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tracting fractions of FePP and PP. (e) The experimental determination 
of the isosbestic point of CP and UP at 391nm. (f) Absorption peak 
shift with increasing UP concentration. The total concentration of CP 
and UP mixture can be determined from (d) at its isosbestic point, while 
individual fractions of CP and UP is determined by the absorption peak 
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4.1 DNAzyme walking mechanisms. (a) A CdS quantum dot (yellow sphere) 
is decorated with DNAzyme. The walking process starts with the walker 
strand (E) associated to a fuel strand (S1) immobilized onto nanotube 
sidewall. The walker strand contains a catalytic core (green) and two 
recognition arms (red). The catalytic core E hydrolyze the RNA fuel at 
specifc site (pink) at the presence of metal cations (Mg2+), creating a nick 
site and a less stable duplex structure with two fragments (P1 and P2). 
The upper fragment will then be replaced by the next intact fuel strand 
(S2) at rate k2. As a full complementary binding with strand S2 is ther-
modynamically more favorable, the lower walker arm will spontaneously 
migrate to S2 at rate k3. The three steps completes a single enzymatic 
turnover. Repetition of this process leads to autonomous, processive and 
directional movement, which can be directly imaged using the fuorescence 
of quantum dot and nanotube. (b) Walker strand with four di˙erent types 
of DNAzymes core. Black triangles indicates azobenzene modifcation site 
in photo-regulation experiments. Yellow pentagram indicates FAM fuo-
rophore for solution based reaction rate measurement. . . . . . . . . . . . . 49 
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4.3 Ensemble turnover rate measurement. (a) Schematic of the microfuidic 
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troscopy of a single DNA walker (right bar). (c) The PL signature of 
P1-attached fuorophores was recorded in the presence of 50 mM Mg2+ , 
whereas no measurable PL signal was observed in the absence of Mg2+ 

(i.e. 0 mM metal cation). (d) A fow rate of 100 L hr−1 is used to collect 
the byproducts (cleaved RNA fragment P1) from the DNA walker oper-
ation at the outlet of the microchannel. No apparent e˙ect of the bu˙er 
fow is observed on the DNA walker translocation. . . . . . . . . . . . . . . 60 
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4.4 Walker motility as a function of DNAzyme type, recognition arm lengths, 
and environmental factors. Speed (scatter) and simulated single turnover 
rates (lines) are plotted in the frst column. The cleavage reaction rates 
(k1) at 100 mM Mg2+ , upper and lower arm replacement rates (k2, k3) are 
extracted from the kinetic model and plotted in the three bar charts on the 
right. (a-d) E˙ect of enzymatic core type. The DNAzyme walker is confg-
ured with 7/16-nt arm. (e-h) E˙ect of total arm length. 10-23 DNAzyme 
walkers with 4/4-nt, 7/7-nt, and 13/13-nt arm length are compared. (i-l) 
E˙ect of asymmetric arm lengths. 10-23 DNAzyme cleavage core is used 
for all the cases. (m-p) E˙ect of various metal cations (Mn2+ ,Cd2+ , and 
Mg2+) on 7/16-nt armed DZ7 DNAzyme walker motility. All experiments 
were performed in 1× TAE bu˙er at room temperature. . . . . . . . . . . 62 
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4.6 Photo-regulation of a DNAzyme walker using azobenzene moiety. (a) 
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5.1 Schematic of the DNAzyme walker walking mechanism. (a) Scheme of 
a DNAzyme walker on a coverslip for imaging. Biotin-BSA is attached 
to the coverslip, serving as anchors for nanotube track. The coverslip is 
passivated by DDS-Tween 20 to prevent non-specifc interaction with the 
walker strand. 3’ biotinylated RNA and RNA fuel strands functionalized 
carbon nanotube binds to the surface through streptavidin. CdTe/CdS 
quantum dots with functionalized by DNAzyme walker strands conjugate 
to the immobilized nanotube track through complementary base-pairing. 
(b) An AFM image showing the walker system presented in (a). (c) Re-
action steps during DNAzyme single turnover. The walking process has 
similar principles as presented in Figure 4.1 with more detailed interme-
diate reactions for optical identifcation. . . . . . . . . . . . . . . . . . . . 75 

5.2 Experimental setup and imaging scheme. Optical image system setup. 
Output of two laser lines are passed through clean-up flters and directed 
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and imaged using corresponding cameras. The emission spectra of both 
QD and SWCNT are shown above the camera image. A 2× magnifer lens 
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5.5 Sub-di˙raction imaging scheme for both VIS and NIR images. (a)-(b) 
Gaussian ftting of QD PSF is used to estimate its centroid. The average 
result from 10 localizations are used as the fnal position. (c)-(h) the 
intensity fuctuation of the pixel labeled #1 in a NIR nanotube image (c) 
is presented in intensity vs. time plot (e). The reaction center of such 
intensity change is isolated by constructing di˙erece image of successive 
frames ((f)-(h)). The separated PSFs are localized to reconstruct the 
sub-di˙raction nanotube image (d). The localized VIS and NIR images 
are registered to produce the overlayed image (i). The QD position is 
emphasized by a green arrow. Scale bars are 500 nm. . . . . . . . . . . . . 87 
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PBS with 10 mM Mg2+ and 20 mM DTT. The walker travels approxi-
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3 walkers (blue scatter) as compared to control experiment (black scatter). 
The smoothed displacement from averaging successive 10 localizations is 
plotted as a solid curve. Control experiment is conducted without any 
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5.8 Displacement plots of all datasets used in this study. All the traces are 
obtained from experiments of 10-23 DNA enzyme decorated QD moving 
along a carbon nanotube in 1× PBS, 10 mM Mg2+ and 20 mM DTT. 
Localizations from a single frame is plotted as scatter points and the av-
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analysis for displacement variance, velocity distribution, and MSD. (b) 
Displacements showing stalling and back-stepping due to possible assem-
bly defects on the nanotube surface. These datasets are excluded from our 
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6.4 2-D DNA walker simulation. (a) Simulation of a single-legged walker. 
The walker determines length l and time τ during a single step based on a 
user defned probability distribution. The direction of walker stepping is 
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described in (a) and centroid position is recomputed based on the current 
positions of the four legs. The two remaining legs (L3 and L4) will be 
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ABSTRACT 

Pan, Jing PhD, Purdue University, December 2017. Biophysics of DNA based 
Nanosystems Probed by Optical Nanoscopy. Major Professor: Jong Hyun Choi, 
School of Mechanical Engineering. 

