species.279,288,289  

Surface morphology and roughness (root mean square) of all layers obtained 

using the AFM method are shown in Figure 4.2 and Figure A4.1. The 3D AFM 

images demonstrated surface morphologies with nanoscale roughness for the 

SAMs (Figure 4.2c, and Figure A4.1a) compared to glass (Figure 4.2a). Au (Figure 

4.2b), COO- (Figure 4.2c), and NH3+ (Figure A4.1a) had similar smooth 

topography, however, NH3+ had additional dispersed tall peaks on the surface. In 

contrast, CH3 displayed considerably large peaks and valleys on the surface 

(Figure A4.1a).  
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Figure 4.2f shows the roughness values (mean ± SEM) for SAMs (grey bar), and 

higher roughness values for SAMs as compared to glass and Au indicated surface  

 

Figure 4.2. Atomic force microscopy (AFM) topography images of a) glass, b) Au, 
c) COO

-
, d) COO

-
 + FBS, e) COO

-
 + FBS + SiO2. Only COO

-
  terminated SAM is 

shown to demonstrate change in topography due to added layers, remaining AFM 
images are in Figure A 4.1f) Average surface roughness (n = 3 regions on the same 
sample) of SAMs (grey), FBS coated SAMs (black), silicified FBS coated SAMs 
(white). Error bars= standard error of the mean.  

modification with thiolated SAMs. Glass surface roughness was similar to 

previously reported value290 of 1.5 ± 0.1 nm, while Au had rougher surface of 4.9 

± 0.06 nm. Such high roughness value of Au could be attributed to defects that 

occurred during the deposition process, which led to island-like nanoclusters on 

the surface as opposed to the desired continuous metal film. Considering the 

nature of the SAMs used in our study, specifically the similarity in chain length, 

synthesis method, and their ability to assemble into a well-ordered thin film, we 
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expected the roughness to be similar and smooth for all three end groups. Indeed, 

we found similar roughness values for COO- and NH3+ of 5.42 ± 0.07 nm, and 5.41 

± 0.2 nm, respectively, which indicated deposition of smooth, tightly packed layers. 

Surprisingly, CH3 had the roughest surface, attributed to the topographic tall peaks, 

with a roughness of 9.14 ± 0.7 nm, almost double the roughness of COO- and 

NH3+.  

It has been previously demonstrated that SAM surfaces can become unstable 

over time, and specifically, CH3-SAMs can undergo partial desorption from the 

surface291–296. The desorption of CH3-SAMs could have left voids in place of the 

desorbed thiol and exposed the underlying Au layer, which resulted in higher 

roughness than COO- and NH3+. Additionally, a difference in the morphology 

and/or roughness could be due to disordering of the tail groups on the SAMs 

associated with their occupied space and deionization/ionization characteristics. 

COO- SAMs can form a partial bi-layer or a compact monolayer with a mixture of 

diverse morphologies and slightly ordered domains, NH3+ is relatively disordered 

or may form a partial double-layer, and CH3 forms well-ordered 

SAMs.259,279,280,287,297–299  

Considering the wettability results together with the XPS and AFM 

measurements, we conclude the ω-functionalized alkanethiols were chemisorbed 

to gold with the terminal functional group at the outermost layer exposed. 

Additionally, the synthesized SAMs exhibit appropriate chemical functionality to 

explore the influence of surface chemistry on MT motility, and the subsequent 

addition of a protein layer.  
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Characterization of Fetal Bovine Serum (FBS) coated SAMs 

Surface chemical and physical properties (e.g., wettability, roughness and 

topology) can regulate protein adsorption, adsorbed mass, and protein 

structures259,300–305.  Frequently, protein adsorption on modified surfaces results in 

conformation and/or orientation changes, leading to protein unfolding and 

exposing internal regions to form additional contacts with the surface. Such 

processes (i.e., protein denaturation) are often associated with loss of secondary 

or tertiary structures that lead to irreversible adsorption.272,306–308   

We used FBS, a supplement for in vitro cell culture of eukaryotic cells, as the 

primary source of proteins in our studies. FBS consists primarily of bovine serum 

albumin (BSA, ~66 kDa) i.e. 35-50 mg/ml300; as such, we hypothesized that most 

of adsorbed protein was BSA, with preferential denaturation/irreversible adsorption 

to hydrophobic surface (i.e. CH3) as compared to other adhesive proteins 

(Fibrinogen (~340 kDa), Fibronectin (~ 440 kDa), and Vitronectin (~75 kDa)) 

present in FBS.271,300,302,309–315 While we anticipated that most adsorbed proteins 

to be BSA, several studies have demonstrated preferential adsorption (i.e. Vroman 

effect316) of other adhesive proteins to hydrophilic SAMs (COO- and NH3+), since 

BSA tended to  adsorb weakly and was displaced by other adhesive serum 

proteins.259,311,317–320   

SAMs were transferred to FBS culture medium immediately after removal from 

the thiol solution to mitigate contamination of surfaces. FBS served as the second 

layer to test MT motility, in which samples were first assessed by contact angle 

goniometry. For FBS-glass, FBS-COO-, and FBS-NH3+, an increase in ɵ was 
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detected. Conversely, a significant reduction in ɵ was seen for FBS-Au and FBS-

CH3. These results agree with previously reported reductions in ɵ for hydrophobic 

SAMs (CH3), and increases for the hydrophilic SAMs (COO-) due to incubation in 

culture medium containing FBS291. Overall, these results suggest that a 

moderately hydrophilic surface is attained through incubation in FBS due to protein 

adsorption on the surface. 

