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CHAPTER 1 

General Introduction 

1.1 Purpose  

Swarming is a collective behavior exhibited by living organisms in nature1. Through swarming 

they obtain advantages which are unachievable by single entity2-7. Being motivated by the 

attractive features of natural swarming, researchers have been trying to understand and 

demonstrate the swarming of self-propelled objects in the artificial world, as a result of which, 

a new field named ‘swarm robotics’ has emerged. Considerable amount of experimental works, 

which made use of various kinds of self-propelled mechanical robots, have been undertaken to 

mimic the swarming of living organisms alongside the theoretical and simulation based 

studies8-13. The limitation of mechanical robots, however, lies on their large size and low 

efficiency that restricted their application for demonstration of swarming. In contrast, 

supramolecular chemistry are directing on synthetic micromotors for demonstrating swarming 

driven by local forces and externally applied field14-16 which is yet to be developed by 

overcoming the low speed of motors and controlling over their dynamic self-assembly. On the 

other hand, chemists and biologists have independently employed self-propelled biomolecular 

motor system, the smallest natural machine that has been promising for demonstrating 

swarming. Their small size and high efficiency of energy conversion17-19 offers controllability 

over a large number of swarm units. Self-organization of these natural molecular building 

blocks such as microtubule (MT)-kinesin, actin-myosin by energy dissipation opens a new era 

to realize swarming of a natural system in artificial setting which becomes possible by latest 

technological advancements in chemistry and biotechnology. A number of collective studies 

have been found in the literature on demonstrating swarming by manipulation of interaction 

among the MTs filaments applying different interacting agents both under the thermal diffusion 

and self-propelled condition20-22. However, still the key challenge has been modulation of the 

interactions among the neighbor units which can control the swarms in a programmable way. 

Adaptability of extent of swarming corresponding to external signals and control over their 

reversibility is yet to be achieved for developing sensitivity and responsiveness which is 

prohibited due to lack of computer based programming like in mechanical robots. In this way 
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supramolecular building block, DNA, the most attractive molecular computer remarkable so 

far could be employed to design and control biomolecular swarming by selective and specific 

interaction in a highly programmable fashion23-30. Therefore in this dissertation, I focus to 

control swarming of a biomolecular motor system using cytoskeletal filamentous protein MTs 

driven by molecular motor kinesin in vitro through DNA programming. Emergence of different 

swarm patterns by bottom up approach and controlling their mode of motion was studied 

systematically by employing DNA interaction. Sensitivity and responsiveness was further 

introduced by controlling the swarming using unique features of DNA such as logic gate 

operation and DNA induced photoirradiation31, 32. This work would help us to develop the 

knowledge of constructing molecular robot by programming the swarming of self-propelled 

MTs through DNA in a synthetic system. Moreover, while considering the progressive 

development of such biomolecular motor protein system based swarming, study of the 

mechanical activity of MTs during their motility is a great concern. Study of gliding behavior 

of MTs at the molecular level is still a big challenge using conventional fluorescence 

techniques due to lower resolution of images. Therefore, in this dissertation I also attempted to 

study the different phenomena that occur during gliding of MTs by high resolution images 

using high speed atomic force microscopy (HS-AFM)33-35. This work would also provide us 

information to understand the dynamics of MTs at molecular level, demanding for future 

micro-robot design. 

1.2 Swarming in nature and development of artificial swarm robots 

Swarming is a collective behavior exhibited by similar individual agents particularly from 

animals to micro-organisms often observed in nature like ant colonies, fish schools, bird flocks, 

etc (Figure 1.1). It is the self-organization or self-assembly of thousands to millions or trillions 

of individual agents which can give rise to some unpredictable or emergent functions like 

parallelism, flexibility, robustness and scalability that is not achieved when they are in single 

state2-7. Swarming pattern moving in a particular direction is generally formed by local 

interaction among the nearest neighbors in a decentralized way. Instead of having a 

sophisticated controller for a whole swarm system, mutual interactions among many 

unsophisticated single entities play the key role in swarming of the living organisms. The 

dynamic coordination of the single units into large pattern and again dispersion into single 
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entities retaining their individuality makes the whole system unique to work in a more 

sophisticated way2. Through this swarming behavior the living entities can get some 

advantages like protection from predators, forage of foods, migration from one place to 

another, etc. 

Figure 1.1 Swarming of living beings in nature36-49. 

Inspired by this natural swarming, a research field in robotics has been emerged named as 

swarm robotics. Swarm robotics is a new approach to the coordination of multi-robot systems 

which consist of large numbers of mostly simple physical robots. To complete a sophisticated 

task, swarm robots can work together through inter-group cooperation and takes the advantage 

of reusability of the simple agents and the low cost of construction and maintenance compared 

to single conventional robot. The criteria of swarm robotics would be many such as parallel, 

scalable, stable, economical and energy efficient to mimic natural swarm. Developing of single 

swarm robots has been growing interest day by day to demonstrate swarming by local 

interaction40and optimize the artificial intelligence (Figure 1.2a). The swarm robotics can be 

applied to sophisticated problems involving large amount of time, space or targets, and a certain 

danger that may exist in the environment. 

Supramolecular chemistry in contrast, provides the means to create large numbers of functional 

building blocks and program their interactions, potentially enabling “swarming” at the 

molecular scale. There are already many examples of particle assembly driven by local forces 

or externally applied fields. Externally applied light, magnetic, electric, and acoustic fields can 

drive symmetric particles into ordered arrays14-16. Autonomously moving nano- and 

micromotors41 exhibit rich collective behavior including swarming and schooling42, predator–

prey interactions43, attraction and repulsion between rotors44, spatiotemporal oscillations43, and 

dynamic self-assembly45. Electrocatalytic decomposition of bimetallic rods and hydrophobic 

surface can also drive the assembly of micromotors46, 47 (Figure 1.2b, 1.2c). But still the key 
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challenge is to create molecular robots which are motile and interact with each other in a 

programmable way. Designing the size, power, physical interaction, sensing, signaling and 

capability is highly challenging task which are prerequisite for further application in different 

area at molecular scale like in medical applications or nanotechnology.  

 

Figure 1.2 Swarm robots (kilobots) and their swarming by local interaction into different 

swarming pattern33 (a), The reversible binding and dissociation of pairs of bimetallic rods 

propelled by the electrocatalytic decomposition of H2O2
46 (b) and assembly induced by 

capillary forces between bubble-propelled microtubes47(c).  

Therefore to design swarming at the molecular level, molecular devices with essential 

functionalities is required which is yet to be studied. However, natural molecular units such as 

in biomolecular motor system, MTs act as robotic arms grasping chromosomes or waving cilia 

and the study of these systems generates valuable insights into molecular robotics for 

demonstration of swarming48.  
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1.3 Biomolecular motor system 

Biomolecular motors, also known as motor proteins, are unique stimulus-responsive polymers 

which are known as the active workhorses of cells49. These particular amino acid polymers will 

undergo dramatic conformational changes as they bind and hydrolyze ATP and release the 

products in a cyclic process. Linear motors, such as myosin and kinesin, operate in conjunction 

with cytoskeletal filaments – actin filaments and MTs, respectively. These two are known as 

the classical motor protein systems that have been widely studied which are found to work in 

relatively larger living organisms and organs of animals. In this study we used MT-kinesin 

system as the model system for development of micro-robots.  

MT, known as cytoskeletal ‘track’ are hollow cylinders polymerized of α, β-tubulin 

heterodimers50. During polymerization, tubulin dimers bind head-to-tail to form linear 

protofilament (PF) with an 8 nm repeat distance and a variable number (10-18, often 13) of 

PFs assemble into a cylindrical structure with an outer diameter of about 25 nm and a length 

of many micrometers51-55 (Figure 1.3). Since the PFs bind to each other in the same orientation, 

the MT also develops structural polarity. The end exposing α-tubulin is slow-growing and 

called the minus end, and the fast-growing end exposing β-tubulin is named the plus end. The 

lateral inter-PF contacts are mostly electrostatic, but the intra-PF interactions (-αβ- αβ-) are 

basically hydrophobic52, 55. The structural properties of MTs are critical to their cellular 

functions as well as their nanotechnological applications. MTs serve as scaffolds for a wide 

variety of MT-associated molecular motors or ‘trucks’ (i.e. kinesins and dyneins families) in 

cell56.  

 

Figure 1.3 Schematic image of structure of MT 
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These motors can utilize chemical energy to generate mechanical motion. Between these trucks 

the molecular motor kinesin is a homodimer containing two heads-globular domains each of 

which has an ATP- and a MT-binding site. It is a tetramer of two identical “heavy chains”, and 

two associated light chains. The heavy chains fold into two globular heads at one end, a stalk 

with a hinge in the middle, and a tail domain at the other end57 (Figure 1.4a). The heads step 

on the binding sites along the MT PFs. These sites are spaced 8 nm apart. Thus moving the 

entire molecule 8 nm in each step in a hand-over-hand mechanism58. For every step, kinesin 

consumes one ATP molecule59 (Figure 1.4b). Kinesin-1 motors are primarily involved in 

intracellular transport of vesicles and organelles60, cell division61, and the organization of cilia 

and flagella62. The kinesin-1 (conventional kinesin) is of particular utility in nanotechnology, 

because their primary function is the exertion of force. Micromechanical recordings from single 

kinesin molecules indicate that one motor can exert a force as great as 5 pN. The efficiency of 

kinesin is in the order of 50%, considering the free energy available from ATP hydrolysis. 

Because of its high degree of processivity, even a single kinesin molecule is capable of 

propelling MTs along a surface63. The small size and high efficiency of MT-kinesin system 

makes it fascinating to apply it as molecular devices for a wide range of purposes which become 

possible in synthetic environment such as motility assay system. 

 

Figure 1.4 Schematic image of structure of kinesin on MT track (a) and its movement on MT 

hydrolyzed by ATP (b). 
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1.3.1 In vitro motility assay of biomolecular motor system 

The in vitro motility assay is the most promising setup for nanotechnological usage of 

biomolecular motor system (Figure 1.5). To investigate the property of biomolecular motor 

systems in vitro, motor proteins and their associated cytoskeletal filaments were fabricated 

successfully by latest technological advancements. In this way at first, movement of myosin 

coated fluorescent beads were successfully observed on F-actin fixed substrate by Sheetz and 

Spudich64. Vale and his colleagues discovered uni-directional gliding motion of MTs in the 

cell extract from squid axon on a substrate driven by biomolecular motor (kinesin and 

dynein)65. They named this method “in vitro motility assay” as gliding of filaments was 

observed which helps to investigate property of biomolecular motor systems. Later, Spudich 

has also developed a similar in vitro motility assay where motility of F-actin on a glass surface 

coated with myosin was demonstrated66. These works have opened the door for understanding 

how biomolcular motors transport cargo molecules involved in numerous cellular processes, 

including cell polarity, cell division, cellular movement and signal transduction.  

 

Figure 1.5 Schematic image of in vitro gliding assay of MTs on kinesin coated surface. 

With recent progress in the nanotechnology, in vitro gliding assay has been attracting interest 

for serving the smallest autonomous moving objects67. They provide transport of various nano- 

or micro-sized cargo molecules. This function is applicable for development of various kinds 

of micro devices which sort, separate, concentrate, probe, analyze and assembled materials68-

73. For example, Hess et al. used in vitro motility assay as piconewton forcemeter74. By 

considering one MT as a molecular cantilever they calculated the force from bending of the 

cantilever when moving MTs collided with cantilever (Figure 1.6a). Furthermore, Hess et al 
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introduced in vitro motility assay into a new method of surface imaging75 (Figure 1.6b). 

Further exploration with this system have been made with considerable efforts to achieve 

directed motility, control of moving direction by employing either chemical patterning76-78 of 

biomolecular motors or fabricated topographic patterns by using photolithography technique79, 

80. The direction of the moving filaments has been also controlled by employing electric field81, 

82 or magnetic field83. The directional motion of filaments can be applied to sense mechanical 

deformation of surface which is advancement for soft surface induced nanotechnological 

applications reported by Inoue et. al84. 

 

Figure 1.6 Piconewton forcemeter74 (a), surface measurement75 (b), light activation and control 

of molecular shuttles85 (c).  

Alongside with many applicable features of self-propelled MTs, this molecular shuttle was also 

applied to demonstrate swarm in a discrete level controlled by external stimuli or guiding 

direction. For example, investigation on the control over molecular shuttles by sequestration of 

enzyme activities was studied by Hess et al using gliding assay of MTs. Localized release and 

enzymatic sequestration of the substrate ATP creates a spatially and temporally well-defined 

concentration profile, which in turn leads to controlled activation (Figure 1.6c) of a small 

number of molecular shuttles suggesting that these nanosystems are most efficiently addressed 

as a swarm rather than as individuals85. Hess and Nitta also reported the mechanisms 

responsible for the dispersion of a swarm of “molecular shuttles”, consisting of functionalized 

MTs propelled by surface-adhered kinesin motor proteins. It was revealed that, overall the 
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dispersion of such molecular shuttles is comparable to the dispersion of a sample plug 

transported by electroosmotic flow86. Besides this, an extensive study on swarming or 

collective behavior of biomolecular motor systems has been found in the literature which is 

based on energy dissipative self-organization process. 

1.3.2 Self-organization of biomolecular motor systems in vitro  

Nanotechnological applications of biomolecular motor systems have been possible to further 

amplify by integrating them using active self-organization (ACSO). The self-organization is 

accomplished through introducing attractive interaction between the cytoskeletal filaments 

driven by biomolecular motors using chemical energy of ATP hydrolysis allowing the creation 

of non-equilibrium structures. Energy dissipative self-organization of these natural building 

blocks is significantly important in consideration of force integration by biomolecular motors 

and construction of diverse assembled patterns that autonomously change their structure with 

time87, 88.  

 

Figure 1.7 Active self-organization of MTs crosslinked by kinesin multi cluster89 (a) (i) 

Schematic diagram of MTs with kinesin multi cluster, (ii) aster and (iii) vortex pattern 

emerging from MTs. Cilia like bundle of MTs90 (b). 
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For example, aster and vortex pattern from MTs conjugating with kinesin multi cluster by self-

organization was reconstructed similar to meiotic and mitotic spindles in vivo89 (Figure 1.7a). 

Depending on the concentration of the MTs and kinesin used dynamic vortices can be formed 

instead of asters which help us to understand the dynamic processes that take place in the cell. 

Recently, this method also contributes to reproduce cilia like beating bundles and active 

nematic network of MTs like cytoplasmic streaming observed in vivo90, 91 (Figure 1.7b). 

Furthermore, collective behavior into hierarchical structures by self-organization of the 

biomolecular motor systems was demonstrated using high dense system. Bausch et al. reported 

in vitro motility assay of highly concentrated F-actins propelled by immobilized myosin on a 

surface92. F-actin can exhibit collective motion due to excluded volume effect and fascinating 

wave-like or a vortex patterns emerged from collective motion of large population of F-actin. 

Oiwa group reported the emergence of streaming like pattern and lattice of vortices pattern 

from highly concentrated MTs moving on a dynein coated surface93. Regulating MTs 

movements driven by motor protein kinesin by applying depleting agents was reported by 

Inoue et al. where self-propelled filaments show collective motion depending on the depletion 

force acting on them94.  

Considerable number of studies were carried out that demonstrated assembly formation by the 

biomolecular motor systems under thermal diffusion and swarming of motor propelled 

cytoskeletal proteins, by controlling their mutual interactions making use of electrostatic 

effects95, 96, associated proteins97-99 or ligand-receptor based crosslinking100-110. To understand 

the inherent activity of cytoskeleton dynamic properties of filaments, wide range of self-

organization of actin was explored by Bausch et al. (Figure 1.8a) using different crosslinking 

proteins92. They showed that wide range of active patterns from large-scale polar structures to 

contract networks can be controlled by using high density motility assay which depends on the 

interplay of only three components –molecular motor, filamentous actin and crosslinking 

proteins. Self-assembly of moving MTs has been developed and vastly studied based on the in 

vitro motility assay by using strong non-covalent interaction e.g., streptavidin (St)-biotin (Bt) 

interaction or by using some kinds of cytoskeletal filament related proteins100-110. By using this 

method a wide variety of assembled structures was obtained e.g. bundle, network, and ring-

shaped structures that differ in size or shape103, 110. It was found that stiffer MTs with high 
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bending rigidity favored the production of linear bundles while larger and longer bundles 

require more building blocks i.e; higher initial density of MTs. On the other hand, MT spools 

assembled from longer and flexible one is an example of such non-equilibrium structures, 

capable of storing bending energies on the order of 105 kT109. 

Kakugo et al. have thoroughly investigated and determined phase diagram of ordered structures 

by changing the experimental conditions such as density of MTs and the strength of interaction 

of streptavidin/biotin (Figure 1.8b)110.  

 

Figure 1.8 Crosslinking proteins control the structure formation in active systems. Schematic 

representation of the motility assay setup for actin filaments. In the absence of crosslinkers, 

density waves of coherently moving actin filaments evolve. Fascin leads to polar structures, 

rings and elongated fibres. While a-actinin/actin networks disintegrate to form contractile 

patches, filamin/actin networks remain stable92 (a). Phase diagram of active self-assembly 

based on in vitro motility assay using streptavidin/biotin interaction110 (b).  
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Despite of extensive studies of collective behavior of biomolecular motor system which was 

effective for understanding their cell behavior and nanotechnological applications still it is 

lacking far behind for engineering robotic applications. Control over their collective behavior 

through a programmable processor is required to open a considerable scope for demonstrating 

tunable swarming with computing properties. 