A dynamic DNA nanosystem exploits the programmable structure and energy 

landscape of DNA self-assembly to encode designed processes in a fuctuating molec-

ular environment. One type of such a dynamic system, DNA walker, is reminiscent 

of biological motor proteins that convert chemical energy into mechanical transloca-

tion. Typical DNA walker travels tens of nanometers at a speed orders of magni-

tude slower than motor proteins. Two major challenges limited the development of 

functional DNA walkers. First, there are no suitable characterization methods that 

o˙er adequate spatial and temporal resolution to extract walker kinetics. Second, no 

guidelines have been established for the design and development of DNA walkers with 

specifed properties. In this work, an enzymatic DNA walker system that integrate 

oligonucleotides with nanomaterials is designed. This approach takes advantage of 

novel optical properties of nanomaterials and sub-di˙raction imaging techniques to 

study the kinetics and biophysical nature of synthetic DNA walkers. Design princi-

ples are extracted from walker kinetics for constructing functional walkers that can 

rival motor proteins. Multiple schemes are explored to regulate the walker motility 

so that various behaviors can be encoded into the system. This work demonstrates 

novel methods to design and construct molecular systems with programmed func-

tions, which will pave the road for creating synthetic systems with encoded behaviors 

from the bottom up. 
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1. INTRODUCTION 

With the development of nanotechnology, human engineering capabilities have 

reached down to the molecular scale. The construction of such miniaturized systems 

requires novel materials and engineering approaches. Low dimensional nanomaterials 

with unique physical and chemical properties have been synthesized and characterized 

for applications in nanoscale systems [1–5]. Biomaterials such as deoxyribonucleic acid 

(DNA) also emerge as appealing building blocks for artifcial systems with biological 

functionalities. The great structural and functional programmability of biomaterials 

enable researchers to build complex nano-structures and molecular machineries from 

bottom-up [6–8]. This thesis presents the engineering of nanosystems that consist 

of novel optical nanomaterials and synthetic short DNA strands. Such nanosystems 

provide a unique platform for optically revealing the biophysics of dynamic processes 

such as DNA enzymatic cleavage or strand displacement, holding great promise for 

building high performance DNA based dynamic systems. 

This chapter introduces the recent development of dynamic DNA nanotechnol-

ogy and the novel optical properties of nanomaterials. Our research e˙orts in using 

optical nanomaterials to study the biophysical nature of DNA based nanosystems 

are summarized in the scope of study. The organization of the entire thesis is also 

presented. 

1.1 DNA Nanosystems and Optical Nanomaterials 

1.1.1 Dynamic DNA Nanotechnology and DNA Walkers 

Biomolecules present a distinct type of nanomaterial. Unlike solid phase materi-

als whose periodic crystal structure give rise to specifc physico-chemical properties, 

biomolecules excel at self-assembly into complex geometries through intra and inter 
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molecular non-covalent interactions for performing specifc tasks in a biological envi-

ronment. For example, the folding (intra molecular assembly) of polypeptide chains 

into the quaternary structure of proteins and the self-assembly of lipids into mem-

branes are all critical biological processes [9]. DNA is one particularly important 

type of biomolecules that can self-assemble into antiparallel double helix structure 

for genetic information storage. The specifcity of base-pairing makes it possible to 

program instructions for self-assembly into DNA molecules, which has led to various 

complicated nanoscale structures [6]. Biochemical reaction processes of DNA such 

as strands hybridization can also be controlled by designing specifc DNA sequences, 

which has yielded di˙erent dynamic DNA nano-mechanical systems [8]. Such devices 

include DNA nanomotors [10, 11], switches [12], sensors [13, 14], logic gates [15, 16]. 

Notably, DNA walkers that mimic biological protein motors, such as kinesin and 

dynein, have been demonstrated to actuate nanoscale motion [17–28]. 

A DNA walker system is usually constructed by initially immobilizing a walker 

strand to a track through complementary base-pairing with fuel strands as shown in 

Figure 1.1. The walking process can be understood from both dynamics and kinet-

ics. Dynamically, continuous walker locomotion is realized by designing a bi-state 

system. Spontaneous relaxation from a higher energy state to a lower energy state 

drives walking, while fuel molecule consumption ensures walker recovery. The rich 

chemistry of DNA, such as hybridization, enzymatic reactions, and conformational 

changes, enables the repetitions of such energy cascades. Kinetically, non-equilibrium 

oligonucleotide reaction cascades that are biased to one direction allows continuous 

walker operation. Such biased reactions can be achieved through modulation of strand 

association and dissociation kinetics by its sequence and length. For example, oligonu-

cleotide “toehold”, a small dangling strand fragment at the end of a duplex facilitates 

strand replacement by an invasion strand (Figure 1.1b). Strand displacement results 

from the dynamic equilibrium of DNA duplex annealing and melting, where an un-

paired single strand replaces an identical strand in a duplex. The strand displacement 
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Figure 1.1. (a) Schematic representation of a DNA walker (upper) and 
its dynamics model (lower). The walker is immobilized on a track through 
complementary anchor binding (left). The track is decorated with anchor 
strands such that spontaneous branch migration to the next anchor lowers 
system free energy (G). Repetition of such processes enables a continuous 
walking (middle). Introduction of fuel strands displaces walker foot on the 
anchorage and recycles the walker to the high free energy state (right). 
(b) Presence of a toehold modulates the kinetics of strand displacement. 
Displacement through the toehold is much faster compared to blunt-end 
strand displacement. All toeholds are colored in orange (b/b̄). 
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kinetics are length and position dependent over three orders of magnitude [29], which 

o˙ers great fexibility in the design of DNA nanosystems. 