The protein samples provided very similar atomic compositions obtained through 

XPS (Table 4.1). Carbon, oxygen and nitrogen atomic % increased and resulted 

in similar atomic composition due to the amine and carboxyl groups present in the 

peptide bonds and other trace elements from amino acid side chains in 

proteins272,321–325, all of which indicated sufficient protein adsorption on the surface. 

The atomic % of oxygen decreased on FBS-glass as compared to glass, and this 

may be due to the low oxygen concentration in proteins compared to oxygen 

content of glass. Surprisingly, FBS-Au showed small atomic % for nitrogen that 

could be due to instrumental error. Additionally, the atomic % of Au decreased 

significantly for all samples due to denser layer of proteins on the surface. 

Next, the morphology of the surface was evaluated with the added FBS layer 

through AFM, and a dramatic change was detected due to protein presence on the 

surface. FBS-glass had the smoothest topography (Figure A4.1b) with some 

dispersed peaks, followed by incrementally rougher surfaces of FBS-Au, FBS-CH3, 

and FBS-NH3+(Figure A4.1b). FBS-COO- (Figure 4.2d) showed very distinct and 

dispersed peaks compared to all FBS coated SAMs, while the surface around 

those peaks appeared smooth.  
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To better understand the nature of these surfaces, we performed Scanning 

Electron Microscopy (SEM) on the samples (Figure A4.2). Indeed, FBS-glass was 

the smoothest, while the remaining samples contained round structures on the 

surface (diameter ~50-70 nm). The round structures showed a more dispersed 

tendency on the hydrophilic SAMs (COO- and NH3+) and were more tightly packed 

and slightly smaller structures on FBS-Au and FBS-CH3, with additional rod-like 

structures on FBS-CH3. Differences in surface topography are attributed to the 

specific proteins that might have adsorbed from FBS onto the SAM surface, or the 

degree of denaturation, as discussed previously. 

Further, we determined the roughness of the surfaces through AFM analysis, 

and results are summarized in Figure 4.2f (black bars). Results showed similar 

roughness values, except for FBS-NH3+, which had the highest average roughness 

of 7.3 ± 1.8 nm.  This is clearly visible on the AFM images, where FBS-NH3+ (Figure 

A4.1b) appears to have the roughest surface compared to the remaining FBS 

coated SAMs (Figure 4.2d and A4.1b). FBS-glass and FBS-NH3+ (Figure 4.2f, 

black bars) increased in roughness as compared to their underlying layers (Figure 

4.2f, grey bars), which possess hydrophilic properties. Interestingly, FBS-COO- 

(Figure 4.2f, black bar) with a hydrophilic underlying layer did not follow this trend. 

Instead, FBS-COO-  with sufficient protein adsorption of significant heights (Figure 

4.2d) had a similar effect as FBS-CH3 and FBS-Au (Figure 4.2f, black bars) that 

possess slightly more hydrophobic underlying layers, where roughness decreased 

as compared to their previous layers (Figure 4.2f, white bars). This could be due 
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to areas around the proteins on FBS-COO- that are smooth enough to affect the 

RMS measurements of AFM. 

Our results support protein adsorption on the SAMs surfaces, with surface 

modification supported by change in wettability to overall moderate hydrophilic 

surfaces and change in surface composition as compared to SAMs. Variations in 

surface topography and roughness were achieved by employing the ability of 

proteins to conform upon adsorbing to chemically modified surfaces. Overall, this 

method allowed for non-specific patterning of proteins with varying characteristics, 

in which MT motility will be evaluated on, followed by silicification of the layer.  

Characterization of silicified FBS coated SAMs 

The final and third layer to test MT motility was the silicified protein layer present 

on SAMs. The purpose of silicifying the second layer is to  preserve the overall 

structure of proteins and underlying SAMs, and to provide a surface that has been 

well established for MT motility (i.e. glass), with additional roughness due to the 

underlying second layer. 