1.4. DNA- a smart crosslinker and processor 

DNA nanotechnology opens a new door that aims to create molecular structures and devices 

through the exclusive use of DNA as an engineering material111. It is the purist’s approach to 

biomolecular engineering which depends on the programmability of Watson-Crick base pairing 

combining with a decrease in the cost of synthesis. Structural simplicity and controllable 

binding interactions of DNA by four base units (A (adenine), C (cytosine), G (guanine), T 

(thymine)) results in a simpler structure and predictable behavior. Other than this structural 

features there are two important and exclusive properties that make DNA suitable for molecular 

level constructions such as molecular recognition and self-assembly. The pioneering efforts of 

Seeman112-114 in DNA nanotechnology and the revolutionizing work of Rothemond115 on DNA 

origami paved the way to enable rational design of DNA nanostructures. Adleman116 

demonstrated the use of DNA to perform logical operations by solving a complex mathematical 

problem using only DNA oligonucleotides. The self-assembly behavior of DNA was further 

computed to design different logical operations for engineering complex structures and exploit 

their functions117-126. This attractive phenomenon of programming of DNA was further used 

for engineering the self-assembly of different building blocks to enhance their functionalities 

with higher ordered structures. DNA programming was also successfully applied in DNA 

template self-assembly of other functional materials like nanoparticles and proteins. Higher-

order structures that originate from the specific and reversible DNA-directed self-assembly of 

microscopic building blocks hold great promise for future technologies127-131. Applications of 

these self-assembly strategies span from photonics and plasmonics132, to biosensing133 and 

gene therapy134. Moreover, the same self-assembly strategy has been applied to compliant 

Brownian units, including emulsion droplets135, 136, lipid vesicles137-142, time dependent 

assembly of functional clusters that results in a rationally designed mesoscopic structures143. 
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Figure 1.9 Mesoscopic structures with a defined complex geometry143 (a), DNA 

transportation134 (b) and stretching of DNA by kinesin-driven MTs135 (c). 

Although DNA programming is successfully applied with different building blocks there have 

been a few excellent studies utilizing DNA in combination with cytoskeleton–motor protein 

systems144-156. Most of them, however, use DNA as intelligent glue to assemble multiple motor 

proteins to prepare multimers144, 145 or to attach them onto DNA origami scaffolds to construct 

more sophisticated complexes. Conjugation of DNA to MTs has been done only to load them 

as a cargo itself by using strong cross linking interaction 148, 149 or for the purpose of cargo 

loading/unloading150-156. No direct control of MT assembly or swarming by DNA had been 

reported, except for the MT aster formation using DNA-motor protein complexes instead145. 

Thus In this study DNA was applied to program swarming of bimolecular motor system to 

develop swarm robot at molecular level which would provide a new concept to understand and 

apply swarming phenomenon that is observed in nature. 

1.5 HS-AFM a tool for studying the molecular events of dynamic 

system 

In quest of the knowledge of mechanism and function of protein, various key techniques and 

instruments have been developed to scrutinize a certain protein from various angles. However, 

tracing a protein in action, at high spatial and temporal resolutions no technology is available 

to link these different aspects of a protein along a time axis. Atomic force microscopy (AFM)157 

made it possible for the first time to view a nanometer-scale world in an aqueous 

environment158-161. To directly visualize the dynamic processes that occur in biopolymers, 
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biosupramolecules, organelles, and cells, rapidly acquire successive high-resolution images of 

individual biomolecules at work is required. This is solely because this type of imaging is 

impossible using other techniques. However, the imaging rate of conventional AFM is too slow 

to observe dynamic behavior of active biomolecules. Recent progress of AFM in biological 

research has resulted in remarkable improvements in both the imaging rate and the tip force 

acting on the sample named as HS-AFM (Figure 1.10a). Alongside with improving the 

instrumental techniques, designing of substrate surfaces is also particularly important for 

successful imaging. Depending on the surface property the desired protein is attached on the 

surface by specific adsorption without impeding their dynamic behavior 33, 162-165 (Figure 

1.10b). These improvements have enabled the direct visualization of dynamic structural 

changes and dynamic interactions occurring in individual biomolecules. HS-AFM opens up a 

new opportunity to directly visualize dynamic events of proteins162-168, DNA-protein 

complexes169, 170 and other molecular systems171, 172.  

 

Figure 1.10 Schematic for general configuration of a tapping-mode HS-AFM system (a), 

Walking tail-truncated myosin V (M5-HMM) and unfolding of coiled-coil tail captured by HS-

AFM33 (b). 

Despite of these successful results there is still no report on the dynamic behavior of MTs yet. 

Therefore using the advantage of HS-AFM, gliding behavior of MTs and PFs was investigated 

to know about the molecular events of MTs in action with motor protein. 
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1.6 Dissertation outline 

In this dissertation, study on development of micro-robots by controlling swarm of a self-

propelled biomolecular motor system with DNA programming and also HS-AFM study of self-

propelled system have been summarized in 5 chapters including general introduction and 

concluding remarks. 

In chapter 1, the purpose of this dissertation and background of this study has been described. 

In chapter 2, construction of swarm units by conjugation of MTs with DNA and demonstration 

of swarming of them by dynamic self-assembly process have been discussed. Control of 

swarming pattern and their mode of motion were also studied by varying the physical property 

of swarm units through assembly and disassembly using DNA interaction. The effects of 

different relevant parameters on swarming were also investigated systematically to control the 

swarm behavior. 

In chapter 3, swarming has been programmed using different DNA logic gate operations. 

Coexistence behavior of different patterns with distinct mode of motion using molecular 

recognition of DNA was also demonstrated which is presented in this chapter. Finally, applying 

external physical stimuli the reversible control of swarming was successfully demonstrated by 

photoregulation. 

In chapter 4, different features of MTs and PFs during their gliding motion was monitored 

using high speed AFM to understand the gliding behavior of them. The splitting of single PFs 

from MTs and the cause of change of their direction of motion was investigated by high 

resolution images using HS-AFM. 

In chapter 5, all the important results and future prospects of this research work have been 

summarized in the concluding remarks. 
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CHAPTER 2 

DNA Programmed Control of Swarming in a 

Biomolecular Motor System  

Abstract 

Swarming of a biomolecular motor system has been demonstrated using DNA programming. 

Swarm units were prepared by conjugation of cytoskeletal filamentous protein, microtubules 

(MTs) with DNA through copper free click reaction. Swarming of this information processed 

units was demonstrated by active self-assembly driven by motor protein kinesin using simple 

DNA interaction. Shape of swarming pattern as well as their mode of motion such as 

translational and rotational motion was regulated by tuning physical properties of swarm units. 

Swarming morphology was also regulated by tuning the relevant parameters. Finally, mode of 

motion was controlled by dissociation of swarm groups applying DNA strand displacement 

reaction. Such control of swarming pattern and mode of motion through DNA programming 

gives us the opportunity to understand swarming observed in nature.  
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2.1 Introduction 

Swarming or collective behavior is the most extensively used process which enables nature to 

build complex forms, from multicellular organisms to complex animal structures purely by 

local interaction. Examples can be found across a wide range of physical scales and systems at 

the molecular scale with self-assembly of crystals or rotary motors of bacterial flagella1, 2, at 

the cellular scale with the development of multicellular organisms3, 4, and at the colony level 

with ants creating structures such as rafts, chains, and nests using only their interconnected 

bodies as building material5, 6. By emergence of different structures or patterns they get various 

advantages like forage of foods, protection from predators depending on different shape and 

size through reversible swarming which is not possible by individual entities7. Scientists are 

being interested by these features trying to understand swarming and demonstrate it using 

engineered system such as synthetic chemical system8 and robotic system9, etc. Alongside 

these approaches, another approach has been extensively studied using natural biomolecular 

motor system demonstrating swarm of tiny self-propelled units10-12. Their small size offers 

controllability over a large number of units at a time forming non-equilibrium higher order 

structures. When propelled by motor proteins, local interaction or cross linking among the 

neighbor units using modulating agents plays key role that resulted various patterns of 

organized structures, e.g. stream, vortex, spool, networks and bundles as reported in the 

literature13-31. The structures prevail as long as energy is dissipated in the system retaining their 

dynamic behavior. Therefore, biomolecular motor system is an excellent tool for demonstration 

of swarming. However, despite their highly self-organizing behavior, reversible control of 

swarming still remains challenging due to lack of proper programming of interaction among 

them. For this, modulation of interaction between them is required in a programmed way. 

Regarding this, DNA has emerged as the exceedingly precise interacting molecule for its high 

specificity and selective bonding nature which makes it versatile as programming molecule32-

35. DNA can also be a potential candidate in dynamic condition due to its strand displacement 

property36-39 which has been successful to control reversible aggregation of different synthetic 

molecules to form macroscopic assembly40, 41. However, only a few studies in combination of 

motor protein-DNA found in the literature which mainly focused on DNA self-assembly or 

cargo transportation by single MT-DNA conjugation42-50 but no study on controlling swarm 

has been found yet. Thus, swarming of cytoskeletal filamentous protein MTs driven by motor 

protein kinesin was demonstrated employing unique feature of DNA to program interaction 

among them. The swarming units were designed by conjugating DNA to MTs containing 
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specific information for self-assembly in presence of their complementary linker DNA (l-

DNA). Swarming with different pattern with their corresponding mode of motion was 

demonstrated by changing the inherent properties of MTs using DNA interaction. Interchange 

of swarming mode of motion was successfully demonstrated by dissociation of swarm using 

DNA strand displacement reaction which makes the system more reliable for study of natural 

swarming. Such control over swarming of a biomolecular motor system by DNA programmed 

self-assembly gives us a new concept to design swarm robots at molecular level. 
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2.2 Results and Discussion 

2.2.1 Preparation of swarm units by conjugation of DNA to MT 

For demonstration of swarming, single swarm units were prepared from natural components 

using synthetic chemical reaction. The swarm units were designed by conjugating MTs with 

single-stranded DNA through copper free click reaction51-54, where DNA was labeled with 

DBCO (dibenzocyclooctyl) at the 5´ end which can react with azide functionalized MT and a 

fluorescence dye in 3´ end for allowing monitoring of the swarm units (Figure 2.1a). For 

constructing swarm units, MTs were prepared by polymerization of azide labeled tubulin with 

polymerization agent GMPCPP (guanosine-5´[(α, β)-methyleno] triphosphate). The cylindrical 

body size of the MT was 25-nm thick with length in a range of micrometer scale (~2 to ~10 

μm). For designing DNA logic gates, two receptor DNA (r-DNA) sequences T16 and (TTG)5 

were chosen that are not complementary to each other (detailed sequence given in 2.4 section). 

From melting temperature simulation, the DNA sequences were designed by considering the 

base number and sequences that can only operate (vide infra) in presence of input signals 

avoiding any undesired interactions at the working temperature of the swarm units (25 oC). The 

DNA sequences were labeled with two different dyes to distinguish the swarm units as red (R)-

swarm units and green (G) swarm units (Figure 2.1b).  

After conjugation of r-DNA to MTs the labeling ratio of r-DNA was determined using UV-

spectrophotometer. With increasing the r-DNA concentration for conjugation, the labeling 

ratio was found to increase as can be clearly observed from Figure 2.2a. Each spectrum at 

different concentration was analyzed to determine the final concentration of r-DNA conjugated 

MTs and the resulted labeling ratio (Figure 2.2b and Table 2.2.1). 
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Figure 2.1 Schematic diagram of preparation of swarm unit through conjugation of MT with 

r-DNA by click reaction (a) and fluorescence image of swarm units, scale bar: 5 µm (b). 

 

Figure 2.2 Representative plot of absorbance of r-DNA1 conjugated MTs at various 

concentrations of r-DNA1 as mentioned in the inset (a) and evaluation of absorbance peaks of 

r-DNA1, tubulin and DBCO by Gaussian distribution function (b). 
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Table 2.2.1 Labeling ratio of swarm units for various concentrations of r-DNA modifiers 

Conc. of 

r-DNA 

(µM) 

Final 

conc. of 

MT 

(µM) 

Final 

conc. of 

r-DNA1 

(µM) 

Labeling ratio 

of 

r-DNA1-MT 

(%) 

Final 

conc. of 

MT 

(µM) 

Final 

conc. of 

r-DNA2 

(µM) 

Labeling ratio 

of 

r-DNA2-MT 

(%) 

10 12 8 70 12 8 66 

100 15 12 84 14 11 76 

300 18 17 93 17 16 92 

500 24 25 101 24 23 96 

1000 23 25 107 19 21 106 

The labeling ratio of r-DNA to MTs was found ~100% after 500 µM DNA concentration. Thus 

the surface of MT was considered as saturated with the r-DNA strands which in combination 

form swarm units. 

2.2.2 Investigation of motility of swarm units in in vitro gliding assay and 

their bioactivity by changing modification ratio of r-DNAs 

The motility of DNA conjugated swarm units were verified using in vitro motility assay. After 

preparing a flow cell, kinesins (recombinant conventional kinesin-1 consisting of 573 amino 

acid) were immobilised on the glass surface of the flow cell. Swarm units i.e; DNA conjugated 

MTs were then applied to the flow cell. Here MTs with length 5.4 ± 2.1 and 5.4 ± 3.3 µm 

conjugated with T16 and (TTG)5 were used for demonstrating motility respectively. Finally, 

motility of swarm units was initiated by adding ATP to the flow cell. The flow cell was then 

placed in the inert chamber after the addition of ATP. The motility of MTs was monitored 

using a fluorescence microscope. Almost all of the swarm units were found to move with a 

mean velocity of ~0.60 ± 0.05 µm s-1. Unidirectional translational motion of the swarm units 

confirmed that DNA conjugation to MTs does not hinder MT-kinesin interaction (Figure 2.3). 
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Figure 2.3 Schematic image of in vitro motility assay of swarm units (a) and time lapse images 

of motility of R and G-swarm units (b). Scale bar: 10 µm. 

To understand the effect of DNA modification on the surface of MTs on their motility, r-DNA 

concentrations was varied from 50 to 1000 µM. The results shown in Figure 2.4 are the 

velocities estimated for different concentration of r-DNA1. 
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Figure 2.4 Effect of r-DNA for modification of swarm units on their velocity. By varying the 

concentration of r-DNA1, the labeling ratio of MT to the DNA was varied. Number of swarm 

unit considered was 30. Error bar: Standard Error (S. E.). 
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Upon varying the conjugation ratio of r-DNA1 to MTs it was revealed that, the velocity of 

swarm units fluctuated, although no clear tendency was observed. The bioactivity of swarm 

units was thus retained after conjugation of DNA to MTs with a moderate velocity that is 

prerequisite for demonstrating swarming. 

2.2.3 Demonstration of swarming by active self-assembly of swarm units 

using input l-DNA signals  

Swarming of the single swarm units was demonstrated using two types of individual swarm 

units with two designed DNA (T16 and (TTG)5, termed as ‘receptor DNA’ (r-DNA) as 

mentioned in the previous sections. l-DNA1, partially complementary to the r-DNAs 

(CAA5A16), was designed to allow hybridization of the r-DNA strands in a zipping manner 

(Figure 2.5).  

 

 

Figure 2.5 Schematic diagram of self-assembly of R and G-swarm units by input DNA signal. 

Here to demonstrate swarming, individual swarm units were placed on a kinesin coated 

substrate at a density of ~40,000 per mm2 area (density was measured in 0.0167 mm2 area) 

with almost an equal density of the two types of swarm units. The swarming was initiated with 

adding l-DNA1 in the system which is favored by the active or dynamic self-assembly of 

swarm units using driving force of molecular motor kinesin powered by ATP. It is to be 

mentioned that, in static condition i.e; in absence of ATP or kinesin swarming behavior didn’t 

take place or requires a longer time to reach the saturated condition where some aggregates 

were found to observe (Figure 2.6).  
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Figure 2.6 In a static system e.g. in bulk solution swarm units were found to form aggregates 

which were not stable with time (a). In an unfueled system, such as on a kinesin coated surface 

in the absence of ATP, no swarm group was formed (b). In the dynamic system, on a kinesin 

coated surface in the presence of ATP, swarm groups were formed with time through 

encountering of motile swarm units (c). Scale bar: 50 µm. 

In static condition i.e; in bulk solution some aggregates were formed which were no longer 

stable with time (Figure 2.6a, 2.6b). These aggregates were mainly formed by the Brownian 

motion of swarm units with input l-DNA1 that takes place in equilibrium condition while 

swarm units attached on the kinesin coated surface without ATP were restricted to move by 

Brownian or dynamic motion which even prevents the aggregate formation. On the other hand, 

in presence of ATP, by self-propelling the size of the groups of swarm units increased through 

encountering of the groups. Despite the increase in size (length), the groups of swarm units 

exhibited translational motion with a velocity (0.51 ± 0.02 µm s-1) close to that of single units 

(0.60 ± 0.05 µm s-1) (Figure 2.6c). Swarming is preferentially formed by the unidirectional 

moving swarm units with similar velocity in active self-assembly process in presence of l-

DNA1. The high motility of these swarm groups with translational motion suggested that there 
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could be highly ordered structures with unipolarity where the assembly took place by the 

sophisticated interaction of DNA.  