The frst few DNA walker systems were inspired by DNA nanomotors [10] by 

planting the motor substrates on the track. Seeman group [19] and Pierce group [18] 

designed bipedal walkers that used toehold-mediated strand displacement to replace 

walker foot on successive fuels along the track (Figure 1.2a and b). Such scheme use 

hybridization as the energy source to drive walking, which has later been demon-

strated in multiple designs [25,27,28,30,31]. 

Various nucleotide reaction types and energy sources could be used to design 

more complex walking schemes [17, 20, 21, 24, 32–36]. Hydrolysis and ligation of 

the DNA phosphate backbone involve covalent modifcation instead of non-covalent 

base-pairing, thus providing additional energetic pathways for walker design (Fig-

ure 1.2c and d). For example, Yin et al. [17] demonstrated a system that transports 

DNA fragments through a series of cleavage and ligation reactions. Deoxyribozyme 

(DNAzyme) [21,37] and restriction enzymes [20] were also used to extract chemical en-

ergy from anchored RNA fuels to power walking. In these schemes, enzymatic cleavage 

of fuel strands’ phosphate backbone makes the duplex less stable. The dissociation of 

cleaved fuel fragments provides toehold on walker strand for faster association with 

the adjacent anchor (Figure 1.2c). Both biped [32] and multi-legged, enzymatic DNA 

walkers [33] that have each leg paired to an anchor strand on a track have been de-

signed. In such designs, enzymatic cutting is used to release walker legs to allow 

translocation to the next available spot. Similar schemes using photonic energy for 

the hydrolysis of DNA backbone has also been demonstrated (Figure 1.2d) [38]. 

The free energy change associated with transitions between di˙erent DNA confor-

mational isomers can also be used as walker energy source. Wang et al. [40] designed a 

biped walker system that changes conformation between thymine-Hg2+-thymine (T) 

complex, double helix and i-motif (Figure 1.2e). When Hg2+ is present, the more 

stable thymine-Hg2+-thymine complex drives one of the walker’s two legs to the adja-

cent anchor position. In acidic environment, i-motif formation will move the walker’s 
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Figure 1.2. Walking mechanisms. (a) and (b) are hybridization powered 
walking [18, 39]. (a) Walker design based on base-pairing and toehold-
mediated strand displacement [18]. (b) walking achieved through toehold 
exchange by hairpin fuel [39]. (c) DNAzyme walker translocation through 
hydrolysis of fuel strands hydrolysis and toehold-mediated strand displace-
ment [21]. (d) Walker design based on photonic energy. Pyrene modifed 
strand assists photolysis of a di-sulfur bond incorporated in fuel DNA [38]. 
(e) and (f) Walker powered by conformational transitions [27, 38]. (e) 
Walker conformational states change between duplex, i-motif, and T-
Hg2+-T complex based on environmental signals. Each conformation has 
di˙erent stabilities under di˙erent environments. Cycling between di˙er-
ent environments enables walking [40]. (f) Fusing azobenzene on DNA 
walker strands exploits its UV/VIS illumination induced isomerization to 
changes duplex stability. Asymmetric track design allows linear transla-
tion through repeated UV/VIS illumination [41]. 
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trailing leg to adjacent fuel. The process is driven by the decrease in conformational 

free energy, which is estimated to be approximately -11 kcal mol−1 [42]. The incorpo-

ration of photosensitive molecules into walker strands has also been used to provide 

walker motility. Several walker designs [38, 41, 43, 44] utilized azobenzene to control 

walker duplex formation. Alternating UV/visible(VIS) illumination anneals/melts 

walker and fuel strands, thus driving the walker for processive walking(Figure 1.2f). 

1.1.2 Characterization Techniques for DNA Nanosystems 

The major characterization methods in DNA walker research are gel electrophore-

sis [39], atomic force microscopy (AFM) [33, 45], and optical methods. [35, 46] Each 

method sheds light onto di˙erent aspects of the walker system, but also has its own 

limitations. Gel electrophoresis and AFM provide rich structural information, but 

are limited when it comes to extracting kinetic information such as walker velocity 

and processivity statistics. Recent development of fast-scan AFM has greatly im-

proved temporal resolution, and has been implemented for imaging molecular rotary 

motion [47] and linear translocation (Figure 1.3a) [33, 45, 48]. However, this method 

is instrumentally intensive and is invasive, which may potentially a˙ect the walk-

ing process. Optical methods, such as föster resonance energy transfer (FRET) and 

fuorescence microscopy, are non-invasive and usually have desirable temporal reso-

lution for probing walker kinetics. In fact, FRET has been widely used to measure 

various DNA based systems [28, 34]. In particular, the successful implementation of 

alternating laser excitation FRET (ALEX-FRET) in DNA walker study allows single 

molecule characterization [46, 49–51]. Single molecule measurements not only reveal 

the average value of walker translocation and velocity, but also provide important 

information on structural and kinetic multiplicity. Below we discuss optical methods 

that are capable of single molecule measurement. 
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Figure 1.3. Characterization methods for DNA walker studies. (a) Up-
per: AFM image sequences showing a DNA spider walking on a DNA 
origami tile. Total measurement time is 30 mins [33]. Lower: AFM kymo-
graph showing image slices collected at 0.1 Hz. Stepwise motion between 
4 stators is observed. [45] (b) Single molecule ALEX-FRET [46]. FRET 
eÿciency (E) and molecule stoichiometry (S) are plotted to construct a 
2D plot. Statistical analysis of the data cluster in the plot reveals the 
system state and operation yield. (c) Fluorescence microscopy images 
of a DNA spider [33, 40]. Stage drifting due to mechanical and thermal 
relaxation is shown in the left panel. Drift corrected image shows a linear 
motion of 100 nm (middle). The walker trajectory and the predicted 
track position are overlaid in the right panel. (d) Fluorescence imaging 
of a DNAzyme walker constructed from oligonucleotides and fuorescent 
nanomaterials [35]. A walker-decorated CdS quantum dot serves as a 
probe for the walker position in the visible image, while the track struc-
ture is imaged by the near-infrared emission of a SWCNT. 
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1.1.2.1 Single Molecule Techniques 