 As mentioned previously, under mild acidic conditions, silica deposition is limited 

to proteinaceous biomolecular surfaces that serve as silica condensation catalysts, 

however, without any cationic amine, self-condensation of silica precursors are 

suppressed. However, when this solution is added to the cells or proteinaceous 

biomolecular surfaces, the amine groups present on the surface could serve as 

silica condensation catalyst, inducing the silica formation. Once the catalytic sites 

are occluded by redundant silica, condensation is terminated, resulting in precise 

replication of biomolecular features. Here, we used the amine groups present on 



91 
 

the serum proteins to serve as condensation catalysts to successfully silicify and 

preserve the underlying layer. Like previous layers, wettability measurements were 

implemented to determine change in surface, and ɵ values (Table 4.1) changed 

from the previous second (FBS coated SAMs) layer. However, ɵ remained 

moderately hydrophilic for all, including controls, and varied within 10° for the 

silicified surfaces. SiO2-CH3 showed a significant decrease of ~ 29° as compared 

to FBS-CH3, and compared to the remaining silicified surfaces, rendering this layer 

to be the most affected through wettability measurements. Next, XPS analysis 

(Table 4.1) was conducted on samples to determine if there was a change in 

surface composition, and we expected an increase in silica and oxygen atomic % 

for all samples with successful silicification. The Si and oxygen atomic % 

significantly increased for all and varied within 10%, further supporting the addition 

of outermost SiO2 layer. With the SiO2 layer on top, it is inevitable to detect a 

change in the atomic % for the remaining elements. Indeed, mostly a decrease in 

atomic % was detected for Au, carbon, and nitrogen (except for SiO2-Au, due to 

low atomic % for nitrogen in FBS-Au to compare to, as discussed in previous 

section) and resulted in similar atomic % among the different samples for these 

elements, further supporting the silicification of underlying layers. 

Once we confirmed the SiO2 layer was present on all samples, we evaluated the 

surface morphology and roughness of the added layer through AFM. Starting with 

controls, SiO2-glass had dispersed, needle-like structures, while SiO2-Au showed 

a very smooth surface (Figure A4.1c). Additionally, roughness decreased for both 

controls (Figure 4.2f, white bars), compared to FBS coated controls (Figure 4.2f, 
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black bars), which indicated that silicification process smoothed out surfaces 

lacking the SAMs first layer. This is further supported by the obvious rough 

topography seen on the remaining surfaces with underlying SAMs of SiO2-COO- 

(Figure 4.2e), SiO2-NH3+ and SiO2-CH3 (Figure A4.1c). Moreover, these surfaces 

with underlying SAMs also showed higher average roughness values (Figure 4.2f, 

white bars) as compared to the previous layer of FBS coated SAMs (Figure 4.2f, 

black bars), and much rougher than the Si-coated controls (i.e., Au and glass) 

(Figure 4.2f, white bars).  

These results support the presence of the third SiO2 layer, in which wettability 

measurements significantly changed from the previous FBS layer. Additionally, ɵ 

for the SiO2 layer was moderately hydrophilic and similar (within 10°) for all SiO2 

coated substrates, further supporting sufficient coating of SiO2 layer. This was 

further supported by the increase in Silicon and oxygen atomic composition. 

Interestingly, silicification smoothed out the substrates lacking the first SAMs (i.e. 

glass and Au), and rendered the substrates with underlying SAMs to be the 

roughest of all characterized substrates.   

Effect of substrate modification on microtubule velocity 

Cytoskeletal transport applications in hybrid systems necessitates the ability to 

actively steer and control transport, as well as manipulate the velocity of 

biomolecular motors45. With regard to the latter, regulation of transport velocity 

methods has been employed simply by altering the concentration of fuel in the 

system, for example via an ATP generation system and the photo-activated 

release of caged-ATP326,327. Other methods using interfacial properties of a 
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surface have also been explored for controlling velocity such as switching the 

charge state of a conductive polymer, and changing the charge state of an 

azobenzene monolayer (photocontrol) resulting in reversible presentation of 

cationic amine groups328–330.  

 

Figure 4.3. MT tracking to determine and average gliding velocity. (a) Time lapse 
images showing example tracks of fluorescently labeled MTs during active 
transport on control (glass) sample to determine velocity, trajectory, and 
displacement of MTs on each substrate. b) Average velocity of SAMs (grey), FBS 
coated SAMs (black), silicified FBS coated SAMs (white). Error bars= standard 
error of the mean. * = lack of motor/MT attachment and motility on surface. 

To analyze the effects of interfacial and physical properties of our modified 

surfaces on the transport and velocity of MTs in the inverted motility geometry, we 
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characterized their movement by tracking the MTs translated by surface bound 

kinesin motors. Here, mobile MT filaments were captured in sequential fluorescent 

photomicrographs with a 2-s time interval at a fixed location in the chamber, where 

the tip position for MTs (n = 7-10) was tracked over a time of approximately 120 s. 

Examples of two MTs tracked after 10 s and after 60 s are shown for control 

samples (Figure 4.3a). Figure 4.3b compares the average MT velocity (± SEM) for 

all modified surfaces; data sets are grouped by SAMs surface.  Within each surface 

grouping, the data is further separated into SAMs treatment: uncoated SAMs (grey 

bars), FBS coated SAMs (black bars), and silicified FBS coated SAMs (white bars). 