By monitoring the change of color, the association of individual swarm units into swarm groups 

was characterized by using the equation 2.4.1 (Section 2.4). Upon association of individual R 

and G swarm units the association ratio was increased linearly with length of yellow part during 

association (Figure 2.7). 
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Figure 2.7 An encounter event of two individual swarm units with red and green color 

associated visible in yellow color, scale bar: 5 µm. (a). Estimation of association ratio from a 

swarming event of two swarm units (b). Here association ratio is estimated following the 

swarming of a red and a green swarm unit into a yellow swarm group (a).  

The length of yellow part of the swarm was measured with time, which represents the 

association of the red and green units and normalized the length with respect to the final length 

of the yellow swarm group formed after complete association of the R and G swarm units. The 

association ratio was obtained almost 100% which indicates that, the individual swarm units 
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are associated fully to behave like a swarm. To support and verify the methodology for analysis 

of association ratio another approach was also performed based on single swarm unit (MTs) 

counting which is described in the Appendix section. 

Bundles or linear shaped swarming was obtained from the above demonstration, morphology 

of which may depend on a number of parameters. Kinesin concentration was fixed at 300.0 nM 

in all cases which was optimized by varying the concentration of kinesin. To investigate the 

effect of different parameters association time was considered 60 min after passing ATP buffer 

at which the association ratio reached a saturated value (~70%) with addition of the l-DNA1. I 

also systematically studied the effects of different relevant parameters on the swarming and 

also on their morphology such as time, concentration of r-DNAs, l-DNA1, and length of l-

DNA1 and density of MTs to find out the optimized condition. 

2.2.3.1 Effect of motor protein kinesin on swarming 

To investigate the effect of kinesin on swarming, the concentration of kinsein was varied from 

1-1000 nM. At relatively low kinesin concentrations (~1, 10 nM) a small number of swarm 

units was found to attach on the kinesin coated surface. Concentration of r-DNAs was 500.0 

µM and the concentration of l-DNA1 was kept constant at 0.06 µM. On increasing the 

concentration of kinesin (~100-500 nM), the density of swarm units increased, which 

facilitated the swarm group formation due to collision among them (Figure 2.8). The swarm 

group formation was decreased with further increase in kinesin concentration (~1000 nM). 

Higher driving force with increased kinesin density on the surface prevented the formation of 

stable swarm groups. The change in association ratio with increasing the concentration of 

swarm units is shown in Figure 2.9. 

 

Figure 2.8 Fluorescence microscopy images showing effect of kinesin concentration in feed 

on the swarming of swarm units. The images were captured after 30 min of ATP addition. Scale 

bar: 20 µm. 
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Figure 2.9 Change in association ratio of swarm units on changing the concentration of kinesin. 

The line was drawn to guide the eye. Error bar: S. E. 

2.2.3.2 Effect of time on translational mode of swarming  

To investigate time dependent swarming by active self-assembly of swarm units concentration 

of r-DNA was 500 µM while the l-DNA1 was kept constant at 0.6 µM. For driving the self-

association in non-equilibrium system, the kinesin concentration was used 300.0 nM with 

density of R and G-swarm units ~40,000 per mm2 area. The fluorescence microscopic 

observation was performed just after the ATP addition using inert chamber system with 

scavengers. Figure 2.10 shows the time lapse images where change in size and number of 

swarm groups can be clearly observed.  

 

Figure 2.10 Time lapse fluorescence microscopy images showing how the size and number of 

swarm groups changed with time. Scale bar: 20 µm.  
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The association ratio increased with time and reached a saturated value (~70%) within 60 min 

of addition of the l-DNA1 (Figure 2.11).  
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Figure 2.11 Association ratio of swarm units with time after addition of ATP in the system. 

Error bar. S. E. 

Upon collision of the red and green swarm units, swarm groups with an average size of 

~14.05±8.26 µm were produced which was larger in size than the individual swarm units 

(average length of ~5.31± 1.77 µm). Over time the size of the swarm groups increased as 

~27.42± 12.36 µm at 60 min (Figure 2.12). 
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Figure 2.12 Change in number of swarm per mm2 unit area (a) and size of swarm groups (b) 

with time. The number of swarm groups with translational motion increased initially just after 

ATP addition and then decreased with time. The association of swarm groups into larger ones 



38 
 

caused such decrease in number which is ascribed to the change in their bundle length with 

time (b). Error bar: S. E.  

2.2.3.3 Effect of concentration of r-DNAs on swarming  

The r-DNAs could have significant effect on the association of swarm units as the interaction 

of l-DNA1 depends on the probability of interaction with r-DNAs of swarm units. To 

investigate the effect, the concentration of r-DNA was varied from 50-1000 µM while the 

concentration of l-DNA1 was kept constant at 0.6 µM. For self-assembly, R and G-swarm units 

were applied in the motility assay followed by passing of 300.0 nM kinesin. The images of 

self-assembly were captured after 60 min of passing ATP buffer when the swarming of single 

units become saturated (Figure 2.13). At lower concentration the self-assembly of swarm units 

was not observed despite presence of l-DNA1 while with increasing the r-DNA concentration 

i.e; labeling ratio of DNA to MTs, the swarming increases which was confirmed from the 

yellow color and long bundle length of swarm groups which shows translation motion. After 

500 µM concentration, the self-assembly becomes saturated as can be clearly understood from 

their association ratio (Figure 2.14). At this concentration the surface of MTs was saturated 

with r-DNAs as confirmed from their labeling ratio at which the probability of swarming was 

found to be increased. 

 

Figure 2.13 Effect of concentration of receptor DNA (r-DNA1 and r-DNA2) on the swarming. 

Fluorescence microscopy images showing swarm groups formed when concentration of r-

DNA1 and r-DNA2 was varied as mentioned in the inset. Scale bar: 20 µm. The images were 

captured after 60 min of ATP addition. 
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Figure 2.14 Change in association ratio of swarm units upon changing the concentration of r-

DNA1 and r-DNA2. With increasing the concentration of r-DNAs the association ratio rapidly 

increased and reached a plateau at 500 µM. Error bar: standard error (S. E.). 

2.2.3.4 Effect of concentration of l-DNA1 on swarming  

For demonstrating swarming, l-DNA1 (CAA5A16) partially complementary to r-DNAs used 

as input chemical signals. To investigate the effect, the concentration of l-DNA1 was varied 

from 0.001-1.0 µM while the r-DNAs concentration was used 500 µM for modification. The 

images of self-assembly was captured after 60 min of passing ATP buffer when the swarming 

of single units become saturated (Figure 2.15).  

 

Figure 2.15 Fluorescence microscopy images of swarm groups formed for various 

concentration of l-DNA1. The images were captured after 60 min of ATP addition. Scale bar: 

20 µm.  
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From the images it is clearly observed that the swarming started after 0.05 µM l-DNA1 

concentration. Initially a sharp rise in association ratio with increasing the concentration of l-

DNA1 was observed, which then decreased on increasing the concentration of l-DNA1 further 

(Figure 2.16). The result indicates that, a critical concentration of l-DNA1 (0.05 µM) is 

required for initiation of swarming in presence of saturated concentration of r-DNA. 
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Figure 2.16 Effect of concentration of l-DNA1 on the association ratio of swarm units with 

conjugation ratio of 100.82% and 96.29% for r-DNA1 and r-DNA2 respectively. The 

association ration was measured after 60 min of starting association of the swarm units. Error 

bar: S. E. 

2.2.3.5 Effect of length of l-DNA1 on swarming  

Length of l-DNA1 can significantly alter the extent of swarming depending on the DNA 

hybridization strength at room temperature. Basically, the strength of DNA interaction depends 

on the number of bases and also type of bases present in the sequences in addition to 

experimental conditions which changes the melting temperature (Tm) of DNA hybridization. 

Tm is the key parameter for designing DNA sequences. I changed the length of l-DNA1 

(CAAA16-CAA5A16) depending on which the swarming was investigated with time (Figure 

2.17). From the Tm of DNA interaction and its corresponding free energy change also reveals 

that swarming become thermodynamically favorable with increasing Tm of DNA hybridization. 

The length of l-DNA was varied with increasing the length of sequence (TTG)x which contains 



41 
 

the GC content. The change in Tm and corresponding free energy change with increasing the 

base number of DNA can be understood from the following Table 2.2.2 

Table 2.2.2 Tm and free energy change for DNA interaction between r-DNAs with different 

length of l-DNA 

 

Tm calculated based on nearest neighbor effects contributed through base stacking55-57 by 

OligoAnalyzer 3.1 and ΔG calculated by oligocalc calculator at the standard thermodynamic 

conditions: 1M NaCl at 25 oC at pH 7. For T16/A16 the change in ΔG is 13 kcal/mol. 

From the Tm values we can see that, DNA interaction is not feasible when the number of (TTG)x 

is x=1 or 2. When the number of base sequences increases to 3 free energy for DNA 

hybridization becomes favorable and further increased for the longest sequence (TTG)5 used. 

Tm of DNA duplex formation can also influence the swarming accordingly, which was 

investigated thoroughly for the l-DNA sequences as shown in Figure 2.17.  
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Figure 2.17 Fluorescence microscopy images of swarm groups formed in presence of different 

length of l-DNA1 with time. Scale bar: 20 µm.  

From Figure 2.17 it was observed that, swarming started to form when the length of l-DNA 

reached to 25 base sequences (CAA3A16). In case of shorter length of l-DNA than this no 

swarming was observed so far (CAAA16-CAA2A16). For demonstrating swarming I used in 

my system CAA5A16 (31 base sequence) which is fully complementary to the base sequences 

of r-DNAs (T16 and (TTG)5) described in previous sections. Increase of extent of swarming 

with increasing the length of l-DNA sequence is clearly observed from their association ratio 

with time as shown in Figure 2.18. Thus kinetics of the self-assembly of swarm units can also 

be controlled by designing the Tm of input DNA signals. 
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Figure 2.18 Association ratio of swarm units in presence of different length of l-DNA1. The 

base sequences were varied from CAAA16-CAA5A16. Error bar: S. E. 

2.2.3.6 Effect of density of swarm units on swarming 

Swarming at large scale depends not only on the concentration of r-DNA and l-DNA1 but also 

significantly on the density of R and G swarm units in action. I investigated the effect of density 

of swarm units varying the density of R-swarm units while keeping the density of G-swarm 

units almost constant. The density ratio of R-swarm units: G-swarm units = 0.05:1, 0.5:1, 1:1, 

2:1, 7:1 was used where the density was measured in 0.066 mm2 area. The swarming and the 

length of swarm groups was found to increase with increasing the density of R-swarm units 

and reached maximum when the ratio is 1:1. The length of swarm groups decreased again with 

further increasing the concentration of R-swarm units (2:1, 7:1) as shown in the fluorescence 

microscopic images of Figure 2.19. At density ratio of 7:1 it is seen that, bundles were formed 

but they were not stable enough after 60 min of passing ATP buffer. As the density ratio come 

close to 1:1, stable yellow colored long bundles were found on the surface. Again when the 

ratio is 0.05:1 the size of swarm group decreased which can be also revealed in Figure 2.20a. 

The l-DNA concentration was used 0.6 M in all cases. 
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Figure 2.19 Fluorescence microscopy images showing swarm groups formed with different 

ratio of the two swarm units (R-swarm units: G-swarm units = 0.05:1, 0.5:1, 1:1, 2:1, 7:1). 

Scale bar: 20 µm.   

 

Figure 2.20 Change in association ratio depending on the density ratio of R- and G-swarm 

units. (a), Change of length of swarm groups with changing density ratio of two types of swarm 

units reveals that size of pattern was highest when the ratio was 1:1 i.e; for similar density of 

R-swarm units and G-swarm units (b). At higher density ratio the swarm group formation was 

found to decrease which can be observed from the change in association ratio and bundle 

length. Error bar: S. E. 

To understand the effect of density of swarm units on the morphology of self-assembled 

structures, the length of bundles were estimated per mm2 area. Figure 2.20b shows the length 

of bundles with density of swarm units which also shows similarity with the fluorescence 

microscopic images. It is to be observed that, with high density of R or G-swarm units, the size 
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of the swarm become shorter. This may be attributed to the increasing collision tendency of 

swarm units or swarms from multidirection, which hinders the longer and stable bundle 

formation with time. 

2.2.4 Control of swarming pattern and mode through regulation of physical 

properties of swarm units 

In natural swarms, the functional swarm pattern is determined by the type of performing task 

which emerges the geometrical shape and size of swarm groups7.Therefore, it would be more 

interesting if we can control the swarming pattern and their mode of motion which would give 

rise to different functionalities. To control the swarming pattern and mode of motion I tuned 

the rigidity and length of MTs58. Flexible and long length MTs was prepared by polymerization 

of tubulins with GTP (guanidine-5´-triphosphate). From the trajectory of movement of the 

swarm units on the kinesin coated substrate, path persistence length, Lp of the swarm units i.e; 

MTs was measured (Figure 2.21).  

 

Figure 2.21 Measurement of path persistence length (Lp) from the motility of swarm units on 

a kinesin coated substrate. Determination of Lp of rigid (a) and flexible swarm units (b). The 

curves were fitted according to the equation, )]exp(1[22

Lp

L

Lp

L
LpR  where R=end to 

end distance, L=contour length=L1+L2+….+Ln. Lp is the path persistence length.  

Unlike the body length and path persistence length (Lp) of GMPCPP-MTs (5.37 ± 2.46 µm and 

582 µm respectively) the body length of GTP-MTs was obtained 27 ± 8.7 µm, and path Lp of 

245 µm. While gliding on kinesins the flexible swarm units exhibited enhanced randomness 

compared to the rigid one. Unlike the rigid swarm units, the flexible units exhibited swarming 

with circular motion (Figure 2.22).  
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Figure 2.22 Fluorescence microscopy images of flexible swarm units and schematic 

illustration showing circular swarming mode by the swarm units (a). Time lapse fluorescence 

microscopy images showing formation of a swarm group with circular motion from flexible 

swarm units with body length of 27 ± 8.7 µm, and path Lp of 245 µm (b). Scale bar: 20 µm. 

However, the size and number of swarm groups with circular motion were dependent not only 

on the rigidity of the individual units but also on their length, concentration of r-DNA, l-DNA 

and time similar in case of linear swarming pattern with translational motion. At 60 min after 

passing ATP buffer the number of ring patterns were found maximum so in all experiments the 

saturation time was considered as 60 min. The shape and size of circular pattern can be also 

controlled by tuning the length and rigidity of swarm units which is discussed in the following 

sections. 

2.2.4.1 Effect of time on swarming with circular motion 

Time dependent swarming of flexible swarm units was demonstrated using r-DNA 

concentration 500 µM while the l-DNA1 was kept constant at 0.6 µM. The kinesin 

concentration was used 300 nM as similar for rigid swarm units. The fluorescence microscopic 

observation was performed just after the ATP addition using inert chamber system with 

scavengers. Figure 2.23 shows the time lapse images of circular swarm pattern formation (0-

90 min). The number of ring pattern increased with time and reached a platue which can be 

clearly understood from their increasing association ratio (Figure 2.24a). Density of single 

swarm units found to decrease abruptly after 20 min of ATP addition and shows a plateau 

(Figure 2.24b) while number of ring formation increases upto 60 min (Figure 2.24c). This 

result suggests that single swarm units started to form assembly just after the ATP addition as 

longer and flexible bundles which form ring shaped structure further with time and reached a 

plateau up to 60 min.  
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Figure 2.23 Time lapse fluorescence microscopy images showing the effect of time on the 

formation of swarm groups with circular motion mode. Scale bar: 20 µm. 
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Figure 2.24 Change in association ratio (a), density of single swarm units (b) and number of 

ring shaped swarm groups (c) with time. By 60 min the association ratio and number of groups 

reached plateau which indicates that the system was saturated by that time. Error bar: S. E. 
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2.2.4.2 Effect of concentration of r-DNAs on swarming with circular motion 

To investigate the effect of r-DNAs on the swarming mode of motion, the concentration was 

varied from 50-1000 µM maintaining the other conditions similar as the rigid swarm units.  

 

Figure 2.25 Fluorescence microscopy images of swarm groups with rotational motion formed 

for different concentration of r-DNAs. The concentration was varied from 50-1000 µM 

maintaining the other conditions similar as the rigid swarm units. With increasing the r-DNA 

concentration the circular pattern formation increases (500-1000 µM). The images were 

captured after 60 min of passing ATP buffer. Scale bar: 20 µm. 
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Figure 2.26 Change in association ratio on changing the concentration of r-DNAs. The 

association ratio increases with increasing the concentration of r-DNAs. Error bar: S. E. 
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With increasing the r-DNA concentration the circular pattern formation increases (500-1000 

µM) as shown in fluorescence images in Figure 2.25. Also the increased association ratio with 

the increase of r-DNA concentration indicates that large number of swarm groups was formed 

on increasing the r-DNA concentration Figure 2.26. 

2.2.4.3 Effect of concentration of l-DNA1 on swarming with circular motion 

The effect of concentration of l-DNA1 was also investigated on the swarm with circular motion 

varying the concentration from 0.001-1 µM keeping the all conditions similar as for rigid 

swarm units. The fluorescence images were captured after 60 min of passing ATP buffer as 

shown in Figure 2.27.  