Solution based methods: Solution based FRET measurement on DNA walker 

systems typically extract ensemble averaged data such as walking kinetics. Recently 

implemented single molecule ALEX-FRET examines di˙usive molecules in and out of 

excitation focal point. The intensity surge (i.e. photon bursts) in photodiode when a 

fuorophore attached walker moves into focus is then recorded for statistical analysis. 

The dispersion in molecular structures due to system complexity and mis-assembly 

is mapped after coupling molecular stoichiometry with FRET eÿciency [46, 51]. As 

shown in Figure 1.3, the FRET eÿciency gives an accurate estimation on the distance 

between the donor/acceptor pair while the stoichiometry value shows information on 

donor/acceptor ratio. DNA walker operation yield is derived from unwanted struc-

tures’ percentage. Fuel design can also be improved by kinetic analysis [49,50]. Since 

multiple di˙using molecules are imaged while the majority of the fuorophores remain 

protected from excitation light, photo-bleaching can be completely avoided. How-

ever, di˙usion also makes it diÿcult to follow one single molecule for an extended 

time period, thus limiting its capability for probing variations in walker kinetics. 

Surface based methods: Fluorescence microscopy imaging complements FRET 

by tracking long-term behavior of surface-bound molecules. Single particle tracking 

has been used to study various protein functions and intracellular processes, particu-

larly the motion of protein motors [52–55]. However, DNA walkers have motility that 

is three orders of magnitude lower than protein motors. As a result, photo-bleaching 

of the optical probe and sample stage drifting become major issues for monitoring 

slow motion of DNA walkers. Various methods to prolong fuorophore photostability, 

such as using oxygen scavenger systems, have been used during the imaging of DNA 

walker operation. Fiduciary fuorescence markers such as a stationary micro-bead 

also has been used to compensate the stage drift (Figure 1.3c) [56]. A system con-

taining semiconducting CdS nanocrystals, single-walled carbon nanotube (SWCNT) 

and DNA walkers have recently been demonstrated by our group, led by Dr. Tae-Gon 
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Cha [35]. CdS quantum dots (QD) with excellent photo-stability are used both as a 

cargo and optical probe for walker position. Carbon nanotubes, which fuoresce in 

the near-infrared (NIR) range (0.8∼1.6 µm), serve as a walking track and marker for 

stage drift correction (Figure 1.3d). The walker displacement is imaged for over 30 

hr, with an approximated total displacement of 3 µm. 

1.1.2.2 Super-resolution Microscopy 

Optical microscopy has been one of the most powerful and widely used platforms 

to study biological substances. However, its resolution is limited by optical di˙raction, 

which is roughly λ/2 where λ is light wavelength [57]. As a result, one cannot optically 

distinguish any two light sources that are separated less than 200 nm. 

Early research e˙orts to surpass the di˙raction limit involve estimating centroid of 

the point spread function (PSF) of an individual fuorophore with Gaussian function 

(Figure 1.4a,b) [52, 53, 58, 59]. This method provides a high precision (<10 nm) 

for localizing an individual fuorophore and has been used for studying membrane 

protein di˙usion and motor protein walking along cytoskeleton. However, it still 

cannot resolve the location of spatially overlapping fuorophores. 

In the past decade, the so-termed super-resolution imaging technique has trans-

formed the feld of optical microscopy for biological research by providing new 

ways to visualize biological materials which is impossible with traditional light 

microscopes due to the optical di˙raction limit. The method separates spatially 

overlapping fuorophores temporally by using phenomena known as reversible sat-

urable/switchable optically linear fuorescence transitions (RESOLFT). A number of 

super-resolution microscopy strategies, including stochastic optical reconstruction mi-

croscopy (STORM) [60,63], stimulated emission depletion (STED) [62,64], and photo-

activated localization microscopy (PALM) [61, 65], have been demonstrated thus far 

(Figure 1.4). These methods enable researchers to probe intracellular structures and 

functionalities with unprecedented resolution. For studying dynamic biological pro-
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Figure 1.4. Sub-di˙raction fuorescence imaging techniques. (a) Typi-
cal image of a single fuorophore is a pixelated PSF with around 200 nm 
diameter. Fitting the PSF with a Gaussian function allows sub 10 nm lo-
calization of the fuorophore position [58]. (b) Single fuorophore tracking 
using Gaussian ftting resolves 7 nm step length [59]. (c) Super-resolution 
principle of STORM and PALM [60, 61]. The spacially overlapping fuo-
rophores are separated by randomly activating a subset of all fuorophores 
and localized by Gaussian ftting. The images shows microtubule (green) 
and mitochondria (magenta). (d) STED microscopy mechanism [61, 62]. 
Images are immunolabeled vimentin in a mammalian cell. 
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cesses, multi-color super-resolution imaging techniques have been introduced, which 

o˙er the possibility to assign every single molecule event to a corresponding probe 

class. A palette of probes based on photo-switchable fuorescent proteins and organic 

dyes have been created [63, 65–70]. However, the compromised low number of pho-

tons emitted from such probes tends to limit image resolution severely [65, 70, 71]. 