Note that for Au, FBS coated Au, and FBS coated CH3, MTs were not seen in the 

sample, therefore, MT velocities could not be measured.  In these three cases, the 

surface was absent of motors for the MTs to attach and travel along. The 

distribution of the measured velocities for all modified surfaces along with average 

velocity values (± SEM) are shown in Supplemental Figure A 4.3. 

In figure 4.3b, starting with the first layer of SAMs (grey bars), MT velocities 

varied on the different surfaces, except for COO- compared to NH3+ (Supplemental 

Table A4.1). When SAMs receive FBS coating (Figure 4.3b, black bars), there is 

no nominal change in average velocity compared to the first layer of SAMs; 

differences, however, were observed among the FBS treatments (p < 0.05; 

Supplemental Table A4.1). Once the FBS layer was silicified (i.e. third layer), the 

SAMs surface, organic and inorganic, display an increase in velocity (Figure 4.3b, 

white bars).  MT motility on the CH3-SAMs did not follow this trend, which may be 

attributed to the significant surface roughness that was observed in AFM analysis.  
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For this surface, the MTs were observed to be fully blocked at the front end, 

causing the middle of the MT to build up tension and snap the front end to a new 

location.   

Aside from the CH3 surfaces, all velocities benefited from silicification.  In fact, 

the Au surface, which saw no MT motility without surface treatment, had an 

average velocity comparable to the other SAMs surfaces after silicification. In the 

case of the COO- surface, the average velocity almost doubled.  Interestingly, 

silicifying the FBS second layer, independent of starting SAMs surface, produced 

a surface amenable to motor attachment and MT motility, even with increased 

roughness for the majority of the treatments. Additionally, we compared the 

average velocities for the silicified treatments, and both silicified control groups (Au 

and glass) did not indicate significant difference (p > 0.05), as well as no significant 

difference was seen for NH3+ vs. glass (Supplemental Table A4.1).   

Further, the velocity measurements were compared at each treatment step to 

the preceding added layers, with results summarized in Supplemental Table A4.2. 

Au only had motility on the silicified surface, and therefore could not be evaluated.  

Glass and COO- showed a similar trend of MT velocity, homologous to the initial 

SAM first layer and the following FBS second layer (p >0.05).  No significant 

difference was seen for MT velocity on the FBS-NH3+ vs. the silicified FBS-NH3+. 

These findings are interesting because, as roughness changes with added layers, 

we would expect to observe a difference in MT velocity with the addition of FBS 

and silicification. In this case, however, changes in roughness did not impact the 

overall MT velocity on the modified surfaces mentioned above.  



96 
 

Effect of substrate modification on microtubule trajectory and displacement 

Several methods have been developed to directly control kinesin-based active 

transport in the inverted motility geometry. Some of these methods include 

chemical patterning and anti-fouling coating to control adsorption of kinesin to 

specific regions, physical patterns consisting of walls, overhangs, and 

microfabricated channels to direct transport of MTs, as well as magnetic and 

electric fields to manipulate velocity and direction of movement133,136,143,144,331. 

Additionally, guiding of MT transport was also achieved using a thermo-responsive 

polymer poly(N-isopropylacrylamide) (PINIPAM) that undergoes phase transition 

on heated gold electrodes, in which MT access to kinesin motors is regulated in 

the gold junctions332. These approaches of cytoskeletal transport show promise in 

‘autonomous’ analytical and sensing applications, mostly because they require 

little to no external input, however, they limit the ability to observe and manipulate 

large number of MTs45. Our work, on the other hand, is not affected by such 

limitations, and as such, it was critical to address the effect of surface modification 

on MT transport by evaluating the MT trajectories and displacement on the various 

types of substrates.       

Effect of SAMs substrates on MT trajectory and displacement 

Microtubule trajectories were quantified for multiple substrates.  Despite 

additional sampling, some SAMs surfaces were not amenable to kinesin adhesion 

and, thus, motility was not seen.   For surfaces where displacement was measured, 

surface topography played a major role in impeding displacement.  Microtubule 

motility on SAMs surfaces are shown in Figure 4.4: glass (control), NH3+, COO-, 
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and CH3.  Motility was not observed on the Au substrate.  10 MTs within the field 

of view were selected and their displacement was catalogued over a 120-s 

observation window.  3-dimensional surface plots for each SAM was done to 

highlight general trends, such as random and impeded displacements.  The insets 

for each SAM surface show displacement normalized to a common origin, with the 

total displacement taking place in 120 s. These two methods of illustrating MT 

movement aid in identifying factors that enhance and impede displacement. 
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Figure 4.4. MT motility on various SAMs surfaces. Displacement-time plots for ten 
MTs on (a) glass, (b) NH3

+, (c) COO-, and (d) CH3. No motility observed on Au 
surface. (Inset) Trajectories of the ten MTs with two second time interval. Each 
color corresponds to a different filament. The initial position for trajectory of each 
filament was normalized (x = 0, y = 0) so that filaments appear to emanate from 
an origin. 