 

Figure 2.27 Fluorescence microscopy images showing swarm groups with rotational motion, 

formed at different concentration of l-DNA1. The images were captured after 60 min of passing 

ATP buffer. Scale bar: 20 µm 

Figure 2.27 shows the increase in number of circular swarm groups with increasing 

concentration of l-DNA1 at 0.05 µM and become plateau on further increase of concentration 

which is also revealed from their association ratio (Figure 2.28).  
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Figure 2.28 Change in association ratio with increasing the concentration of l-DNA1. r-DNAs 

concentration was kept constant at 500 µM. Error bar: S. E. 

2.2.4.4 Effect of length of swarm units on swarming with circular motion 

The circular mode of swarming of flexible swarm units are favored by the DNA interaction 

which mainly depends on their long body length and lower Lp value i.e; bending rigidity 

(Figure 2.21 and 2.22). So, it is important to investigate the effect of body length on the 

rotational mode of motion. The length of swarm units was tuned by applying stress on the 

flexible swarm units and by shear treatments using a micro syringe59.  

Figure 2.29 shows the length and distribution of length of flexible swarm units with the change 

of the number of shear treatments. The distribution of length of swarm units shifted to lower 

values and became narrower by shear treatments. The average length of GTP-MTs decreased 

from ~25±11 µm to 4±3 µm by ten times of shear treatment. Swarming mode was found to be 

changed from rotational to translational with changing the pattern from rings to bundles with 

decreasing the body length of swarm units.  
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Figure 2.29 Swarm units with relatively longer body length (~22±13 µm for R swarm units 

and 16±9 µm for G swarm units, n=50) and Lp= 245 µm formed swarm groups that exhibited 

rotational motion (a). Swarm units with relatively shorter length (5±3 µm for R swarm units and 

5±2 µm for G swarm units, n=50) but with same Lp= 245 µm i.e; same rigidity, produced swarm 

groups that exhibited translational motion (b). Scale bar: 50 µm. A critical length of swarm 

units is required to demonstrate swarming with rotational motion.  

This result clearly suggests that ring-shaped swarming patterns are formed from longer bundles 

of swarm units that are initially formed by the association of single swarm units through l-DNA 

interaction. It is to be noted that, the detaching tendency of swarm units with shorter length 

after shear treatment become higher may be due to the change of interaction of filaments with 

kinesin on the surface. High density of shorter filaments is required for active swarming mode 

with translational motion after shear treatment than the longer filaments with circular motion.  
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2.2.4.5 Effect of rigidity of swarm units on the size of circular swarm pattern  

To investigate the effect of rigidity on the size of the circular swarm pattern, flexible R and 

rigid G-swarm units were used to demonstrate swarming in presence of l-DNA1 (Figure 2.30). 

 

Figure 2.30 Flexible R- and G-swarm units with body length of ~25±11 µm and ~18±11 µm 

respectively formed swarm groups with rotational motion with an average diameter of ~11 µm 

(R2= 0.93) (a). Flexible R-swarm units and rigid G-swarm units with body length ~25±11 µm 

and ~5±10 µm respectively formed swarm groups with an average diameter of 15.826 µm (R2= 

0.92) (b). Size of swarm groups with rotational motion can be controlled by changing properties 

of swarm units. The average diameter of the swarm groups was estimated from Gaussian fitting 

of the histograms of their size distribution. Number of swarm groups considered was 113 in 

each case. Scale bar: 50 µm. 

In presence of different rigidity of swarm units the size of ring shaped pattern was found to 

increase compared to the swarm units with same rigidity. The rigid G-swarm units at first form 

bundles with flexible R-swarm units which increase the bending rigidity of the bundles as a 

result longer bundle was formed which favors ring pattern with larger diameter. 
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2.2.5 Dissociation of swarm groups into single motile swarm units by DNA 

strand displacement reaction 

To control swarming and their mode of motion in group and discrete level, I employed DNA 

strand displacement reaction by using complementary sequence of l-DNA1. d-DNA was 

applied with ATP in the system which helps to withdraw the l-DNA1 from the swarm pattern 

and dissociate the swarming into individual swarm units which retain motility with their initial 

mode of motion i.e; translational motion.  

 

Figure 2.31 Schematic diagram of dissociation of swarming by d-DNA withdrawing the l-

DNA1 through DNA strand displacement reaction favored by higher Tm than association (a). 

Time lapse images showing dissociation of swarm of a bundle (b) and ring (c) into individual 

swarm units after addition of d-DNA. Scale bar: 20 µm (b) (c). 

Figure 2.31 shows the time lapse fluorescence images of dissociation of linear and circular 

swarming pattern after addition of d-DNA in the system. The concentration of d-DNA was 

used 0.6 µM in both case. From images, it is seen that circular pattern takes longer time than 

bundle pattern for dissociation. Dissociation of swarm groups depends on the number of 

associated swarm units and interaction among them. From the count of isolated single swarm 

units, as shown in Figure 2.31b a swarm group was estimated to be composed of ~100 

individual units and for the circular pattern were estimated ~300 units (Figure 2.31c). 
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However, the dissociation for both bundle and circular swarm pattern was found to complete 

after 60 min of adding d-DNA in the system which is shown with change in association ratio 

with time (Figure 2.32).  
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Figure 2.32 Decrease in association ratio with time in addition to d-DNA in the system of 

linear (a) and circular (b) swarming. Error bar: S. E. 

The dissociation of swarm groups can be tuned for both linear and circular swarming by tuning 

the concentration of d-DNA. So, I investigated the effect of different concentration of d-DNA 

for dissociation of swarming. 
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2.2.5.1 Effect of concentration of d-DNA on the dissociation of swarm groups with 

translational motion 

Dissociation of linear swarm group was controlled by varying the concentration of d-DNA 

from 0.05-1 µM while the concentration of l-DNA1 was 0.6 µM.  

 

Figure 2.33 Fluorescence microscopy images showing dissociation of linear swarm groups by 

different concentration of d-DNA. The images were captured after 30 and 60 min of addition 

of the d-DNA in the system. Scale bar: 20 µm. r-DNA and l-DNA1 concentration were fixed 

at 500 µM and 0.6 µM respectively 
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Figure 2.34 Change in association ratio of swarm units upon changing the concentration of d-

DNA. The association ratio, estimated after 30 min and 60 min of addition of d-DNA, was 

found to decrease as the concentration of the d-DNA increased. Error bar: S. E. 
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2.2.5.2 Effect of concentration of d-DNA on the dissociation of swarm groups with 

circular motion 

Control of dissociation of circular swarming mode was also successfully demonstrated by 

varying the concentration of d-DNA from 0.05-1 µM. Concentration of r-DNAs and l-DNA1 

were 500 µM and 0.6 µM respectively. 

 

Figure 2.35 Fluorescence microscopy images showing dissociation of swarm groups with 

rotational motion in the presence of d-DNA of varying concentrations after 30 and 60 min of 

addition of the d-DNA in the system. Scale bar: 20 µm.  
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Figure 2.36 Change in association ratio, at 30 and 60 min after d-DNA addition, with 

increasing the concentration of d-DNA. The fluorescence microscopy images and change in 

association ratio reveals that dissociation process depends on the concentration of d-DNA. 

Error bar: S. E. 
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Thus, both bundle and circular pattern of swarming can be controlled and dissociated again 

into single swarm units reversibly which emerges the functional swarms in the present system. 

Nevertheless, control of mode of swarming from translational to rotational motion to 

translational again provided by such programmability of this biomolecular motor system would 

help us to understand different features of natural swarming.  
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2.3 Conclusion 

In conclusion, swarming was successfully demonstrated using self-propelled biomolecular 

motor system. By the conjugation of functionalized MTs and DNA using click reaction, swarm 

units were constructed which was used to exhibit swarming in a programmed way through 

dynamic self-assembly. DNA interaction by input signal helps to initiate the swarming which 

is favored by the energy dissipative process. The extent of swarming through self-assembly 

can be controlled by tuning the physical properties of MTs and other parameters for both linear 

and circular swarming mode of motion. By introducing d-DNA which induces DNA strand 

displacement reaction in the system, reversible self-association of swarm can be successfully 

controlled by dissociation of swarm groups which is demonstrated for the first time. Thus, 

swarming of MTs programmed by DNA interaction opens us a new era to understand the 

concept of swarm behavior which would help to design biomolecular motor based swarm robot 

in near future. 
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2.4 Experimental Procedures 

2.4.1 Purification of tubulin and kinesin 

Tubulin was purified from porcine brain using a high-concentration PIPES buffer (1 M PIPES, 

20 mM EGTA, and 10 mM MgCl2) and 80 mM Brinkley buffer (BRB80) (80 mM PIPES, 1 

mM EGTA, 2 mM MgCl2) by adjusting pH to 6.8 using KOH60. Recombinant conventional 

kinesin-1 consisting of the first 573 amino acid residues of human kinesin-1 (K573) were 

prepared as described in previously published reports61. 

2.4.2 Preparation of azide labeled tubulin 

Azide labeled tubulin was prepared using N3-NHS-PEG-ester according to the protocol used 

for labeling tubulin with fluorescence dye52 and concentration was determined by measuring 

absorbance at 280 nm using UV spectrophotometer (Nanodrop 2000c). 

2.4.3 Design and preparation of DNA sequences 

r-DNA and l-DNA strands were designed from Tm simulation using ‘OligoAnalyzer 3.1’ 

software with Tm between 0 oC and 50 oC for experimental testing.55-57 Dibenzocyclooctyne 

(DBCO) and fluorescent dye labeled strands were chemically synthesized using appropriate 

CPG columns and a phosphoramidite (Glen Research, VA) on a ABI 3900 automatic DNA 

synthesizer, purified by reverse phase HPLC and fully characterized by MALDI-TOF/MS 

(Bruker microflex LRF). The r-DNA was modified at the 3’ end with either 5(6)-

Carboxytetramethylrhodamine (TAMRA) or 5-Carboxyfluorescein (FAM) and at the 5’ end 

with DBCO. l-DNA and d-DNA were purchased from Eurofins Genomics LLC. 

2.4.4 Preparation of swarm units 

Swarm units were prepared by incubating 70.0 µM azide labeled tubulin at 37 oC for 30 min to 

polymerize into azide labeled MTs. Azide tubulin and polymerization buffer (80 mM PIPES, 

1 mM EGTA, 1 mM MgCl2, 1 mM polymerizing agent, pH~6.8) was mixed in a 4:1 ratio 

respectively. Flexible swarm units were prepared using 1 mM GTP (guanidine-5´-triphosphate) 

and 5% DMSO (dimethyl sulfoxide) as polymerizing agent while rigid swarm units were 

prepared using the slowly hydrolyzable analogue of GTP, GMPCPP (guanosine-5´[(α, β)-

methyleno] triphosphate) (1 mM) in premix. Click reaction was initiated by addition of 

dibenzocyclooctyne (DBCO) conjugated r-DNAs to the azide-MTs which allowed azide-

alkyne cycloaddition reaction. To distinguish two different r-DNAs conjugated swarm units, 

5(6)-Carboxytetramethylrhodamine (TAMRA) and 5' 6-Carboxyfluorescein (FAM) labeled r-



60 
 

DNAs were used. 3.5 µL dye labeled DBCO conjugated r-DNA was then mixed with the 

prepared MTs solution and incubated for a prescribed time period at 37 oC. After completion 

of the click reaction, 100 µL of cushion buffer (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, 

60% glycerol) was used to separate the MTs by centrifugation at 54000 rpm for 1 hour at 37 

oC. Pellet of MTs was washed after removing the supernatant and dissolved with 15 µL 

BRB80P (BRB80 with 1mM taxol). 

2.4.5 Measurement of labeling ratio of r-DNAs to MTs (swarm units)  

The modification of MTs with r-DNAs was estimated and confirmed by measuring the 

absorbance of r-DNA (260 nm) and MT (280 nm) respectively. The r-DNAs conjugated MTs 

were depolymerized to r-DNA conjugated tubulins and absorbance was measured by Nanodrop 

UV spectrophotometer. The absorbance peak of r-DNAs and tubulins were deconvoluted using 

Gaussian distribution function and the concentration of r-DNAs and tubulin was then 

determined from Beer-Lambert law. Finally, the labeling ratio of r-DNAs to MTs was 

calculated from the concentration of r-DNAs and tubulins.  

2.4.6 Tuning body length of swarm units  

Swarm units with different lengths were prepared by applying shear stress to MT filaments 

using a micro syringe. The length of GTP-MTs was tuned by varying the number of shear 

treatment. A Hamilton syringe (inner diameter: 2.06 mm) and a peek tube (nominal inner 

diameter: 0.26 mm) were used for the shearing treatment of MTs. 30 μL of MT solution in each 

case was passed back-and-forth (ten times) through the syringe-mounted peek tube by manual 

operation of the syringe59. Change in MT length before and after shearing treatment was 

manually measured using the image analysis software ‘ImageJ’. 

2.4.7 Preparation of flow cell and motility assay for demonstration of 

swarming of swarm units  

Flow cell with dimensions of 9×2.5×0.45 mm3 (L×W×H) was assembled from two cover 

glasses ((18×18) mm2 and (40×50) mm2 (MATSUNAMI)) using double-sided tape as spacer. 

The flow cell was filled with 5 μL casein buffer (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2 

and ~0.5 mg mL-1casein; pH 6.8). After incubation for 3 min, 300 nM of kinesin solution was 

introduced into casein coated flow cell and incubated for 5 min to bind the kinesins on glass 

surface. After washing the flow cell with 5 µL of motility buffer (~80 mM PIPES, 1 mM 

EGTA, 1 mM MgCl2, 0.5 mg mL-1 casein, 1 mM DTT, 10 mM taxol; pH~6.8), 5 µL of R-

swarm units was then introduced and incubated for 2 min, followed by washing with 10 µL of 



61 
 

motility buffer. Subsequently, 5 µL of G-swarm unit solution was introduced in the flow cell 

and allowed for 2 min of incubation, followed by washing with 10 µL of motility buffer. The 

G-swarm units were incubated with l-DNA for 15 min at room temperature prior to the addition 

into the flow cell. Finally, motility of swarm units was initiated applying 5 µL of ATP buffer 

(motility buffer supplemented with 0.2% methyl cellulose and 5 mM ATP). The time of ATP 

addition was set as 0 hour. The aforementioned experiments were performed at room 

temperature using the scavengers (ATP buffer supplemented with 4.5 mg mL-1 D-glucose, 50 

U mL-1 glucose oxidase, 50 U mL-1 catalase) or inert chamber system62 (ICS). The swarm units 

were monitored under fluorescence microscopy after passing nitrogen for a prescribed time 

period. 

2.4.8 Microscopy image capture 

The samples were illuminated with a 100 W mercury lamp and visualized by an epifluorescence 

microscope (Eclipse Ti, Nikon) using an oil-coupled Plan Apo 60×1.40 objective (Nikon) lens. 

UV cut-off filter blocks (TRITC: EX 540/25, DM565, BA605/55; GFP-B: EX460-500, 

DM505, BA510-560; Nikon) were used in the optical path of the microscope. Images were 

captured using a cooled-CMOS camera (NEO sCMOS, Andor) connected to a PC. To capture 

a field of view for more than several minutes, two ND filters (ND4, 25% transmittance for 

TRITC and ND1, 100% transmittance for GFP-B) were inserted into the illumination light path 

of the fluorescence microscope to avoid photobleaching of samples.  

2.4.9 Image analysis 

Length and velocity of swarm units were measured from movies of the motility assay of MTs 

and images captured under the fluorescence microscopy using the image analysis software 

(ImageJ). To determine the association ratio, pixel counting (RGY analysis) from fluorescence 

microscopy images was done using Adobe Photoshop software (CC 2014). 

2.4.10 Estimation of association ratio (%) of swarm units 

The association ratio of R- and G- swarm units were estimated from pixel measurement and 

using the following equation, 

100
)2(

2
(%) 






pixelYellowpixelGreenpixelRed

pixelYellow
rationAssociatio

………..(1)

 

Red, green and yellow pixels were counted by separating the pixels from the fluorescence 

images using RGY analysis of Adobe Photoshop. The pixels give the association ratio of swarm 

units by above equation. Yellow pixel was counted double as multiplied by two in equation as 
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it is combination of both red and green pixels coming from two swarm units (R and G- swarm 

units). 

2.4.11 Sequences of DNAs used for demonstration of swarming 

Table 2.4.1 Sequences of r-DNAs, l-DNA, and d-DNA used for demonstrating swarming of 

swarm units and dissociation of swarm groups. 

DNA Sequence (5´-3´) 5´ end 3´ end 

r-DNA1 TTTTTTTTTTTTTTTT DBCO TAMRA 

r-DNA2 TTGTTGTTGTTGTTG DBCO FAM 

l-DNA1 CAACAACAACAACAAAAAAAAAAAAAAAAAA - - 

d-DNA TTTTTTTTTTTTTTTTGTTGTTGTTGTTGTT - - 
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CHAPTER 3 

Controlling Swarming of Biomolecular Motor System 

through DNA Logic Gates and Photoirradiation 

 

Abstract  

In recent years biomolecular motor system have been appeared promising candidate for 

demonstrating swarming. However, responsiveness and sensitivity in swarming in this system 

like in natural swarm has not been realized yet. In this work, I have demonstrated control of 

swarming of microtubules (MTs) through DNA logic gate operation. Different types of logic 

gates such as YES, AND, OR gate operations were demonstrated which were found useful in 

controlling the swarming behavior by designing the input DNA signals. In addition to control 

of swarming, translation and circular mode of swarming were demonstrated simultaneously 

by employing YES logic gate through DNA molecular recognition process. The reversibly 

regulated swarming was also realized by applying a physical signal which was sensed by the 

photoresponsive DNA inserted in swarm units. Controlling of swarming by these 

programming strategies would help to design swarming with group features like flexibility, 

parallelism and responsiveness as observed in nature. 
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3.1 Introduction 

Swarming is an attractive phenomenon in nature often exhibited by collective behavior of 

living organisms. Through swarming, they get many advantages such as flexibility, 

parallelism and robustness which are unachievable by single entity1. By using this advantages 

or group behaviors they can perform many complicated task such as path planning2, nest 

constructing3, task allocation4 and many other complex collective behaviors using their 

sensitivity with the environment. To realize the group behaviors in artificial system, swarm 

robotics has been emerged applying of simple and small self-propelled multi-robot system. 