For organic dye based probes, either excitation [69], activation [63], or emission [68] 

wavelengths have been exploited to achieve multi-color super-resolution. 

Super resolution microscopy methods also improved measurement accuracy for 

tracking slow moving particles. Several detailed reviews provide in-depth discussion 

on this topic [58,72,73]. With improving temporal and spatial resolution, we envision 

fuorescence microscopy will provide much detailed insights on DNA walker design. 

1.1.3 Nanomaterials with Unique Optical Properties 

Characterization of nanoscale structures and motion of dynamic DNA system ben-

efts from novel optical materials developed by nanotechnology. Nanomaterials such 

as carbon nanotubes and quantum dots form the material basis for the development 

of nanoscience and nanotechnology. They are featured by small physical dimension 

in the nanometer scale, which is similar to the size of molecules. Such small physi-

cal dimension a˙ects the material’s electronic confgurations, yielding novel electrical 

and optical properties that are dependent on its size and structure. For example, the 

emissions from QDs and SWCNTs are both tunable through their structures, and the 

emissions are both photostable when compared to organic dyes. 

1.1.3.1 Photophysics of Carbon Nanotubes 

Single-walled carbon nanotube (SWCNT) can be considered as a rolled-up strip of 

planar graphene that forms a seamless cylindrical tube with a particular diameter and 

chiral angle. The distinct structures of the each nanotube species can be represented 

by a pair of integers (n,m) known as the chiral vector. SWCNT whose chiral vector 
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satisfes n-m=0 (the armchair structures) are metallic. Those with n-m=3p (p is 

an integer) are semimetals. Nanotubes with n-m 6=3p are semiconductors [74]. Only 

semiconducting nanotubes show fuorescence. SWCNT is considered as a quasi-1D 

material, which gives rise to sharp peaks in their density of electronic states (DOS) 

known as Van Hove singularities (Figure 1.5a). Electronic transitions between these 

sharp peaks on opposite sides of the nanotube Fermi level determines its optical 

properties [75]. 

The frst bandgap photoluminescence (PL) of carbon nanotubes was observed 

with SWCNTs isolated inside surfactant micelles [78]. The dispersed nanotubes show 

NIR emission in the 800∼1600 nm wavelength range. The NIR emission is attributed 

to the band edge recombination of exitons, whose existence was confrmed by tow-

photon experiments [79]. Di˙erent species of carbon nanotubes have distinct optical 

signatures as a result of structural di˙erence. Using Raman spectroscopy and pho-

toluminescence excitation (PLE) spectra (Figure 1.5b), the fuorescence peak of each 

(n,m) nanotube species can be assigned [80]. 

The chiral (n,m) dependent optical transition energies, i.e. excitation and emission 

wavelengths, can be used to make a so-termed Kataura plot (Figure 1.5c). A Kataura 

plot shows the optical transition energies (Eii) versus nanotube diameter. Both fuo-

rescence spectroscopy [75] and theoretical calculations (tight binding model [81]) have 

been used to estimate the optical transition energies. 

For applications exploiting SWCNT fuorescence, the quantum yield (QY) is of 

great interest as it directly determines the read-out signal intensity under given exci-

tation conditions. The fuorescence QY of SWCNT, η, is defned as the ratio of the 

number of emitted photons to the number of absorbed photons [82]: 

PeλeS 
η = (1.1)

APiλiST 

here Pi, λi and ST are the incident excitation laser power, wavelength, and spot area, 

respectively. A is the fraction of incident photons absorbed by nanotubes. Pe is the 

emission power from SWCNT, λe is the emission peak wavelength, and S is the surface 

area of SWCNT. The QYs of SWCNTs dispersed in surfactant were frst estimated on 
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Figure 1.5. Optical properties of SWCNT. (a) Semiconducting SWCNT 
DOS. Sharp peaks shown in the plot are known as Van Hove singulari-
ties. The electronic transitions between DOS peaks (Eii) show major 
optical absorption and emission energies calculated form an one-electron 
model [76]. The DOS for 2-D graphene (dotted line) is also shown. 
(b) 2-D PLE map of excitation and emission wavelengths of multiple 
SWCNT species in sodium cholate dispersed nanotubes. (c) Semiconduct-
ing SWCNT Kataura plot. Solid scatters are spectroscopic measurement 
data and open symbols are theoretical predictions of optical transition 
energies [75]. (d) Comparison of SWCNT and organic dyes photostabil-
ity [77]. 



14 

the order of 10−4∼10−3 [78]. However, as only well-dispersed and undamaged SWCNT 

emit NIR fuorescence, the experimentally measured QY of a SWCNT sample can be 

highly dependent on its dispersion quality and purity. To overcome the diÿculty 

in determining nanotube QY, density gradient ultracentrifugation (DGU) is applied 

to sort highly heterogeneous nanotube sample to single species. Crochet et al. [83] 

measured a highly concentrated individual (6,5) nanotube sample, which showed a 

QY of 1.1%. For single SWCNT suspended in air, the QY is determined to be 

∼7% [78,82,84]. 

Photobleaching and photoblinking are two major limiting factors for the applica-

tion of organic fuorophores in long-term imaging and sensing. Photobleaching is the 

gradual decrease of fuorescence intensity over time due to continuous illumination. It 

signifcantly reduces the signal to noise ratio and data quality over long measurement 

time [85]. Photoblinking is the intermittency of fuorescence due to the trapping of 

electrons in long-lived triplet (dark) state, which leads to undesired fuctuations in op-

tical signals. Compared to traditional fuorophores, SWCNT excels at its exceptional 

photostability (Figure 1.5d) [86–89]. Studies on the time trace of SWCNT fuores-

cence indicate constant PL up to 10 hours [86, 87]. Hartschuh et al. [89] reported a 

constant fuorescence intensity of single SWCNT on a time scale of 40 ms to 100 s at 

room temperature. 