In Figure 4.4a, glass surface, the inset illustrates the MTs performing the 

expected ‘random walk,’ with no distinct pattern in any one direction. The 3D graph 

compares the speed of each MT, showing high speed, or large displacement, for 

MTs #8 and #10 around 20-40 s. In general, the MT speed was consistent over 
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the 120 second observation time, approximately 0.4 µm s-1. In Figure 4.4b inset, 

NH3+ surface, the same stochastic displacement was observed in the inset, with 

consistent displacement over time seen in the surface plot.  

In Figure 4.4c inset, COO- surface, random behavior was observed. However, 

in the surface plot, there are multiple instances for all the MTs where the 

displacement far exceeded the average, with some instances reaching 10 µm 

displacement in 2 s. The large instances of displacement correlates to sections in 

the microtubule movement, as shown in the inset, where the MT can travel in a 

somewhat constant direction, with little to no impedance in movement. This is the 

only notable case where the surface is smooth enough to reach higher 

displacement values, without silicification. The large instances in displacement are 

attributed to smooth, open areas where COO- islanding did not form. Conversely, 

the abrupt transition in direction, and drop in displacement, is where the MT is 

colliding with one of these carboxyl islands.   

Lastly, very minimal movement was observed from origin for MT motility on CH3 

surfaces (Figure 4.4d). Similarly, in the surface plot, the average displacement is 

constant over the 120 s, which can be attributed to roughened surface observed 

by AFM (Figure 4.2f and A4.1a). Although uniform, the CH3 surface is too rough 

for the MTs to achieve any appreciable displacement. All CH3 surfaces, regardless 

of precursors, exhibited minimal displacement, or no displacement at all, due to 

the roughness of the surface. Lastly, due to inconsistencies in organic layer 

deposition, some features permeated through the layers, causing pronounced 

barriers with which the MTs would collide. Therefore, to avoid adversely biasing 
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the displacement measurements, only MTs that never impinged towards the 

pronounced feature were used for analysis.  

Effect of FBS coated SAMs substrates on MT trajectory and displacement 

 

Figure 4. 5.  MT motility on FBS coated SAMs. SAMs were incubated in fetal 
bovine serum (FBS) for protein deposition. Displacement-time plots and 
trajectories (inset) with two second time interval for ten MTs on (a) glass, (b) NH3

+
, 

and (c) COO
-
. No motility observed on Au and CH3 surfaces. 

Figure 4.5 displays microtubule displacement on FBS-coated SAM surfaces. 

As previously discussed, movement on only three SAMs with FBS were observed: 

glass, NH3+, and COO-. In Figure 4.5a, FBS-glass, the inset shows continued 

random behavior, with the surface plot showing similar average velocity as the 

untreated glass (Figure 4.4a).  In Figure 4.5b, FBS-NH3+, there is a subtle increase 

in displacement for a few MTs; the average displacement, however, is consistent 

with the other SAMs, with and without FBS coating. Figure 4.5c, FBS-COO- shows 

consistency in average displacement, with the peaks in displacement 

corresponding to an open area with no notable roughness, where the MT filaments 

could proceed unperturbed in a straight path.  Note the FBS does not promote a 
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stable adhesion layer for the kinesin motors, with only three of the surfaces 

promoting MT motility. 

Effect of silicified FBS-coated SAMs substrates on MT trajectory and 

displacement 

 

Figure 4.6. MT motility on silicified, FBS coated SAMs. SAMs were incubated in 
FBS, then surface was neutralized and preserved through silicification process. 
Displacement-time plots and trajectories (inset) with two second time interval for 
MTs (7<n<10) on (a) glass, (b) gold, (c) NH3

+
, (d) COO

-
, and (e) CH3.  

Figure 4.6 encompasses data of MT motility where the FBS is silicified after 

being coated onto the SAMs.  MT motility for SAMs surfaces with silicified FBS are 

seen in Fig. 4.6.  MT motility was observed for all 5 SAMs: glass, Au, NH3+, COO-

, and CH3.  In Figure 4.6a, SiO2-glass, the data are consistent with the previous 



102 
 

SAM surfaces, with and without FBS coating sets. However, the displacement has 

a notable general grouped direction, in this case, to the left.  An underlying feature 

was also observed in the field of view, requiring the analysis of MTs that did not 

run into it.  This gives explanation as to why all the measured MTs seem to all be 

translating in the same direction, but in fact, it’s the topological feature that limits 

us from using MTs that were traveling to the right during analysis.  

