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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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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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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). 





11 

 

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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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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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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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 
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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 
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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. 





44 
 

 

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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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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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).  

 

 

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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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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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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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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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 

photoir radiation  

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).  

 

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.  

0

50

100

150

200

250

300

0 1 2 3 4 5

L
p
 (

µ
m

)

Time (hour)  
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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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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3.4.10 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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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.  






























