In addition to its photostability, SWCNT fuorescence is located at the so-called 

“biological window” (from 700 to 1800 nm), where absorption, scattering, and aut-

ofuorescence by tissues, blood, and water is minimal (Figure 1.6) [86, 93]. These 

optical characteristics render nanotubes a promising optical material for applications 

in biological environments. 

1.1.3.2 Photophysics of Quantum Dot 

The optical properties of QDs are modulated by its constituent material, structure, 

physical size and surface chemistry. Cadmium selenide (CdSe) and cadmium telluride 
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Figure 1.6. Optical properties of biological tissues and water in NIR. 
(a) Autofuorescence intensity [90]. (b) Scattering coeÿcient [91]. (c) 
Extinction coeÿcient [92]. (d) Water absorption [91]. 

(CdTe) are the most used types of QD for probing biological processes. They are 

selected primarily because of the ease of synthesis mono-disperse nanocrystals with 

desired optical properties [94]. 

Similar to SWCNT, QD is another type of low dimensional nanomaterial. Upon 

photo-excitation, excitons are confned in the small crystal lattice in all dimensions, 

thus tuning the exciton binding energy or the emission wavelength based on the size 

of the crystal [95]. The size dependence of emission and absorption of CdSe QD in 

water is shown in Figure 1.7a. 

Photo-bleaching and emission intermittency have been observed in QD as a re-

sult of surface trapping states that prevent radiative recombination of excitons (Fig-
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Figure 1.7. Optical properties of quantum dots. (a) Photograph and 
emission spectra of QD solution with di˙erent QD size. The change in 
emission wavelength is a result of quantum confnement e˙ect [4]. (b) Top: 
emission intermittency (blinking) of a single QD. Bottom: addition of 
short thiol e˙ectively suppress the blinking behavior by removing surface 
trapping state [96]. (c) TEM images of core/shell QD [97]. (d) QD 
emission wavelength tuning by lattice strain. The wavelength can be 
tuned from the visible to the NIR range [98]. 
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ure 1.7b) [99]. To reduce the e˙ects of surface hole traps, passivation layers such as 

zinc sulfde (ZnS) and cadmium sulfde (CdS) have been coated outside QD to form 

core/shell heterostructure QDs. When a thin layer of inorganic materials is coated 

onto QD, it prevents the exciton localized inside the core from escaping and becoming 

trapped at the QD surface (Figure 1.7b and c) [100–102] . 

Core/shell heterostructure QDs have a wider tunability in its optical properties 

(Figure 1.7) [98,100]. The two di˙erent types of materials will induce lattice mismatch 

at the core/shell interface, which result in strains in the overall structure. The softer 

core is compressed by the shell. The strain in the core will raise the energy of its 

conduction band, resulting in a larger band gap energy. The quantum confnement 

e˙ect, on the other hand, will decrease the energy of the conduction band for the 

shell structure. These two competing mechanism will determine the total energy of 

the radiative recombination, spanning the range of emission from visible to near-IR 

range [98]. 

1.2 Motivation 

Natural biological systems use DNA to store genetic information that encodes var-

ious dynamic processes. Creating novel encoding schemes for dynamic processes using 

the same genetic material can fundamentally change the engineering of artifcial sys-

tems. Synthetic nano-motor/walker serve as an ideal model system for experimenting 

oligonucleotide programmed dynamic processes. Molecular motors and walkers con-

vert chemical energy from environment into mechanical motion. Its ability to actively 

locomote itself in an ever-fuctuating environment makes it a promising system in a 

wide range of applications [103–107]. Despite the research e˙orts in the community, 

synthetic nano walkers are still orders of magnitude slower than biological protein 

motors, which are optimized by evolution. Using DNA as building blocks to create 

mechanisms for molecular walkers allow programmatic controls of walker dynamics. 

Experimental and theoretical explorations on the engineering space and design prin-
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ciples of DNA-based nanosystems will pave the road for creating synthetic systems 

that can ultimately rival natural molecular motors. 

1.3 Scope of Study 

This thesis focuses on creating synthetic systems consisting of optically active 

nanomaterials and programmable nucleotides. We explore using DNA chemistry to 

program the dynamic behavior of molecular systems. Two model synthetic DNA sys-

tems will be discussed: a highly specifc molecular probe and an autonomous molecu-

lar walker. We use high-resolution optical methods to study the biophysical nature of 

DNA walkers and extract design principles for constructing high-performance walker 

systems. Regulation mechanisms for walkers are also explored to modulate their 

operation under di˙erent control signals. 

1.3.1 Synthesis of DNA-based Nanosystems 

Construction of an integrated system with nanomaterials and DNA requires inter-

facing techniques that minimize disturbance of the biochemical process under study. 

We design oligonucleotide strands that contain nanomaterial aÿnity region and func-

tional region. The DNA strands self-assemble onto SWCNTs and QDs through the 

specifc interaction between DNA and nanomaterial surface. The use of the DNA-

SWCNT complex for the study of molecular recognition and transport is demon-

strated and discussed. 

1.3.2 Optical Nanoscopy 

Optically visualizing nanoscale structure and motion provides useful information 

for studying detailed kinetic behavior of DNA walker systems. We combine the ex-

cellent optical properties of novel nanomaterials integrated into the walker system 
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with an advanced imaging platform and analysis algorithm to achieve sub-di˙raction 

imaging resolution. 

1.3.3 Biophysics of DNA Walkers 

Displacement, velocity, and mean squared displacement (MSD) are extracted from 

fuorescence imaging and analyzed to reveal the nature of DNA walker translocation. 

Displacement fuctuations are analyzed to obtain walker stepping randomness and 

the rate-limiting steps in a single turnover event. The mean velocity under di˙erent 

experimental conditions are converted to reaction rates of each rate-limiting step. The 

scaling exponent of walker MSD is obtained to reveal the super-di˙usive nature of 

the walker. Design principles are presented based on the insights in walker biophysics 

for the construction of a high motility and processivity DNA walker. 