The divergence of MT motility from the origin is random for SiO2-Au surfaces, 

with consistent displacement over the 120 s (Figure 4.6b), which contrast the high, 

yet sporadic, displacement on SiO2-NH3+ surfaces (Figure 4.6c). Further real-time 

examination of the MT displacement showed the MTs unable to maintain a 

constant direction.  This is due to the surface roughness, where the surface was 

able to have kinesin adhesion, but not able to have it in an appreciable density.  

Therefore, the head of the MT would either run into a motor-vacant region, or a 

raised surface, impeding further displacement along that direction. The attenuated 

displacement is confirmed in the inset of Figure 4.6c, where the MTs are observed 

to have trouble maintaining a direction, and often stop at the front end completely. 

Because the rest of the MT is continuing forward, a bend forms, building up 

potential energy in the body of the MT, and finally snapping the front end in a new 

direction so it can continue moving. 

In Figure 4.6d, SiO2-COO-, the trajectories are very smooth in the inset. Several 

of the MTs completely moved out of the field of view during observation for the 120 

s. In addition, the average displacement, or velocity, is also higher by nearly 2x. 

Previously, the un-silicified surfaces allowed short bursts of displacement, but 
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topography was rough enough to inhibit continual high displacement.  Here, with 

SiO2-COO-, the silicification process has smoothed out the topography, lending to 

the highest average velocity in this work. 

Lastly, in Figure 4.6e, SiO2-CH3, again the microtubules are observed to have 

minimal displacement.  The inset of Figure 4.6e shows there is actual movement 

of the MTs, albeit the least amount of any measured SAMs. AFM shows a rougher 

surface, but with also larger variation in topography. From the surface images, the 

MTs are stalling in the micro-valleys of the rough surface, working to take the path 

of least resistance in a field of resistive paths. So, although they are able to move 

along slowly, there is no potential energy built up to redirect it onto another, more 

suitable, path. In all instances, other than for SiO2-CH3, all the MTs benefited from 

a higher average displacement, nearly doubling in all instances.  

Conclusion 

MT motility was explored on biocompatible surfaces consisting of three 

different layers: 1) nanoscale modified surfaces using self-assembled monolayers 

(SAMs) with varying functional groups, 2) fetal bovine serum (FBS) proteins 

adsorbed onto SAMs to create secondary structures with varying roughness, and 

3) silicified FBS-coated SAMs to preserve the underlying layers. All three layers 

were characterized prior to motility studies using XPS, water contact angle, AFM, 

and SEM was used for FBS-coated SAMs layer. MTs were tracked on each of the 

three layers, and their overall trajectories, velocities, and displacement were 

evaluated to determine the effect of each presented layer on Kinesin-MT transport. 

Carboxyl-terminated SAMs impacted MT transport the most for all three layers, 
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displaying reliable motor adhesion and MT transport at highest for the silicified 

FBS-coated layer. MTs on methyl terminated SAMs had the smallest velocity, with 

impeded MT movement, hence making it the least supportive for MT transport for 

any of the experimental layers. The FBS-SAMs (second) layer showed least 

attachment of all three layers, while the silica (third) layer proved to be amendable 

for motor attachment and MT motility. Overall, our results demonstrate the 

robustness of the kinesin-MT transport system in complex environments, and we 

conclude that silicified surfaces are ideal for potential use in future applications 

involving more complex surface features for development of hybrid biosensing and 

probing devices.   
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Figure A 4.1. Surface topography using atomic force microscopy (AFM) of (a) 
functionalized SAMs, (b) FBS coated SAMs, and (c) silicified FBS coated SAMs. 
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Figure A 4.2. SEM images of FBS coated SAMs 
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Figure A 4.3. Histograms of microtubule gliding velocities for SAMs, FBS coated 
SAMs, and silicified FBS coated SAMs for (a) glass, (b) gold, (c) CH3, (d) COO

-
, 

and (e) NH3

+
. v = Mean velocity ± SEM. 
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Table A 4.1. Statistical results comparing velocity of gliding MTs on the various 
substrates using Krushal-Wallis One Way Analysis of Variance (ANOVA) on 
ranks, followed by a Dunn’s post-test. Significance is indicated by p-values < 
0.05. 
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Table A 4.2. Statistical results comparing MT velocity on the various SAMs 
functional groups using Krushal-Wallis ANOVA on ranks, followed by a Dunn’s or 
Mann-Whitney (for CH3) post-test. Significance is indicated by p-values < 0.05.   
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Chapter 5 

 

Conclusions and future direction 
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Self-assembly can be described as the process in which discrete 

components spontaneously organize into structures, and maybe divided into two 

categories: passive self-assembly, which is driven by thermal energy and 

produces close-to-equilibrium structures, and active self-assembly, driven by an 

external source of energy that can produce far-from-equilibrium structures. 

Biological processes commonly use active self-assembly processes, that rely on 

the conversion of chemical energy into mechanical work to overcome the speed 

limitations of diffusion-driven, passive-self-assembly180.  