Using this system, group behaviors are trying to be demonstrated in laboratory through local 

sensing and responsiveness5-14. Designing swarm robots with group behaviors would enable 

to solve many sophisticated problems that are not achievable by single robot15-19. Besides 

using mechanical robots, molecular systems such as natural biomolcecular motor system is 

one of the suitable candidates for demonstration of swarming due to its small size and self-

propelled behavior. Controlling over a large number of self-propelled units e.g. microtubule 

(MT) and actin, swarming was manifested modulating the interaction among them which 

resulted various patterns of organized structures, e.g. stream, vortex, spool, networks and 

bundles20-22. Although dynamic patterns in energy dissipative process were obtained, 

designing of group features from swarming is still missing in this system. Programming 

through input signals and sensing capabilities like mechanical robots would help to design the 

swarming with different group behaviors to act like as swarm robots. In this regard, such a 

smart and programmable processor is required that can modulate the swarming responsive to 

local environment. In this way DNA, not only as a natural information carrier but also as 

biomolecular processor gives us the opportunity to program the swarming of self-propelled 

system using its unique operations like logic gates, sensing properties rather than the simple 

self-assembly technique23-26. Therefore for programming the swarming of MTs in a 

sophisticated way I applied DNA logic gate operations which would respond to external 

chemical signals and also showing coexistence of different mode of patterns simultaneously 

by molecular recognition process27-30. Moreover, swarming of MTs could be also regulated in 

a reversible way by employing physical signal inserting photoresponsive molecule in DNA 

structure which added the sensing properties in the swarm31-33. Therefore, the study of 

controlling of swarm through DNA programming would help us to develop desirable 

functionalities like flexibility, parallelism and robustness which are prerequisite for designing 

artificial swarm robots using biomolecular motor system. 
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3.2 Results and Discussion 

3.2.1 DNA based logic gate for controlling the swarming of biomolecular 

motor system 

According to the utility of DNA as an operator for molecular computing, the swarm system 

discussed in the previous chapter (chapter 2) is considered as a YES logic gate, where linker 

DNA (l-DNA1) corresponds to input 1 and permits swarming of swarm units i.e; r-DNA1 

and r-DNA2 conjugated MTs with translational motion as well as development of yellow 

color as the output 1. This operation can be expanded further using AND and OR logic gate 

operation to tune swarming property in a diverse way. For different logic gates, l-DNA 

sequences were designed that have the Tm greater than room temperature and serve the 

purpose for logic gates. 

Table 3.2.1 Tm and free energy change for DNA interaction between r-DNAs with different l-

DNAs for logic gate systems. 
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Tm and ΔG were measured based on nearest neighbor interaction at the standard 

thermodynamic conditions: 1M NaCl at 25 oC at pH 7. 

The YES, AND, OR gate operations were successfully demonstrated where swarm units were 

designed as gate molecules and l-DNAs as input signals to control swarming of self-propelled 

biomolecular motor system which are presented in the following sections. 

3.2.1.1 Generation of YES Gate 

YES gate is operated when in absence of an input signal i.e; l-DNA1, no output signal is 

obtained as swarming (0 to 0). On the other hand, when the l-DNA1 signal is inputted in the 

system, output signal is obtained as swarming (1 to 1) due to the interaction with R and G-

swarm units as described in chapter 2 (Figure 3.1). 

 

Figure 3.1 Control of swarming through design of YES gate employing DNA input signal 

and consequent fluorescence output signal. 

To demonstrate YES gate control of swarming, the concentration of r-DNA modifiers was 

500.0 M and 300 nM kinesin was used in the flow cell to drive the gate molecules i.e; 

swarm units. Equal density of R and G-swarm units was applied for demonstrating 

translational mode of swarming and concentration of l-DNA1 was used 0.6 M. The output 

signal i.e; swarming could be observed in presence of l-DNA1 input signal as shown in 

Figure 3.2a. Association ratio profile with and without input signals also confirms the 

response of swarming by YES gate demonstration (Figure 3.2b). 
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Figure 3.2 Swarming control by YES logic gate operation (a) and change in association ratio 

of swarming with input signals (b). Scale bar: 20 µm. Error bar: S. E. 

3.2.1.2 Generation of AND Gate 

AND logic gate was demonstrated by designing two different linker DNA signals as l-DNA2 

and l-DNA3 which have complementary part to r-DNA1 and r-DNA2 respectively and also 

to each other (DNA sequences are given in section 3.4). AND gate was operated when in the 

absence of the input l-DNA signals or in the presence of any one of the l-DNA signals, no 

yellow colored output signal i.e; swarming was observed ((0, 0), (1, 0), (0, 1) in response to 

0, 0, 0 respectively); when both of the signals are present output signal is obtained as yellow 

colored bundles (1, 1 to 1). The design of AND gate operation by input l-DNA signals can be 

understood in the following way.  
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Figure 3.3 Control of swarming through design of AND gate employing DNA input signal 

and consequent fluorescence output signal. 

To demonstrate AND gate control of swarming, the concentration of r-DNA modifiers was 

500.0 M and 300 nM kinesin was used in the flow cell. Optimum density of R and G-swarm 

units was applied for demonstrating translational mode of swarming and concentration of l-

DNAs (l-DNA2 and l-DNA3) were 0.6 M. Fluorescence image shows the swarming 

behavior in presence of both input signals only (Figure 3.4a) and confirmed from their 

association ratio profile with and without input signals (Figure 3.4b). 

 

Figure 3.4 Swarming control by AND logic gate operation as input signals: output signal as 

swarming corresponding to input signals (1) 0, 0, (2) 1, 0, (3) 0, 1, (4) 1,1 (a) and change in 

association ratio of swarming with input signals (b). Scale bar: 20 µm. Error bar: S. E. 
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In AND GATE the association ratio for 1, 1 was found higher than the YES GATE system. 

This can be attributed to the higher Tm of l-DNA2 and l-DNA3 interaction with r-DNAs than 

l-DNA1 (Table 3.2.1) which favors the thermodynamics of the system.  

3.2.1.3 Generation of OR Gate 

For OR gate operation the computation was simplified using other two sets of r-DNA where 

r-DNA1 and r-DNA3 were labeled with red color, and r-DNA2 and r-DNA4 with green 

which constituted the R and G-swarm units respectively. The l-DNA1, that is complementary 

to r-DNA1 and r-DNA2, and another l-DNA4 which is complementary to r-DNA3 and r-

DNA4 were used as the two input signals (DNA sequences are given in section 3.4). The 

design of OR gate operation by input l-DNA signals can be understood in the following way.  

 

Figure 3.5 Design of OR gate for swarming employing DNA input signal and consequent 

fluorescence output signal. 

In the similar conditions that is applied for YES and AND gate, OR gate was operated with 

input signals. In absence of the input l-DNA signals no yellow colored output signal i.e; 

swarming was observed ((0, 0) response to 0). While in the presence of any one of the l-DNA 

signals swarming was observed due to the interaction of l-DNA1 with r-DNA1 and r-DNA2 

or l-DNA4 with r-DNA3 and r-DNA4 respectively ((1, 0), (0, 1), response to (1, 1)). When 

both of the signals are present output signal is obtained as yellow colored bundles (1, 1 to 1) 

which fulfill the OR gate computation of self-propelled system (Figure 3.6a). Almost 70-

90% association ratio was obtained for output 1 in all of the systems, which is much higher 

than the cases for output 0 (<5%) (Figure 3.6b). 
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Figure 3.6 Swarming control by OR logic gate operation: output signal as swarming 

corresponding to input signals (1) 0, 0, (2) 1, 0, (3) 0, 1, (4) 1,1 (a) and change in association 

ratio of swarming with input signals (b). Scale bar: 20 µm. Error bar: S. E. 

3.2.2 Orthogonal control of swarming using DNA based molecular 

recognition 

Making use of selective hybridization property of DNA molecules, simultaneous swarming 

can be designed with translational and circular motion without any crosstalk. I conjugated 

two types of swarm units, which differed in body length and rigidity (path Lp), with two 

different DNA logic gates where the flexible swarm units (Lp~245 µm) were conjugated with 

r-DNA1 (red) and r-DNA2 (no fluorescence labeling) and the rigid swarm units (Lp ~580 

µm) were conjugated with r-DNA5 (green) and r-DNA6 (green) for swarming with 

complimentary l-DNA5 with Tm 67.73 0C (detail of sequences are given in section 3.4).  

To demonstrate orthogonal swarming, the logic gates were operated one by one in the flow 

cell. At first flexible swarm units conjugated with r-DNA1 and r-DNA2 were passed in the 

flow cell to form circular swarming pattern. To initiate swarming 300 nM kinesin was used 

and 0.6 M l-DNA1 was used. After 30 minutes of passing ATP buffer when circular swarm 

patterns were almost formed then r-DNA5 and r-DNA6 conjugated rigid swarm units with l-

DNA5 was passed in the flow cell after proper washing and swarming was initiated after 
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addition of ATP in the system. Flexible swarm units associated into swarm groups with 

circular motion in the presence of l-DNA1 and appeared in red, while the groups of rigid 

swarm units, visible in green, exhibited translational motion in the presence of l-DNA5. 

Formation of these two types of swarm groups was completely orthogonal. The molecular 

recognition was also clearly realized by operating logic gate system separately where in 

presence of l-DNA1 formed only red colored circular pattern and l-DNA5 formed only green 

colored bundle pattern. No swarming was observed in absence of any input DNA signals 

(Figure 3.7). 

 

Figure 3.7 Orthogonal control of swarming of flexible and rigid swarm units. Schematic 

representation and fluorescence microscopy image of swarm units with different rigidity 

(left). The flexible swarm units (Lp~245 µm) were conjugated with r-DNA1 (red) and r-

DNA2 (no fluorescence labeling), while the rigid swarm units (Lp ~580 µm) were conjugated 

with r-DNA5 (green) and r-DNA6 (green) (center). Upon inputting l-DNA1 the flexible 

swarm units associated into circular shaped swarm groups through hybridization of r-DNA1 

and r-DNA2 and appeared in red color (right, top). Green colored swarm groups with 

translational motion were formed through hybridization of r-DNA5 and r-DNA6 in the 

presence of l-DNA5 (right, middle). Swarm groups with translational and circular motion 

were simultaneously formed without any interference in response to the introduction of both 

the input DNA signals (right, bottom). Scale bar: 20 µm.  
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In Figure 3.7 it is seen that, although some bundles are stuck with circular patterns, most of 

them become free with retaining their motility on the surface which can clearly be understood 

from the following time lapse images in Figure 3.8. 

Therefore, different swarm patterns can move in parallel without hindering each other as 

observed from Figure 3.8. To investigate the effect of parallel logic operation on the swarm 

pattern and their motion, the number of motile bundles and rings was characterized from the 

following histograms. 

 

Figure 3.9 Size distribution of rings and bundles formed by two set of DNA logic gate 

operations in parallel due to response of DNA molecular recognition. Size distribution of 

rings in presence of l-DNA1 (a), bundles in presence of l-DNA5 (b) and both rings and 

bundles in presence of l-DNA1 and l-DNA5 respectively. Number of rings and bundles 

considered was 25. 

 

Figure 3.8 Time lapse images of orthogonal behavior of different swarm pattern. Scale 

bar: 20 µm. 
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From the size of circular and translational swarming pattern with distinct and parallel logic 

gate operation it was found that, the number or size of dynamic patterns was almost not 

affected in coexistence condition. The results suggest that, sorting out of swarming with 

different properties can be tuned orthogonally. Such parallel tasking of swarm units based on 

multiple logic gates would allow designing more complex systems with diverse functionality 

that can work using the molecular recognition process of DNA. 

3.2.3 Regulation of swarming of biomolecular motor system by 

photoirradiation 

In the previous chapter, self-assembly of swarm units and disassembly of swarming again 

was successfully demonstrated by using DNA strand displacement reaction but repeated 

regulation of reversible swarming has not been realized yet. Control of swarming reversibly 

in a repeated way is required which can enhance the flexibility of swarming pattern and their 

functionality. Controlling DNA hybridization using an external stimulus quantitatively at any 

given time and place could provide a mean for having switch on/off control over swarming. It 

could provide new insights into the sensing properties in the swarming responding to the 

employed signals like photoiiradiation repeatedly. Photo-control has a number of advantages 

such as no contamination in the system, control over excitation wavelength through the 

design of the photoresponsive molecule and controlling the irradiation time and local 

excitation. When a photo-responsive molecule is directly attached to DNA as an antenna, 

photo-regulation of the system regulated by that DNA molecule can in principle be achieved. 

A number of molecules have been found in biological process and synthesized in chemistry 

which can respond to the light irradiation and undergo conformational change which is 

precondition for many reactions to occur. Azobenzene is a typical photo-responsive molecule 

that isomerizes from its planar trans-form to the non-planar cis-form after ultraviolet (UV)-

light irradiation (300 nm-400 nm), and from the cis-form back to the trans-form after 

irradiation with visible light (>400 nm). This process is completely reversible, and the 

azobenzene group does not decompose or induce undesirable side reactions even on repeated 

trans-cis isomerization. By introducing azobenzenes into DNA as a linker, the photo-

regulation of the formation and dissociation of a DNA duplex34, 35 is successfully achieved. 

To introduce photo control in the swarming, azobenzene was installed into the DNA 

processor that allowed ON/OFF switching of the hybridization between receptor DNAs 

through UV or visible light-induced cis-trans isomerization of the azobenzene moiety, 

resulting in melting temperature (Tm) change of DNA hybridization (Figure 3.10). 
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Figure 3.10 Reversible hydrogen bonding of photoresponsive DNA (p-DNA) by 

photoirradiation induced cis-trans isomerization of azobenzene. 

Here the photoresponsive DNAs (p-DNA1 and p-DNA2, sequences are given in section 3.4) 

were designed so that Tm lie at <20 and 60.4 oC, respectively (Figure 3.11).  
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Figure 3.11 Change of melting temperature (Tm) for p-DNA duplex upon photoinduced 

isomerization of azobenzene. Melting temperature curves for the p-DNA1/ p-DNA2 duplex 

where the azobenzene was in the trans (black line) and cis form (blue line).  

For trans form of azobenzene in the duplex the Tm was 60.4 oC. Upon UV irradiation (365 

nm), trans azobenzene residue was isomerized to cis form. Consequently the Tm of the duplex 
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was lowered to <20 oC. For the cis and trans form of azobenzene the absorbance was 

observed at 350 and 440 nm respectively. 

p-DNA conjugated swarm units were prepared by conjugating fluorescently labeled MTs 

with the p-DNAs using click reaction similarly as done for non-photoresponsive DNA 

conjugated MTs. Upon varying the click reaction time from 0-5 hrs the rigidity of swarm 

units was found to significantly decrease as shown in Figure 3.12.  
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Figure 3.12 Change of Lp of swarm units with different click reaction. Initially the Lp was 

found to increase which then decreases gradually with time.  
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Figure 3.13 Dependence of velocity of p-DNA1 and p-DNA2 conjugated swarm units upon 

varying the click reaction time. Error bar: S.E. 

Despite of decrease in the Lp i.e; with increasing flexibility the swarm units moved on a 

kinesin coated substrate without losing mobility.  

Upon changing the time of click reaction the labeling ratio of p-DNA1 and p-DNA2 to MTs 
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was varied, which slightly affected the velocity of the swarm units, although no clear trend 

could be observed (Figure 3.13).  

A schematic diagram of association and dissociation of p-DNA1 and p-DNA2 conjugated 

swarm units by photo-regulation by the cis-trans isomerization of azobenzene is presented in 

(Figure 3.14).  

 

Figure 3.14 Schematic representation of selective association and dissociation of 

photoresponsive DNA equipped swarm units upon irradiation by visible and UV light 

respectively. 

For demonstration of reversible swarming in a repeated way, 250 µM concentrations of p-

DNA1 and p-DNA2 was used to conjugate with two different fluorescent labeled MTs to 

prepare photoresponsive swarm units. 800 nM kinesin was used for driving the swarm units. 

The preparation of flow cell was similar as used for non-photoresponsive system as described 

in the earlier sections. The photoresponsive swarm units was initially turned into cis-form by 

UV irradiation (λ=365 nm, intensity, I= 1.27 mW/cm2) for 6 min following with 12 min 

incubation, to start with isolated movement of the swarm units after addition of ATP in the 

system. Swarming with translational motion was then achieved by irradiating the swarm units 

with visible light (λ=480 nm, I= 0.38 mW/cm2), which triggered cis- to trans-isomerisation 

(Figure 3.15a, upper). Subsequent irradiation with UV again dissociated the swarm groups. 