1.4 Organization 

This thesis discusses experimental e˙orts in using of nucleotides to program molec-

ular processes. Chapter 2 provides general experimental setups and sample prepa-

ration methods. The successful demonstration of an optically active DNA-SWCNT 

nanosystem and its application in the multiplexed detection of plasma porphyrins are 

presented in Chapter 3. The study of DNA walker kinetics and design principles using 

the DNA-SWCNT system is described in Chapter 4. Sub-di˙raction characterization 

on the stochastic behavior of the DNA walker system is discussed in Chapter 5. The 

design and characterization of a multivalent DNA walker system that could power 

2-D walking is presented in Chapter 6. Concluding remarks and future works are 

presented in Chapter 7. 
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2. METHODS 

2.1 Single-walled Carbon Nanotube Functionalization 

2.1.1 Nanotube Solubilization 

Surfactant dispersed SWCNTs: Surfactant form micelles around nanotubes, 

separating otherwise aggregated SWCNTs in aqueous environments. Various surfac-

tants were used in nanotube solution [108]. We use sodium cholate (SC) to solubilize 

nanotubes as they have a small aggregation number and form small micelle that can 

be easily removed. First, 0.6 g SC and 15 mg SWCNTs are mixed in 30 mL DI 

water, which gives 2 wt.% SC concentration for micelles formation. The mixture is 

probe sonicated in ice bath for 1 hr at 15 ∼ 20 W to allow micelles formation around 

individually separated nanotubes. The sonicated sample is then ultracentrifuged for 

4 hr at 30,000 rpm to remove unsolubilized bundles and impurities. The supernatant 

is separated from the centrifuge tube and stored in dark at -4 ◦C. 

DNA dispersed SWCNTs: DNA nanotubes are prepared from SC solubilized 

nanotube by dialysis [109]. A 100 µL aliquot of 1 mM DNA is mixed with 500 µL of 

10 mg/mL SC-SWCNTs in a 12-14 kDa molecular weight cut o˙ (MWCO) membrane 

and dialysed against 2 L 1× TBS-EDTA (20 mM Tris, 100mM Na+ , 0.5 mM EDTA, 

pH 7.4) bu˙er. A 24-hr dialysis period should be used to ensure surfactant exchange 

quality. During the dialysis, surfactants such as SC are removed from the solution 

so that micelles can no longer be maintained. DNA molecules, which have a MW 

larger than the cut-o˙ size of the membrane, thus self-assembling onto the nanotube 

sidewall through π − π stacking. To remove free DNA in the solution, a second stage 

dialysis is typically performed by replacing the 12-14 kDa membrane with 100 kDa 

membrane and dialysed for another 24 hr. 
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2.1.2 Length Fractionation by Molecular Crowding 

To maintain a relatively uniform length distribution of the SWCNTs within a 

sample, length fractionation is performed after DNA functionalization. DNA-SWCNT 

are mixed with NaCl and PEG solution to make a fnal concentration of 4% PEG 

and 0.5 M NaCl. The mixture is incubated at 4 ◦C for 6 hr. After incubation, the 

mixture is centrifuged at 18,000 g for 15 min. The supernatant which contains short 

nanotube (∼100 nm) is removed. The pellets are redispersed in 3% PEG and 0.5 

M NaCl. The same incubation, centrifugation, re-dispersion procedure is repeated 

with decreasing PEG concentration from 3% to 2% and fnally 1%. The supernatant 

containing nanotubes with increasing lengths are separated and imaged using AFM 

(Figure 2.1). The correspondence between PEG concentration and nanotube lengths 

is determined: 4% PEG: 100 nm SWCNTs; 3% PEG: 300 nm SWCNTs; 2% PEG: 

500 nm SWCNTs; 1% PEG: 500 ∼1,500 nm SWCNTs. 

2.2 DNA Assisted Nanocrystal Growth 

DNA capped CdS QD: Mix 30 µL of 1 mM DNAzyme solution and 120 µL 

of 5 mM CdCl2 solution. Add 60 µL of 5 mM Na2S and 100 µL of 1× TBS (20 

mM Tris, 100mM Na+ , pH 7.4) bu˙er is added with vigorous stirring to initiate 

the nucleation of nanocrystals. Upon Na2S addition, the solution will turn light 

yellow. The molar ratio between the precursors are DNA: Cd2+: S2− = 1: 20: 10. 

The solution is then incubated at 150 rpm for 6 hr in dark. The incubation process 

allows the nucleated CdS nanocrystal growth, which is important for uniform particle 

size. As-synthesized particles are purifed by a non-solvent method to remove excess 

precursors and DNAzymes. Equal-volume 300 µL each) of 3 M NaCl solution and 

isopropanol are mixed with the QD solution. The mixture is centrifuged at 20,000 

rpm for 10 min to precipitate DNA-QDs. After removing supernatant, the yellow 

pellet is re-dispersed by 30 s bath sonication in 100 µL 1× TBS bu˙er. 
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Figure 2.1. AFM characterization of length sorted D/RNA-SWCNTs. 
(a) 4% PEG: 100 nm SWCNTs; (b) 3% PEG: 300 nm SWCNTs; (c) 2% 
PEG: 500 nm SWCNTs; (d) 1% PEG: 500 ∼ 1500 nm SWCNTs. 

DNA capped CdTe/CdS QD: Aqueous synthesis of QD nanocrystals with 

excellent quantum yield and photo-stability have been reported previously [110–112]. 

We modifed those synthesis routes to generate DNAzyme functionalized CdTe/CdS 

nanocrystal QDs. CdTe core with 2 nm diameter was frst synthesized using NaHTe 

and Cd(NO3)2 as precursors and mercaptopropionic acid (MPA) as capping ligand. 