An example of such phenomena found in nature is the ability of certain 

fish and cephalopod species to alter their color, a characteristic that has been 

explored for designing revolutionary materials with macroscale behaviors driven 

by dissipative assembly processes over multiple length scales in hybrid 

systems333. Considering the example of color change, the components involved 

in deriving such intracellular phenomena involve active transport of biomolecular 

motors moving along their associated cytoskeletal filaments. This dissertation 

has been focused on one of these transport systems, kinesin-MT.  

MTs are one class of cytoskeletal filaments, along with filamentous actin, 

that provide structural support for the cell and act as intracellular network for 

motor protein transport. MTs are hollow filaments, ~25 nm in diameter and 10s of 

microns in length, formed by the polymerization of a protein dimer (8 nm in 

length) consisting of α and β tubulin. Assembly of these heterodimers in the 

presence of GTP forms protofilaments that laterally associate into sheets, and 
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eventually a mature MT filament. These hollow tubular filaments have a distinct 

polarity of “plus” (β tubulin terminated) and “minus” (α tubulin terminated) end, 

which is important to the bidirectional transport of organelles by molecular 

motors. The concerted relationship between MTs and their associated molecular 

motors plays a critical role in many emergent cellular phenomena, such as 

chromosomal segregation during cell division at the cellular level, to macroscopic 

color changing at the organismal level as mentioned previously31,45.  

Kinesin molecular motors are a superfamily of MT-associated motors that 

convert chemical energy (ATP) into mechanical work needed to transport 

organelles through the viscous medium of a cell. Kinesin motor domains are able 

to “walk” directionally along the microtubule “tracks” with a step size of 8 nm, and 

rates of up to 12 µm/sec via ATP hydrolysis. The force associated with the 

kinesin stepping of ~6 pN per step, which translates to approximately 48 pN nm 

of energy expanded, and thermodynamic efficiency of ~ 50%28,45. Kinesin motors 

can be tethered to a surface in vitro (i.e. flow cell), and propel MTs across the 

surface, known as the “gliding motility geometry”. When cross-linkers capable of 

binding multiple MTs (e.g. streptavidin-coated Qdots) are present, MTs undergo 

self-assembly forming hybrid bundles, rings, and  spools, that differ in shape and 

size depending on the specific conditions used for assembly180. Chapter 2 of this 

work highlights in depth the basic characteristics of the kinesin-MT system that is 

briefly discussed above, with details on recent research focusing on their 

applications in nanotechnology. 
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As previously mentioned, the MT-kinesin biomolecular motor system has 

been used to obtain a wide variety of assembled structures, but the ring and 

spool structures in particular have attracted considerable attention as these non-

equilibrium structures are capable of storing large amounts of bending energy, 

and are capable of providing continuous work without changing the position of 

the mass center168,192,204.  Therefore, understanding factors affecting the 

formation and properties of ring-shaped MT structures are important for use in 

future nanotechnological applications. In Chapter 3, we described how the 

inclusion of defective domains (i.e. non-biotinylated MTs incapable of bonding 

with streptavidin coated quantum dots (sQDs)) into MT supramolecular building 

blocks affect the dynamic assembly and behavior of motor-driven MT spools. 

This was demonstrated by creating segmented MTs by annealing MTs to contain 

alternating bonding (biotinylated) and non-bonding (non-biotinylated and 

defective) domains with varying lengths and frequencies. Our results 

demonstrated that segmented MTs were still capable of assembling into motor-

driven spools, however, spool morphologies, densities and areas were overall 

affected. Interestingly, we observed preferential removal of these defect domains 

from the spools over time to offset the strain within these rotating spools.  

The kinesin-MT system has also been used for many revolutionary 

nanotechnological applications, aside from fabricating complex non-equilibrium 

structures, including smart-dust biosensing,173  cargo transportation,174 and much 

more, by using the “gliding assay” geometry mentioned previously. This 

approach, however, poses a range of limitations where longer run times cause 
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MT loss due to MT shrinkage188and photodamage233. Low quality of motility and 

MT loss is particularly problematic in lithographically nanostructured surfaces, 

where MTs tend to get stuck and eventually detach from nanofabricated walls36, 

adversely affecting the use of molecular motors in more intricate 

nanotechnological devices. Thus, exploring alternative nanostructures to 

investigate MT guiding is essential. Chapter 4 describes our collaborative effort 

to fabricate biocompatible multiple layers using a “bottom-up” approach, in which 

the layers displayed various chemistries and structures in order to further 

understand and regulate MT transport in complex environments. Briefly, we 

created three different layers and characterized each using multiple types of 

methods (details provided in Chapter 4) by: 1) altering the surface chemistry 

using self-assembled monolayers (SAMs) with three physiologically relevant 

functional groups (CH3, COO- and NH3+) to serve as the first layer to test MT 

motility on each of the functional groups; 2) created varying structures on the 

surface by incubating each SAM with fetal bovine serum (FBS) for protein 

patterning (second layer) , and 3) silicifying the FBS-coated SAMs (third layer) to 

preserve the structures on the surface. We evaluated the overall MT velocities, 

trajectories and displacement on each layer, and our overall results showed 

silicified surfaces to be the most compatible for kinesin-MT adhesion and 

transport, a surface that can be potentially applied to more complex structures   

in the future. 