This photo-triggered association-dissociation was repeated for three cycles (Figure 3.15b). 

Finally, by tuning the path Lp, the swarming mode was regulated from translational to circular 

type (Figure 3.15b, lower). Thus, by installing a photoresponsive molecule into DNA 

together with the use of a DNA based logic gate algorithm, swarming can be repeatedly 

regulated which enhances the flexibility of the system.  
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Figure 3.15 Irradiation of photoresponsive rigid swarm units (with body length= 4.2 ± 1.8 

µm, Lp= 258.13 µm) by visible light (λ= 480 nm, I= 1.27 mW/cm2), which isomerized 

azobenzene from cis- to trans-form, resulted in photo-triggered swarming of the swarm units 

into groups with translational motion (upper row). The swarm groups were then exposed to 

UV light (λ= 365 nm, I= 0.38 mW/cm2) that isomerizes the azobenzene from trans- to cis-

form. As a result, the swarm groups dissociated into single swarm units, and almost all of the 

swarm groups disappeared after 6 min of photoirradiation. This cycle was repeated three 

times. Visible light irradiation to flexible swarm units (body length= 11.7 ± 0.7 µm, Lp= 60.9 

µm) generated swarm groups with circular motion (lower row) (a). Change in association 

ratio upon consecutive irradiation by visible and UV light (b). Scale bar: 20 µm. 
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3.3 Conclusion 

In conclusion, swarming was successfully tuned by applying chemical and physical input 

signals. Swarming as output signal was obtained as groups of swarm units of yellow colored 

bundles with translational motion which was completely responsive to the input signals of 

simple YES, AND, OR logic gate operations. While DNA logic gates were successful in 

computing mathematical operations in swarming, different mode of swarming with 

translational and circular motion was successfully demonstrated in parallel by DNA 

molecular recognition process. The swarming modes with distinct physical properties of 

swarm units was responsive to the corresponding input DNA signals which helps to sort out 

the patterns, at the same time reviving their motion without any crosstalk. Finally, inserting 

photoresponsive DNA in the swarm units, repeated control over reversible swarming was 

successfully demonstrated by input physical signals like switch on-off system. Such 

programming of swarm of biomolecular motor system by DNA computation opens a new era 

of designing swarming with engineered functionalities to apply the integrated system as 

molecular swarm robots.  
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3.4 Experimental Procedures 

3.4.1 Purification of tubulin and kinesin 

Tubulin was purified from porcine brain using a high-concentration PIPES buffer (1 M 

PIPES, 20 mM EGTA, and 10 mM MgCl2) and 80 mM Brinkley buffer (BRB80) (80 mM 

PIPES, 1 mM EGTA, 2 mM MgCl2) by adjusting pH to 6.8 using KOH36. Recombinant 

conventional kinesin-1 consisting of the first 573 amino acid residues of human kinesin-1 

(K573) were prepared as described in previously published reports37. 

3.4.2 Preparation of azide labeled tubulin 

Azide labeled tubulin was prepared using N3-NHS-PEG-ester according to the protocol used 

for labeling tubulin with fluorescence dye38 and concentration was determined by measuring 

absorbance at 280 nm using UV spectrophotometer (Nanodrop 2000c). 

3.4.3 Design and preparation of DNA sequences 

r-DNA and l-DNA strands were designed from Tm simulation using ‘OligoAnalyzer 3.1’ 

software with Tm between 0 oC and 50 oC for experimental testing.39 A further selection 

criterion was followed for logic gate experiments such that any undesired interactions were 

avoided between DNA strands. Dibenzocyclooctyne (DBCO) and fluorescent dye labeled 

strands were chemically synthesized using appropriate CPG columns and a phosphoramidite 

(Glen Research, VA) on a ABI 3900 automatic DNA synthesizer, purified by reverse phase 

HPLC and fully characterized by MALDI-TOF/MS (Bruker microflex LRF). The r-DNA was 

modified at the 3’ end with either 5(6)-Carboxytetramethylrhodamine (TAMRA) or 5-

Carboxyfluorescein (FAM) and at the 5’ end with DBCO. The p-DNA was synthesized in 

laboratory according to an established protocol.40 l-DNA and d-DNA were purchased from 

Eurofins Genomics LLC. 

3.4.4 Measurement of melting temperature (Tm) of p-DNA duplex 

Tm measurement of p-DNA1/ p-DNA2 duplex induced by photoirradiation was done using 2 

µM concentration of each p-DNA, 100 mM NaCl, 10 mM Phosphate buffer (pH ~7.0). The 

absorbance at 260 nm was monitored with time at different temperature (Asahi spectra). 

3.4.5 Preparation of swarm units 

Swarm units were prepared by incubating 70.0 µM azide labeled tubulin at 37 oC for 30 min 

to polymerize into azide labeled MTs. Azide tubulin and polymerization buffer (80 mM 

PIPES, 1 mM EGTA, 1 mM MgCl2, 1 mM polymerizing agent, pH~6.8) was mixed in a 4:1 
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ratio respectively. Flexible swarm units were prepared using 1 mM GTP (guanidine-5´-

triphosphate) and 5% DMSO (dimethyl sulfoxide) as polymerizing agent while rigid swarm 

units were prepared using the slowly hydrolyzable analogue of GTP, GMPCPP (guanosine-

5´[(α, β)-methyleno] triphosphate) (1 mM) in premix. Click reaction was initiated by addition 

of dibenzocyclooctyne (DBCO) conjugated r-DNAs to the azide-MTs which allowed azide-

alkyne cycloaddition reaction. To distinguish two different r-DNAs conjugated swarm units, 

5(6)-Carboxytetramethylrhodamine (TAMRA) and 5' 6-Carboxyfluorescein (FAM) labeled r-

DNAs were used. 3.5 µL dye labeled DBCO conjugated r-DNA was then mixed with the 

prepared MTs solution and incubated for a prescribed time period at 37 oC. After completion 

of the click reaction, 100 µL of cushion buffer (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, 

60% glycerol) was used to separate the MTs by centrifugation at 54000 rpm for 1 hour at 37 

oC. Pellet of MTs was washed after removing the supernatant and dissolved with 15 µL 

BRB80P (BRB80 with 1mM taxol). p-DNAs conjugated MTs were prepared following the 

similar procedure. 

3.4.6 Preparation of flow cell and motility assay for demonstration of logic 

gates and photoirradiation 

Flow cell with dimensions of 9×2.5×0.45 mm3 (L×W×H) was assembled from two cover 

glasses ((18×18) mm2 and (40×50) mm2 (MATSUNAMI)) using double-sided tape as spacer. 

The flow cell was filled with 5 μL casein buffer (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2 

and ~0.5 mg mL-1casein; pH 6.8). After incubation for 3 min, 300 nM of kinesin solution was 

introduced into casein coated flow cell and incubated for 5 min to bind the kinesins on glass 

surface. After washing the flow cell with 5 µL of motility buffer (~80 mM PIPES, 1 mM 

EGTA, 1 mM MgCl2, 0.5 mg mL-1 casein, 1 mM DTT, 10 mM taxol; pH~6.8), 5 µL of R-

swarm units was then introduced and incubated for 2 min, followed by washing with 10 µL 

of motility buffer. Subsequently, 5 µL of G-swarm unit solution was introduced in the flow 

cell and allowed for 2 min of incubation, followed by washing with 10 µL of motility buffer. 

The G-swarm units were incubated with l-DNA for 15 min at room temperature prior to the 

addition into the flow cell. Finally, motility of swarm units was initiated applying 5 µL of 

ATP buffer (motility buffer supplemented with 0.2% methylcellulose and 5 mM ATP).The 

time of ATP addition was set as 0 hour. The aforementioned experiments were performed at 

room temperature using the scavengers (ATP buffer supplemented with 4.5 mg mL-1 D-

glucose, 50 U mL-1 glucose oxidase, 50 U mL-1 catalase) or inert chamber system41 (ICS). 

The swarm units were monitored under fluorescence microscopy after passing nitrogen for a 
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prescribed time period. Subsequently, for all logic gates and photoirradiation the similar 

method was followed. 

3.4.7 Microscopy image capture 

The samples were illuminated with a 100 W mercury lamp and visualized by an 

epifluorescence microscope (Eclipse Ti, Nikon) using an oil-coupled Plan Apo 60×1.40 

objective (Nikon) lens. UV cut-off filter blocks (TRITC: EX 540/25, DM565, BA605/55; 

GFP-B: EX460-500, DM505, BA510-560; Nikon) were used in the optical path of the 

microscope. Images were captured using a cooled-CMOS camera (NEO sCMOS, Andor) 

connected to a PC. To capture a field of view for more than several minutes, two ND filters 

(ND4, 25% transmittance for TRITC and ND1, 100% transmittance for GFP-B) were inserted 

into the illumination light path of the fluorescence microscope to avoid photobleaching of 

samples. In order to isomerize the azobenzene unit from the trans form to the cis form in p-

DNA swarm units, the flow cell was irradiated with light from 100 W mercury lamp passed 

through UV-1A filter (UV-1A: EX 365-410, DM400, BA400; Nikon). 

3.4.8 Image analysis 

Length and velocity of swarm units were measured from movies of the motility assay of MTs 

and images captured under the fluorescence microscopy using the image analysis software 

(ImageJ). To determine the association ratio, pixel counting (RGY analysis) from 

fluorescence microscopy images was done using Adobe Photoshop software (CC 2014). 

3.4.9 Estimation of association ratio (%) of swarm units 

The association ratio of R- and G- swarm units were estimated from pixel measurement and 

using the following equation, 

100
)2(

2
(%) 






pixelYellowpixelGreenpixelRed

pixelYellow
rationAssociatio

………..(1)

 

Red, green and yellow pixels were counted by separating the pixels from the fluorescence 

images using RGY analysis of Adobe Photoshop. The pixels give the association ratio of 

swarm units by above equation. Yellow pixel was counted double as multiplied by two in 

equation as it is combination of both red and green pixels coming from two swarm units (R 

and G- swarm units). 
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3.4.10 Sequences of DNAs used for control of swarming 

Table 3.4.1 Sequences of r-DNAs and l-DNAs used in the demonstration of logic gate 

operations. 

DNA Sequence (5´-3´) 5´ end 3´ end 

r-DNA1 TTTTTTTTTTTTTTTT DBCO TAMRA 

r-DNA2 TTGTTGTTGTTGTTG DBCO FAM 

l-DNA1 CAACAACAACAACAAAAAAAAAAAAAAAAAA - - 

l-DNA2 ACTCGTGCAGAAAAAAAAAAAAAAAA - - 

l-DNA3 CTGCACGAGTCAACAACAACAACAA - - 

r-DNA3 TTCTTCTTCTTCTTC DBCO TAMRA 

r-DNA4 TAGTAGTAGTAGTAG DBCO FAM 

l-DNA4 CTACTACTACTACTAGAAGAAGAAGAAGAA - - 
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Table 3.4.2 Sequences of r-DNAs and l-DNAs used for demonstrating orthogonal control of 

swarming. 

DNA Sequence (5´-3´) 5´ end 3´ end 

r-DNA1 TTTTTTTTTTTTTTTT DBCO TAMRA 

r-DNA2 TTGTTGTTGTTGTTG DBCO - 

l-DNA1 CAACAACAACAACAAAAAAAAAAAAAAAAAA - - 

r-DNA5 GCGGCTTGACATACCA DBCO FAM 

r-DNA6 CACCAGCCAGTCTGTTA DBCO FAM 

l-DNA5 TGGTATGTCAAGCCGCTAACAGACTGGCTGGTG - - 

Table 3.4.3 Sequences of photoresponsive p-DNAs for demonstration of switch on/off 

control of swarming. 

DNA Sequence (5´-3´) 5´ end 3´ end 

p-DNA1 CAAZCAAZCAAZCAAZCAAZCAAZCAAZCAA DBCO - 

p-DNA2 TTTTTTTTTTTTTTGZTTGZTTGZTTG DBCO - 

Z=Azobenzene 
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CHAPTER 4 

High-Resolution Imaging of Gliding Microtubules and 

Protofilaments of Tubulins by HS-AFM 

Abstract 

In vitro gliding assay of microtubules (MTs) on kinesins has provided us with valuable 

biophysical and chemo-mechanical insights of this biomolecular motor system. Visualization 

of MTs in an in vitro gliding assay has been mainly dependent on optical microscopes, limited 

resolution of which often renders them as insufficient sources of desired information. In this 

work, using high speed atomic force microscopy (HS-AFM), which allows imaging with higher 

resolution, I monitored MTs and protofilaments (PFs) of tubulins on kinesins while gliding. 

Moreover, by using the HS-AFM, splitting of gliding MTs into single PFs at their leading ends 

was also observed. The split single PFs interacted with kinesins and exhibited translational 

motion, but with a slower velocity than the MTs. This investigation at the molecular level, 

using the HS-AFM, would provide new insights to the mechanics of MTs in dynamic systems 

and their interaction with motor proteins which would further help to develop molecular robots. 
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4.1 Introduction 

Microtubule (MT)-kinesin, a cytoskeletal component, plays crucial roles in cell through its 

various spatial and mechanical functions1-6. This biomolecular motor system actively 

participate in cell contractility4, development and maintenance of cell polarity7 and also in a 

number of intracellular events such as intracellular transport, regulation of cell morphology 

and cell mechanics8,9. In vitro gliding assay, where kinesins are adhered to a substrate and MTs 

are propelled by the kinesins through consumption of adenosine triphosphate (ATP)5, has been 

a useful method in unveiling physiological and chemo-mechanical characteristics of the 

biomolecular motor system10-12. Based on the in vitro gliding assay nowadays the MT-kinesin 

system is finding applications for nanotransport, detection, sensing, imaging, etc13, 14. In those 

works, observation of MTs in the in vitro gliding assay has been mainly dependent on the 

employment of optical microscopes, limited resolution of which often hinders detail 

exploration and fails to provide adequate information from the gliding assay. In this work, I 

performed in vitro gliding assay of MTs and monitored the gliding MTs and PFs of tubulins 

under a high speed atomic force microscope (HS-AFM). Moreover, utilizing the advantage of 

the HS-AFM in monitoring a specimen at the molecular level15-17, for the first time splitting of 

gliding MTs into single PFs was directly observed. Upon splitting, the motile MTs were found 

to abruptly change their direction of movement. The split single PFs also interacted with 

kinesins and exhibited translational motion like the intact MTs, but with relatively lower 

velocity. Recently structural disintegration of MTs in the in vitro gliding assay has started to 

draw attention where, based on the investigations under fluorescence microscopy, wear or 

breakage of MTs into smaller parts18 or protofilament bundles (PFBs)19 were reported. Using 

the HS-AFM direct observation at the molecular level provides new insights to the structural 

degradation of MTs in an in vitro gliding assay. This work would contribute to our current 

understanding of the mechanics of MTs with defects in their lattice20-23and impact of structural 

change of MTs by MAPs24, motor proteins25, 26 or post translational modification27 on their 

functionality in a dynamic system and at the same time would help promote sustainable 

applications of biomolecular motor systems in synthetic world28-30. Moreover, as a next step 

this understanding would also benefit us in the design of efficient molecular devices or robots 

for developing higher ordered system as swarming. 
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4.2 Results and Discussion 

4.2.1 Observation of MTs and tubulin PFs on bare mica substrate 

MTs and PFs of tubulins were imaged after fixing to mica substrate through electrostatic 

interaction (Figure 4.1a-4.1c). A magnified HS-AFM image shows helical lattice of MT 

filaments with a helix angle ~1 degree where the number of observed PFs was 16 (Figure 

4.1b). Short and thin filaments with length of 50±20 nm (n~60, Figure 4.1d) and circular, 

curled and straight conformation were also observed (Figure 4.1c). 

 

Figure 4.1 HS-AFM images of MT and PFs of tubulins. HS-AFM images of a paclitaxel 

stabilized MT (a, b). Scale bars: (a) 250 nm, (b) 50 nm and frame rate: 0.2 s/frame. In (b) white 

dotted line indicates the longitudinal axis of the MT and blue dotted line shows direction of the 

PFs. HS-AFM images of PFs of tubulins (c). Scale bar: 100 nm and frame rate: 0.2 s/frame. 

Length distribution of PFs in static condition (d).  

From the topographic image and height profile, the height of a MT filament was obtained as 

~25 nm (Figure 4.2a, 4.2b). On the other hand, for the thinner filaments the height was ~4 nm 

(Figure 4.2c, 4.2d), and these findings agree well with the literature31. Therefore, MTs and PFs 

were successfully observed using HS-AFM without any damage caused by cantilever tip force 

for a time period.  
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Figure 4.2 Topographic image and height profile of a MT (a, b) and PFs (c, d) obtained from 

HS-AFM. 3D image of a MT and PFs was obtained using HS-AFM. 

4.2.2 Observation of gliding MTs and tubulin PFs on kinesin coated 

substrate 

For observation of motility of MTs and PFs using HS-AFM, such a substrate is required that 

can increase the speed with smooth scan and also to avoid the non-specific adsorption of 

proteins on the surface. Usually, flat and soft substrate surfaces are a key to successful imaging 

of biological macromolecules by AFM32. Although usable substrate surface such as mica has 

been successful for still imaging of immobilized molecules, surfaces that are more suitable 

have recently been required and designed for dynamic imaging to accompany the progress of 

the scan speed of AFM. To observe the motility of MTs and PFs, I have used three types of 

surfaces which were found successful in imaging different proteins in action in previous work. 

To investigate the molecular events that occur during motility of MTs high resolution 

observation is required which was accompanied by developing the suitable scan speed with 

varying the substrate surface using HS-AFM. 

4.2.2.1 Observation of gliding MTs on the nitrocellulose (NC) coated glass surface 

An in vitro gliding assay on NC (collodion) coated mica substrate was demonstrated which is 

a hydrophobic surface33 (detail information given in experimental section 4.4). The surface was 

covered with motor protein kinesin and MTs were attached on the kinesin coated surface. 

Although kinesin was not clearly observed on the substrate (Figure 4.3a) but the motility of 

MTs was successfully observed which is shown as time lapse images in Figure 4.3b. The 

velocity of MTs was found ~590 nm s-1 on the collodion coated mica substrate, which is very 
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close to the velocity of MTs on glass observed in a conventional gliding assay under 

fluorescence microscope34.  

 

Figure 4.3 HS-AFM image of kinesins on NC coated glass surface. Scale bar: 20 nm and frame 

rate: 0.25s/frame (a). Time lapse images of motility of MT. Scale bar: 500 nm and frame rate: 

0.66s/frame (b). The red arrow indicates the displacement of MT during motility. 

Motility of MTs with their retained velocity could be clearly observed using HS-AFM which 

also indicates that cantilever tip force does not hamper the motility of MTs considerably. 

Although motility of MTs was clearly observed using HS-AFM, motility of PFs or any static 

PFs was not found on the surface. The roughness of the surface may hinder the clear 

observation of any PFs on the kinesin coated NC surface. Thus more smooth and flat surface 

is required to observe the motility of PFs by HS-AFM where streptavidin coated lipid surface 

can play an important role.  

4.2.2.2 Observation of gliding MTs and PFs on kinesin coated lipid surface (lipid surface 

1) 

Gliding of MTs and PFs of tubulins was monitored under HS-AFM by demonstrating an in 

vitro gliding assay of MTs on kinesins fixed to a streptavidin coated lipid bilayer on mica 

(Figure 4.4a). The mica-supported biotinylated lipid bilayer was prepared as described in a 

previous report35. In brief, first unilamellar vesicles were prepared from 1,2-Dihexadecanoyl-

sn-glycero-3-phosphocholine (DPPC), 1,2-Dipalmitoyl-3-trimethylammonium-propane 

(DPTAP) and 1,2-dipalmitoyl-sn-glycero-3- phosphoethanolamine-N-(cap biotinyl) (biotin-

cap DPPE) (detail information given in section 4.4). The vesicles were deposited to freshly 

cleaved mica disks followed by the addition of streptavidin to the lipid bilayer surface. It was 

observed that upon application of the streptavidin solution, the streptavidin molecules started 
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to form small crystal islands on the biotinylated lipid bilayer (Figure 4.4b). After decorating 

the lipid bilayer with streptavidin, biotinylated kinesin solution was added onto the surface. 

Subsequently, taxol-stabilized MTs were applied and next by adding ATP, the motility of MTs 

on the kinesin coated substrate was initiated. I monitored the motility of the MTs by HS-AFM, 

which allowed real time imaging of the motile MTs with a high resolution. As mentioned 

above, the surface was divided into small islands after addition of streptavidin creating an 

inhomogeneous surface. As the distance between two islands was much smaller than the length 

of MTs, the observation of motility of MTs was continued on such surface. The motility of 

MTs over kinesin coated lipid bilayer substrate can be observed from the images showing their 

displacement with time (Figure 4.4c). 

 

Figure 4.4 HS-AFM observation of gliding MTs. Schematic illustration of in vitro gliding 

assay of MTs on kinesins fixed to a mica supported lipid bilayer through streptavidin/biotin 

interaction (a). HS-AFM image of surface of the lipid membrane coated with streptavidin 

crystals. Scale bar: 50 nm (b). Time lapse images showing gliding motion of a MT on the 

kinesin coated lipid surface, Scale bar: 500 nm (c). Frame rate: 0.2 s/frame (b) and (c).  

While monitoring the gliding MTs under HS-AFM, I also observed smaller and thinner 

filaments, as shown in Figure 4.5a (n~30), with length of 80±30 nm (mean ± S.D.) (Figure 

4.5b) and height (~2.3 nm) (Figure 4.5c), gliding around the MTs. From the height profile the 

smaller and thinner filaments appear to be PFs of tubulins. The PFs might have been produced 

during MT polymerization but did not participate in the formation of MTs31.  
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Figure 4.5 Observation of a gliding PF by using HS-AFM. Scale bar: 500 nm, frame rate: 0.2 

s/frame (a). Length distribution of gliding PFs (b) and height profile of PFs (c). 

While the MTs were moving with a velocity of ~100 nm s-1 (n=8), the PFs were moving with 

slower velocity (~40 nm s-1) (n=18) (Figure 4.6).  

 

Figure 4.6 Comparison between velocity of MTs and PFs of tubulins. While gliding on a 

kinesin coated substrate, tubulin PFs moved with a slower velocity than the MTs. Error bar: 

standard deviation (S. D). Velocity differences between the two values are statistically 

significant. (p<10-4). 

This difference in velocity is in agreement to a previous report where a difference in velocity 

between MTs and protofilament bundles (PFBs) was observed under fluorescence 

n=8 

n=18 

* 
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microscope19. Such difference in velocity of MTs and PFs might be related to the fluctuation 

of kinesins on the surface, and consequent difference in the extent of force production by the 

kinesins at MTs or PFs36. Thus, the gliding of MTs as well as PFs could be clearly observed 

on streptavidin coated lipid bilayer surface.  

An important observation in the present experimental system is the relatively slower velocity 

of MTs on the lipid layer, compared to that observed in a conventional gliding assay on glass. 

This result suggests that the slower movement of MTs on lipid bilayer coated mica substrate 

might be related to the nature of substrate which can affect the specific binding of motor protein 

on the surface. The incomplete streptavidin crystal formation on the lipid bilayer surface may 

also affect the velocity of MTs (Figure 4.4b). To investigate the origin, the motility of MTs 

and PFs was observed in another lipid bilayer surface with different compositions. 

4.2.2.3 Observation of gliding MTs and PFs on kinesin coated lipid surface (lipid surface 

2) 

Gliding of MTs and PFs was performed in an in vitro gliding assay on lipid coated mica 

substrate prepared from a lipid and composition other than used lipid surface 1. Here I prepared 

lipid layer on mica using vesicles prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(cap biotinyl) (biotin-cap DOPE)32 (detail information given in 

section 4.4). On this lipid layer the velocity of MTs was~150 nm s-1 (n=50), which was slightly 

higher than that observed for the DPPC/DPTAP/biotin-cap DPPE system (lipid surface 1). It 

should be noted that, while preparing lipid layer using DOPC/DOPS/biotin-cap DOPE lipid 

system at the prescribed composition, noticeable difference was observed in the topography of 

streptavidin crystals compared to that for DPPC/DPTAP/biotin-cap DPPE system. While there 

was an incomplete and fractionate appearance of the streptavidin crystals for the 

DPPC/DPTAP/biotin-cap DPPE system, a much uniform layer of 2D streptavidin crystals 

(Figure 4.7a, 4.7b) was obtained for the DOPC/DOPS/biotin-cap DOPE system. On such a 

uniform crystal layer of streptavidin, it was also able to observe the anchored single kinesins 

using the HS-AFM (Figure 4.7c) with a density ~1200 µm-2 (Figure 4.7d). However, the 

density of kinesins on the lipid layer is found much lower than that on a glass surface37.  
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Figure 4.7 HS-AFM images of two dimensional crystals of streptavidin. (a) and (b). HS-AFM 

image of larger area of streptavidin 2D crystal on lipid membrane surface. Scale bar: 200 nm, 

frame rate: 1.0 s/frame (a) and magnified image of center part of image a. Scale bar: 40 nm (b). 

Motor protein kinesin on streptavidin 2D crystal surface (c) and (d). Bright spots are kinesin 

with head groups. Scale bar: 20 nm, frame rate: 1.0 s/frame (c) and (d). 

On this lipid layer MTs was observed clearly which was also able to confirm from their height 

profile (23±1 nm) (Figure 4.8a) exhibiting motility (Figure 4.8b).  

 

Figure 4.8 Topographic image of MT on streptavidin 2D crystal coated lipid bilayer surface 

fixed by kinesin (left) and its height profile (right). Scale bar: 200 nm, frame rate: 1.0 s/frame 

(a). Time lapse images of motility of MTs on 2D crystal coated lipid bilayer surface fixed by 

kinesin. Scale bar: 200 nm, frame rate: 1.0 s/frame (b). Red arrow indicates the starting point 

and white arrow indicates the end point of displacement of MTs with time.  
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Despite the formation of homogeneous streptavidin crystal layer on the DPPC/DPTAP/biotin-

cap DPPE system, the velocity of MTs remained quite slow (~150 nm s-1, n=50), which could 

be attributed to the low density of kinesin on the streptavidin/lipid surface. 

Similar to the DPPC/DPTAP/biotin-cap DPPE system (lipid surface 1) difference in velocity 

between PFs (~60 nm s-1, n=20) and MTs was also observed for the DOPC/DOPS/biotin-cap 

DOPE system (lipid surface 2). The PFs could be also indentified from their height profile 

(~2.5 nm) which agrees well with the value obtained in case of lipid surface 1 and showed 

motility (Figure 4.9 a, 4.9 b). The path length of PFs was found to be much smaller than MTs 

and they showed pausing events during their motility (Figure 4.9c, 4.9d).  

 

Figure 4.9 Height profile of gliding PFs obtained from HS-AFM image as shown. Scale bar: 

250 nm, frame rate: 1.0 s/frame (a). Observation of a gliding PF by using HS-AFM. Scale bar: 

500 nm (b). In (b) the pink/red arrows are indicating change of position of gliding short PF 

with time. Scale bar: 500 nm, frame rate: 1.0 s/frame. Distribution of path length of gliding 

PFs. Mean=300±190, R2=0.87. n=20 (c) and typical displacement of PFs with time. n=5 (d). 
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It is to be mentioned that in these experiments, curled shape of single PFs during gliding on the 

surface was not observed. Generally, taxol-stabilized PFs are known to form curled structures 

as reported in a previous AFM study31. In fact, bundles of PFs form ring shaped structure when 

detaching from the MTs19. Usually, when a PF starts to be bent, kinesin binding surface of the 

PF goes inside the PF ring and inner part of the MT is exposed to the outside ring. But here if 

the kinesin binding side of PF is fixed on a flat kinesin coated surface, PF cannot be bent to 

form ring anymore and should keep straight structure (Figure 4.10). On the other hand, if PFs 

form bundle, it may produce more force to bend PFs. Therefore, single PFs are found to exhibit 

translational motion, unlike the PFBs which exhibit circular motion on the kinesin coated 

surface19. 

 

Figure 4.10 Schematic diagram showing binding of a PF of tubulins to kinesin coated 

surface. The PFs of tubulin showed translational motion on kinesins. 

4.2.2.4 Comparison of motility of MTs and PFs on NC and lipid bilayer surfaces 

Collectively the results obtained from three different surfaces confirm the effect of substrate 

on the velocity of MTs as shown in the following Figure 4.11. The velocity of MTs was found 

to decrease drastically on the both lipid surface (~100 nm s-1 and 150 nm s-1 respectively) 

compared to nitrocellulose (NC) coated mica surface (~590 nm s-1). The results suggested that, 

the velocity was affected mainly by the surface property while mechanical process of scanning 

during observation under HS-AFM not to be the main factor behind the slow velocity of MTs. 

The streptavidin coating on the lipid bilayer surface might have influence on the velocity. 

Lower binding affinity of kinesins on this streptavidin crystal surface may significantly affect 

the velocity. Density of kinesin as estimated on streptavidin crystal surface was ~1200 µm-2 

which was quite lower than found in the literature37 on the glass surface as ~5000 µm-2. 
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Figure 4.11 Change in velocity of MTs on different substrate. Error Bar: Standard error (S. E). 

Moreover, despite of low velocity we can clearly observe the gliding PFs on both the lipid 

bilayer surface clearly which may attribute to the flat surface property of lipid bilayer which 

facilitates the high resolution images. The difference in velocity between gliding MTs and PFs 

was observed (lipid surface 1: MTs~100 nm s-1, PFs~40 nm s-1 and lipid surface 2: MTs~150 

nm s-1, PFs~60 nm s-1) which indicates that difference in velocity is caused by the fluctuation 

of surface bound kinesin which greatly affects the velocity of small PFs than the long MT 

filaments. Thus the gliding MTs and PFs were successfully observed on the streptavidin coated 

lipid bilayer surface which provides different information of gliding events and their inherent 

properties. 

4.2.3 Observation of splitting of gliding MTs into single PFs  

Motility of MTs on a kinesin coated substrate has been reported to be associated with molecular 

wear, breakage or splitting of MTs into PFBs18, 19. The broken and split MTs exhibited 

translational and circular motion respectively on the kinesin coated substrate18, 19. Here taking 

the advantage of high resolution imaging of gliding MTs by HS-AFM, the splitting of gliding 

MTs was directly observed into single PFs on lipid coated mica substrate. While monitoring 

the motile MTs by HS-AFM, it was observed that the MTs suddenly changed their moving 

direction after a short pause. Such abrupt change in direction of motion of the MTs was also 

observed under fluorescence microscope, although the reason has remained obscure. From high 

resolution imaging of MTs on the mica surface the leading end of many MTs was found 

incomplete where PFs can be clearly observed. This leading end is known as tapered end from 

which PFs are protruding out38 (Figure 4.12).  
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Figure 4.12 HS-AFM image of a MT with a tapered end. The bright cylindrical object is 

MT. At the very end of the MT, tapered end is observed showing PFs. Scale bar: 20 nm, frame 

rate: 1.0 s/frame. 

High resolution imaging by HS-AFM revealed that after pausing, a gliding MT was split into 

two fragments (Figure 4.13a). This result suggests that, the sudden change in direction of 

motile MTs is related to such splitting of the MTs. Probably, When PFs at the tapered leading 

end of MT collides with dead kinesins or some obstacles, the PFs might be bent, and being 

pushed by the lagging part of the MT. Finally, the tapered PFs was broken and separated from 

the leading end of MTs. Consequently, MTs might change their moving direction due to the 

buckling force from the PF (Figure 4.13c). Additionally, taking into account the difference in 

the velocity between PFs and MTs, PFs tapered at the leading end of a MT might also cause 

bending of tapered-PFs due to the mismatch of the velocity and subsequently causing 

directional change of MTs. Thus, from the observation under HS-AFM, it was revealed that 

splitting of PFs from the leading end of MTs influences the motility of MTs. However, splitting 

of MTs into PFs can be observed on the lipid bilayer surface with some fractionate appearance 

of streptavidin crystals (DPPC/DPTAP/biotin-cap DPPE) (Figure 4.13a).We also observed 

such splitting on the uniform large areas of streptavidin crystals using the other lipid bilayer 

(DOPC/DOPS/biotin-cap DOPE) surface (Figure 4.13b) which indicates that incomplete or 

fractionate appearance of streptavidin crystals might have no considerable effect on the 

splitting of gliding MTs into PFs. The PF split from the motile MTs showed translational 

motion, which is in contrary to the circular motion exhibited by PFBs19. 

 

 

 



102 
 

Figure 4.13 Sudden change in direction of gliding MTs with segregation of tapered PFs 

from the leading end. Time-lapse images showing splitting of a MT at the tapered leading end 

during gliding motion on lipid surface 1 (a) and on lipid surface 2 (b) Scale bar: 500 nm, frame 

rate: 0.2 s/frame. The red arrows show moving direction of gliding MTs and PFs separated 

from leading end of the MT. Schematic model showing sudden directional change of MT with 

segregation of a PF from the tapered leading end of the MT (c). 

Therefore, splitting of single PFs is one of the significant events that may be one of the cause 

of damage or breakage of MTs during their gliding motion. Thus, HS-AFM images help us to 

unravel such events that occur at the molecular level which exceeds the limitations of 

conventional microscope unveiling their mechanical properties. 
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4.3 Conclusion 

In conclusion, exploiting the advantage of high resolution imaging by HS-AFM at molecular 

scale, gliding motion of MTs and single PFs was successfully observed in an in vitro gliding 

assay. Moreover, splitting of the gliding MTs into single PFs has also been observed directly 

for the first time, which can account for the sudden directional change of the gliding MTs in 

the gliding assay. The investigation thus provides an answer to the long standing mystery of 

sudden directional change of gliding MTs in an in vitro gliding assay, which has been observed 

under epi-fluorescence microscopy. From the detail investigation of motile MTs at the 

molecular level using HS-AFM, detail of the relationship between structure of MTs and their 

motility behavior would be understandable. High resolution imaging by HS-AFM might be 

advantageous in the study of MT dynamics or interaction between motor proteins and MTs on 

their functionality in a dynamic system. The knowledge of functional property of gliding MTs 

would help us to find out the way to use this self-propelled system for developing efficient 

devices or robots in near future. 
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4.4 Experimental Procedures 

4.4.1 Purification of tubulin and kinesin 

Tubulin was purified from porcine brain using a high-concentration PIPES buffer (1 M PIPES, 

20 mM EGTA, and 10 mM MgCl2; pH adjusted to 6.8 using KOH). The high-concentration 

PIPES buffer and Brinkley Buffer 80 (BRB80) (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 

pH 6.8) were prepared using PIPES from Sigma, and the pH was adjusted using KOH39. 