Overall, the work outlined in this dissertation highlights the effects of large 

scale defective MTs on the active assembly of MT spools, as well as the effects 
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of surface chemistry and roughness on MT transport. This work provides crucial 

insights for future development of adaptable hybrid nanomaterials, as well as 

advancement of materials with revolutionary characteristics such as self-

regulating and healing multi-functional constituents. However, there’s still much 

work needed to fully explore the capability of these materials. Follow-on work is 

discussed below, based on experimental limitations we encountered, followed by 

future direction of this work. 

With respect to the spool formation in the presence of non-bonding 

defective segments, our results supported defect removal from the spools, 

however, this was only visualized from the tail ends of the spools (Figure 3.4). 

We have attempted experiments using a microfluidic device previously utilized in 

many of our experiments in the lab to investigate how defects are released over 

the course of thirty minutes, in hopes to visualize their release from the loops; 

however, our attempts were unsuccessful. Although this has been a reliable 

technique, many issues arise31,233 due to the nature of the experiment requiring 

imaging in a single field of view, causing photodamage and the probability of 

observing such events being extremely low. Future experiments utilizing this 

device would require control over these issues, which would require a separate, 

more complex design for successful execution of real time characterization of 

these structures. Further, in depth characterization of the structures is necessary 

to evaluate the effect of the varying levels of the non-bonding defective MTs on 

the spool formation and properties, a characteristic limited by fluorescence 

microcopy and available software (for 3D reconstruction). Future work involving 
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high-resolution techniques (e.g AFM and SEM) would be necessary to determine 

miniscule difference in structures, and possibly even reveal sites at which 

breakage and release of the MTs occur. Because these are biological materials, 

they can be sensitive, and therefore, sample preparation and technique 

performance can potentially damage these structures. This can be mitigated 

through silicification (process described in Chapter 4) of the spools to preserve 

the structures, where chemicals/forces applied to sample will be tolerated. This 

by far may be the most promising approach, as we have successfully silicified 

MTs, in which the MTs maintained their structure in a gliding motility assay for > 

6 months at room temperature (data not included here). 

Moving forward, future work involving the advancement of self-regulation 

of the spool structures can be achieved by modifying the MT building blocks with 

specific chemical functionalities requiring complementary binding groups within 

the system. As shown in our work in Chapter 3, using biotin-streptavidin non-

covalent bonding, we defined exact locations for the sQDs to attach to. Here, we 

can leverage off this concept by exploring other types of chemical functionalities, 

both covalent and non-covalent. For example, the assembly of two populations of 

differentially modified MTs in the same system could be controlled through 

complementarity of different chemistries on QDs. Additionally, this approach can 

be further implemented into a layer-by-layer growth of rings/spools using the 

molecular encoding of MTs and sequential delivery of complementary QDs.  

Such control will enable for motor-driven assembly of nanocomposites with 

optical properties dictated by the radial organization of the individual 
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nanoparticle-microtubule layers. For instance, this can be useful in the design of 

multicomponent QD-QD FRET devices for sensing applications334,335.  

 Additionally, we demonstrated successful fabrication of biocompatible 

substrates with complex features and varying chemistries and determined the 

effects of such substrates on kinesin-MT transport. However, one major limitation 

was determining the layers’ thicknesses, as this is an important characteristic for 

a “bottom-up” fabrication method in order to determine if, for example, some of 

the layers are integrating, or if we have purely defined layers. We attempted to 

use X-ray reflectivity, and the results showed inconsistent measurements, 

especially for the FBS layer, a characteristic of protein interaction with the 

underlying SAMs layer. This could also be a result in the variance caused by 

repeated experiments or the deposition process of the gold/SAMs layer, in which 

slight variation in the first layer can affect and lead to inconsistencies in the 

following two layers. Another characterization method should also be explored, 

for example, using surface plasmon resonance (SPR).  

 Further, we envision the creation of more complex structures than ones 

reported in Chapter 4, for example, using microcontact printing to pattern SAMs 

on specified substrate locations, and functionalizing the remaining bare (gold) 

surfaces with SAMs displaying different functional groups. This will enable the 

fabrication of surfaces with SAMS of different functional groups on the same 

substrate with varying wettability and roughness. This can also be utilized for 

protein patterning (i.e, FBS) as the proteins on the surface would result in varying 
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secondary structures within defined distances, allowing to further explore MT 

motility on surfaces with varying degrees of roughness and charge.     
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