Kinesin construct consisting of human kinesin (residues 1-465), with an N-terminal histidine 

tag, and a C-terminal avi-tag were prepared as described in previously published reports by 

partially modifying the expression and purification methods 40, 41. 

4.4.2 Preparation of MTs 

For preparation of MTs, 56 µM tubulin was incubated at 37 oC for 30 min using polymerization 

buffer including guanosine-5´-triphosphate (GTP) (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 

1 mM GTP, pH ~6.8). Tubulin and polymerization buffer were mixed at a 4:1 volume ratio. 

Finally polymerized MTs were stabilized with taxol buffer (80 mM PIPES, 1 mM EGTA, 1 

mM MgCl2, 10 µM Paclitaxel, 5% DMSO). 

4.4.3 Observation of MTs and PFs on mica surface 

1 µM MT was directly deposited on the mica surface and washed with 100 µL taxol buffer 

including 3 µM paclitaxel to avoid the crystals of taxol during observation and observed by 

HS-AFM. 

4.4.4 Preparation of motility assay on the nitrocellulose coated glass surface  

2% nitrocellulose (NC) in isoamyl acetate (0.5 µL) was deposited on a freshly cleaved mica 

surface for 15 mins to completely dry. Then 200 nM kinesin-1 (2 µL) in BRB80 with 1 mM 

DTT (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 1mM DTT, pH 6.8) was deposited on the 

surface for 5 min. After that washed by excess amount of BRB80 with DTT (~100 µL) buffer. 

1 mg mL-1 casein in BRB80 (2 µL) was deposited on the surface for 3 min. Then rinsed with 

taxol buffer (BRB80 with 3 µM paclitaxel) (20 µL). 1 µM of MT in taxol buffer was deposited 

and waited for 5 min. Finally rinsed with taxol buffer~60 µL and imaged by AFM in ~120 µL 

of the taxol buffer containing 2 mM ATP.  
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4.4.5 Preparation of streptavidin coated lipid bilayer surface 

Lipid system 1: Biotinylated mica-supported lipid bilayers were prepared as described in a 

previous report35. Briefly, solution of 1,2-Dihexadecanoyl-sn-glycero-3-phosphocholine 

(DPPC) in chloroform, 1,2-Dipalmitoyl-3-trimethylammonium-propane (DPTAP) and 1,2-

dipalmitoyl-sn-glycero-3- phosphoethanolamine-N-(cap biotinyl) (biotin-cap DPPE) (Avanti 

Polar Lipids) were mixed at a weight ratio of 0.85:0.05:0.10. The chloroform was then 

evaporated under a stream of nitrogen gas, and the lipids were redissolved in MilliQ H2O at a 

concentration of 1 mg mL-1. Solubilized lipid was diluted to ~0.05 mg mL-1 by MilliQ H2O 

and sonicated to obtain small unilamellar vesicles. A drop of the vesicle solution (3 μL) was 

deposited on freshly cleaved mica disks. After ~3 h of incubation in a sealed container, in which 

a Kimwipe wetted with MilliQ H2O was placed, the surface was rinsed with crystallization 

buffer 1 (20 mM Tris-HCl, 1 mM EDTA, 10 mM MgCl2, pH~7.6). Then, a drop (3 μL) of 

streptavidin in crystallization buffer 1 (1 μg mL-1) was deposited on the bilayer surface. After 

30 min of incubation, the surface was rinsed again with crystallization buffer 1 to remove the 

excess streptavidin. 

Lipid system 2: For the DOPC/DOPS/biotin-cap DOPE system, solution of 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) in chloroform, 1,2-dioleoyl-sn-glycero-3-phospho-L-

serine (DOPS) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (biotin-

cap DOPE) (Avanti Polar Lipids) were mixed at a weight ratio of 7:2:1. The chloroform was 

then evaporated under a stream of nitrogen gas, and the lipids were redissolved in MilliQ H2O 

at a concentration of 1 mg mL-1. Solubilized lipid was diluted to ~0.05 mg mL-1 by MilliQ H2O 

and sonicated to obtain small unilamellar vesicles. A drop of the vesicle solution (3 μL) was 

deposited on freshly cleaved mica disks. After ~3 h of incubation in a sealed container, in which 

a Kimwipe wetted with MilliQ H2O was placed, the surface was rinsed with crystallization 

buffer 2 (10 mM HEPES-NaOH, 150 mM NaCl, 2 mM CaCl2, pH 7.4). Then, a drop (3 μL) of 

streptavidin in crystallization buffer 2 (1 mg mL-1) was deposited on the bilayer surface. After 

3 h of incubation, the surface was rinsed again with crystallization buffer 2 to remove the excess 

streptavidin. For the chemical fixation of the streptavidin crystals, a 10 mM glutaraldehyde-

containing crystallization solution 2 was applied and incubated for 5 min. The reaction was 

quenched using 20 mM Tris buffer mixed in the crystallization buffer 2. 
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4.4.6 Preparation of motility assay of MTs on lipid bilayer coated mica 

substrate 

A drop (2 μL) of biotinylated kinesin (6 μM and 200 nM for Lipid system 1 and 2 respectively 

) in BRB80 with 1 mM DTT (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 1mM DTT, pH 6.8) 

was deposited on the 2D streptavidin crystal surface. After 2~3 min incubation the surface was 

rinsed with 20 μL BRB80 to remove excess kinesin and then a drop of 1μM MT solution in 

BRB80 with 3 μM paclitaxel (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 1 mM DTT, 3μM 

paclitaxel/DMSO; pH 6.8) was deposited on the surface. After 3 min of incubation, the surface 

was rinsed with 20 μL taxol buffer and imaged by AFM in ~120 μL of the taxol buffer 

containing 2 mM ATP. 

4.4.7 HS-AFM imaging 

AFM imaging was performed using a tip scan high-speed AFM imaging system (BIXAM, 

olympus, Tokyo, Japan) that was improved based on a previously developed machine42 and 

laboratory-made high-speed AFM imaging system15. Silicon nitride cantilevers (resonant 

frequency = 0.4-1.0 MHz in water, spring constant= 0.1 Nm−1, electron-beam-deposited tip 

radius <15 nm; Olympus BLAC10EGS-A2). AFM images were analyzed using the AFM 

Scanning System Software (Olympus, Tokyo, Japan), laboratory made software, Adobe 

Photoshop CC and ImageJ43. 
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CHAPTER 5 

Concluding Remarks 

This dissertation mainly concerns about the development of micro robots using self-propelled 

biomolecular motor system by programming features of DNA which would act like swarm in 

nature. Swarming of microtubules (MTs) was demonstrated by active self-assembly process 

modulated by DNA interaction and further controlled through DNA programming to 

introduce sensing ability in the system. Moreover, the study also includes the investigation on 

different features of MTs during their gliding motion using high resolution images by high 

speed AFM (HS-AFM) method that provides molecular level information about this self-

propelled system. 

In Chapter 2, swarming was demonstrated by self-propelled MTs through DNA interaction. 

DNA conjugated MTs or swarm units were prepared using click reaction that retained its 

bioactivity with same velocity in in vitro like MTs without any modification. Swarming takes 

place through input DNA signals complementary to DNAs modified to MTs by active self-

assembly through formation of linear bundle shaped structures with translational motion. Size 

of swarm groups increased with time showing almost similar velocity as single swarm units 

which exhibits scalability of the system. Different shape of pattern and mode of motion of 

swarming was also controlled by changing the physical property of MTs where the flexible 

one exhibits circular mode of motion unlike the rigid one which shows translational motion. 

For both type of swarm units, the swarming depends on a number of relevant parameters 

which were varied to optimize the conditions which not only affects the initiation of 

swarming but also their morphology. It was found that in presence of equal density of swarm 

units i.e; 1:1 ratio, the length of bundles was highest with saturated concentration of l-DNA. 

The shapes of swarm groups were controlled from circular to linear bundle by shorten the 

length of MTs with similar rigidity. On the other hand, size of circular swarm group was also 

able to control changing both the rigidity and length of MTs. Dissociation of swarming to 

their initial single state reversibly was also successfully demonstrated by introducing DNA 

strand displacement reaction which was reported for the first time for controlling swarm 

based on biomolecular motor system. Nevertheless, their mode of motion can be also 

interchanged by self-assembly into circular swarm group and again dissociation of them by 

DNA interaction and strand displacement reaction respectively. These functions of 
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biomolecular motor based swarming would help to develop swarm behavior with increasing 

robustness. 

In chapter 3, swarming was further controlled by advance use of DNA programming such as 

DNA logic gate operations. Logic gate programming has been first introduced in 

biomolecular motor system which helps to control the swarming in presence of designed 

sequence of input DNA signals. Different types of logic gates such as YES, AND and OR 

gates were demonstrated that can program the swarming following the true mathematical 

computation. Moreover, through logic gate operation two different patterns, linear and 

circular pattern with their corresponding mode of motion was able to control simultaneously 

through DNA molecular recognition process. The swarming modes with distinct physical 

properties of swarm units were responsive to the corresponding input DNA signals which 

help to sort out the patterns without any crosstalk. Finally, inserting photoresponsive DNA 

using azobenzene molecules in the swarm units, repeated control over reversible swarming 

was successfully demonstrated by input physical signals through cis-trans isomerization of 

azobenzene. Using UV and visible light irradiation repeatedly, it was possible to regulate the 

swarming reversibly upto three cycles which includes sensing capability in swarming. This 

work provides us the way to control biomolecular swarming with responsiveness and 

sensitivity.  

In chapter 4, gliding motion of MTs was investigated using the advantage of high resolution 

imaging by HS-AFM at molecular scale. Gliding motion of MTs and single protofilaments 

(PFs) was successfully observed in an in vitro gliding assay. The gliding motion of PFs and 

its corresponding features was first observed by HS-AFM that was not reported by 

conventional technique. The PFs were found to move with lower velocity than the velocity of 

MTs with shorter path length and pausing events. While depending on the substrate used for 

the imaging of motile MTs, velocity was found to be decreased from the conventional 

substrate that was used for gliding assay due to difference in surface property. Furthermore, 

splitting of single PFs from gliding MTs has also been observed directly for the first time 

from the leading end of the MT. PFs split from the MT with some tapered part protruding 

PFs, which may give the answer of the cause of sudden directional change of the gliding MTs 

in gliding assay. From the detail investigation of motile MTs and PFs at the molecular level 

using HS-AFM, detail of the relationship between structure of MTs and their motility 

behavior would be understandable.  
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Finally, I would like to draw a future perspective of my entire work. Modulation of swarming 

of a self-propelled biomolecular motor system through DNA interaction gives us a new 

concept to realize swarming that takes place through active self-assembly process like in 

nature. Programming the self-assembly of swarm units with responsiveness and sensing 

ability could harness the capabilities of this dynamic system that would serve the knowledge 

in the view point from engineering system to develop swarm robots with different 

functionalities like flexibility, parallelism, robustness. Moreover, study of dynamic self-

assembly process using self-propelled biomolecular system by supramolecular interaction of 

DNA will also be advantageous in the field of chemistry which is seeking the control over 

non-equilibrium system making hierarchical structures for different applications. To obtain 

further knowledge of this self-propelled system for their sustainable use as artificial devices 

or robots, study of high resolution imaging of MTs and PFs by HS-AFM would also be 

helpful for deep understanding of molecular events. 
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Appendix 

Appendix 1 

Verification of analysis method 

The effect of different parameters on the swarming of single rigid and flexible swarm units i.e; 

r-DNA1 and r-DNA2 conjugated GMPCPP and GTP microtubules (MTs) respectively was 

quantified by RGY analysis based on red, green and yellow pixels which has been presented 

in Chapter 2 and 3. To verify the analysis methodology for determining association ratio 

another approach for characterizing the association ratio of MTs (single MT counting) was also 

performed. The manual counting of single MTs is used which is more laborious approach and 

yields the less noisy data. In this method the association ratio at a given time t was determined 

by counting the number of single swarm units i.e; MTs manually and dividing the number at 

time t by the number present initially (t=0). The time-dependent association ratio R(t) of red 

and green MTs was determined as follows, 

 

𝑅(𝑡) =
𝑁(0) − 𝑁(𝑡)

𝑁(0)
  

                                                ……………………………. (1)                                                                                

with 

N (0) = Initial number of single MTs, 

N (t) = Number of single MTs after time t. 
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Appendix 2 

Effect of different parameters on the association ratio of rigid swarm units 

estimated by single MT counting 

 

Figure S1. Change in the association ratio of r-DNA1 and r-DNA2 conjugated rigid GMPCPP-

MTs (swarm units) over time after introduction of l-DNA1 upto 60 min and introduction of d-

DNA after 60 min to 120 min (the trend coincides well with RGY analysis in Figure 2.11 and 

2.32a). Error Bar: S. E. 
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Figure S2. Change in association ratio with increasing the concentration of kinesin on the 

swarming of r-DNA1 and r-DNA2 conjugated rigid swarm units (GMPCPP-MTs). The trend 

coincides well with RGY analysis in Figure 2.9. Error Bar: S. E. 

 

Figure S3. Change in association ratio with increasing the concentration of r-DNAs (r-DNA1 

and r-DNA2) in the feed, used to conjugate to the rigid swarm units (GMPCPP-MTs), on the 

swarming of the MTs (the trend coincides well with RGY analysis in Figure 2.14). Error Bar: 

S. E. 
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Figure S4. Change in association ratio with increasing the concentration of l-DNA1 on the 

swarming of r-DNA1 and r-DNA2 conjugated rigid swarm units (GMPCPP-MTs). The trend 

coincides well with RGY analysis in Figure 2.16. Error Bar: S. E. 

Figure S5. Change in association ratio depending on the density ratio of R- and G-swarm units 

(GMPCPP-MTs). At moderate density ratio (0.5:1, 1:1) the maximum swarm group formation 

is found to form and at lower (0.05:1) and (2:1, 7:1) higher density ratio the swarm group 

formation was found to decrease which can be observed from the change in association ratio. 

The trend is almost similar to the RGY analysis in Figure 2.20a. Error Bar: S. E. 
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Figure S6. Change in association ratio with increasing the concentration of d-DNA on the 

dissociation of the swarms of r-DNA1 and r-DNA2 conjugated rigid swarm units (GMPCPP-

MTs) into single swarm units (the trend coincides well with RGY analysis in Figure 2.34) after 

60 min of passing d-DNA in the system. Error Bar: S. E. 
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Appendix 3 

Effect of different parameters on the association ratio of flexible swarm units 

by single MTs counting 

 
Figure S7. Change in the association ratio of r-DNA1 and r-DNA2 conjugated flexible GTP-

MTs (swarm units) over time after introduction of l-DNA1 upto 60 min and introduction of d-

DNA after 60 min to 120 min (the trend coincides well with RGY analysis in Figure 2.24a and 

2.32b). Error Bar: S. E. 

 
Figure S8. Change in association ratio with increasing the concentration of r-DNAs (r-DNA1 

and r-DNA2) in the feed used to conjugate r-DNAs to flexible swarm units (GTP-MTs) on the 

swarming (the trend coincides well with RGY analysis in Figure 2.26). Error Bar: S. E. 
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Figure S9. Change in association ratio with increasing the concentration of l-DNA1 on the 

swarming of r-DNA1 and r-DNA2 conjugated flexible swarm units (GTP-MTs) (the trend 

coincides well with RGY analysis in Figure 2.38). Error Bar: S. E. 

Figure S10. Change in association ratio with increasing the concentration of d-DNA on the 

dissociation of swarms of r-DNA1 and r-DNA2 conjugated flexible swarm units (GTP-MTs) 

into single swarm units (the trend coincides well with RGY analysis in Figure 2.36) after 60 

min of passing d-DNA in the system. Error Bar: S. E. 
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Appendix 4 

Regulation of swarming of rigid swarm units by photoirradiation estimated by single 

MTs counting 

 

Figure S11. Switch on-off change in association ratio of photoresponsive swarm units upon 

consecutive irradiation by visible and UV light (the trend coincides well with RGY analysis in 

Figure 3.15). Error Bar: S. E. 

Thus, single MT counting coincides well with RGY analysis which verifies the methodology 

for quantification of association of swarming. Although, detachment of MTs from the surface 

can slightly affect the association ratio but it is negligible depending on the experimental 

condition and overall association of MTs into swarming. Therefore, for further investigation in 

this system in future, the single MT counting method can be used to directly correlate the 

swarming with change in number of single MTs present in the system alongside with RGY 

analysis. 
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Appendix 5 

Phase diagrams of evolution of swarming depending on the physical property of MTs 

(swarm units) and DNA interaction 

 

 

Figure S12. Phase diagrams show the evolution of different swarming modes of swarm units 

with the change of the rigidity of swarm units i.e; MTs and concentration of r-DNA and l-

DNA1. a, A phase diagram showing the effect of the rigidity of MTs and concentration of r-

DNAs on the swarming mode of the MTs. The concentration of l-DNA1 was fixed at 0.6 μM. 

b, A phase diagram showing the effect of the rigidity of MTs and concentration of l-DNA1 on 

the swarming mode of the MTs. Rigidity values used for GTP-MTs and GMPCPP-MTs were 

~34×10-24 Nm2 and 62×10-24 Nm2 respectively.1 
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