Tellurium precursors are made by adding 25 mg sodium borohydride (NaBH4) and 40 

mg Te powder in 2 ml DI water. The mixture is left overnight with N2 gas protection 

to yield NaHTe solution. Cadmium precursors are prepared by adding 150 µL MPA 

into 200 ml 5 mM Cd(NO3)2 solution. The pH of the mixture is adjusted to 12.2 

using NaOH titration. Cadmium and Tellurium precursors are mixed by adding 400 

µL NaHTe solution to 200 ml Cd(NO3)2-MPA solution after 10 min N2 purging. The 
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mixture is left at 4 ◦C overnight for the formation of 2 nm CdTe core. We have found 

that commercially available carboxylated CdTe core type QD can also be used for 

core/shell structure QD synthesis. The synthesized core was subsequently purifed 

by using 3 M NaCl and methanol as non-solvent and centrifuged at 20,000 RPM for 

10 min. CdS shell was grown epitaxially over the CdTe core by heating a mixture 

of 100 µL core solution, Cd(NO3)2-MPA and phosphorothioated DNAzyme strands. 

CdTe/CdS QDs with 3 nm diameter (Figure 2.2a and b) and emission peak at 700 

nm will form after 70 min heating time. The synthesized QDs were purifed using a 

30 kDa column fltration (Amicon) for 4 times. The emission from QDs are highly 

stable in 1× PBS and 20 mM DTT (Figure 2.2c). Approximately 1000 photons from 

a single QD can be collected using 1s integration time (Figure 2.2d). 

2.3 Nanometric Characterization 

2.3.1 AFM Imaging 

The structure of DNA functionalized SWCNTs and QDs can be visualized by 

AFM after deposition onto mica surface. The target sample is deposited onto freshly 

cleaved mica surface with equal volume of 1× TAE (20mM Tris, 0.5 mM EDTA, pH 

7.4) bu˙er containing 12.5 mM Mg2+ . The mica surface is incubated with the sample 

solution for 5 min. After incubation, the surface is washed by adding 90 µL DI water 

and dried with compressed air. Most AFM images are captured by Bruker Dimension 

Icon AFM with peak force tapping imaging in air. 

2.3.2 Spectral Characterization 

Absorption: All absorption is measured by PerkinElmer Lambda 950 

UV/VIS/NIR spectrophotometer. For oligonucleotides functionalized SWCNTs, op-

tical density (OD) at 632 nm is used to determine its concentration with the ex-
−1 −1tinction coeÿcient of 0.036 OD mL µg cm . Oligonucleotide concentration is de-



24 

Figure 2.2. Characterization of CdTe/CdS QD size and optical properties. 
(a) An AFM image of a large number of QDs deposited onto a fat Mica 
surface. (b) QD size distribution extracted from the hight profle of the 
AFM image. (c) Photostability of CdTe/CdS core/shell QD. The QDs 
are diluted with 1× PBS and 20 mM DTT. Time trace of the emission is 
measured by a fuorometer with 0.1s integration time and 1s measurement 
interval. (d) Photon counts of the QDs obtained from a microscope image. 
The QDs are immobilized to the imaging surface in a fow channel with 1× 
PBS and 20mM DTT. Typical emissions from QDs are ≈ 1000 photons at 
1s integration time. The background intensity has a standard deviation 
of 50 photons. 
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termined by measuring OD at 260 nm after subtracting SWCNT absorption back-

ground. Nucleotide-SWCNTs display red-shifted optical signatures compared to SC-

SWCNTs [113], which are used to confrm the successful replacement of SC on the 

nanotube surface by oligonucleotides. 

The concentration of QDs is characterized by the optical absorption of the frst 

excitonic transition based on the correlation proposed by Peng et al [114]. The num-

ber of DNAzymes per CdS nanoparticle is determined by the concentration ratio of 

DNA/QD. 

Photoluminescence: Photoluminescence is measured by a Jobin Yvon 

Fluorolog-3 fuorometer with a photomultiplier tube and a N2-cooled InGaAs de-

tector. A Xenon lamp is used for excitation. SWCNTs with di˙erent chirality, have 

distinct emission signatures [80]. The prevalent SWCNT species in the sample are 

identifed by measuring the PLE spectra. A 800 nm long pass flter is placed before 

the photo-detector to flter excitation light. QDs with di˙erent diameters and struc-

tures are excited with a 405 nm laser. Its emission is fltered by a 500 nm long pass 

flter before photo detector. 

2.3.3 Fluorescence Imaging 

Optical Setup: Visible (Andor iXon 3 EMCCD) and near-IR (Princeton In-

strument OMA V) cameras are connected to two exit ports of a microscope stand 

(Zeiss Axio Observer D1) to image the QDs and SWCNTs from two di˙erent spectral 

channels. The EMCCD features an 512×512 array of 16 µm sized pixels. Electron 

multiplication boosts the sample signal compared to the readout noise. The NIR 

camera features a 320×256 2-D array of 30 µm sized pixels. The camera is cryogeni-

cally cooled to minimize thermal noise. The two cameras are aligned through a stage 

micrometer before each experiment. The XY translation, rotation, and scaling are 

recorded as a transformation matrix for use throughout one experiment. Two lasers 

(500mW@658nm and 120mW@405nm, both from Laser glow) are coupled to the mi-
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croscope stand through optical fbers. Excitation clean-up flter, dichroic mirror and 

emission flter are placed in a flter turret inside the microscope stand. Other optics 

are placed outside the stand for customization in each experiment (see Methods sec-

tion in each chapter for specifc setups). A piezo actuated stage capable of 1 nm XY 

displacement precision (Physik Instrumente P517) is mounted below sample stage for 

calibrating imaging precision. A 63× plano-achromat oil immersion objective lens 

with N.A. 1.4 is used for imaging. All equipments are connected to a computer and 

are controlled by µmanager. 

Flow Channel Assembly: A multi-channel fow cell is assembled for imaging 

experiments as shown in Figure 2.3a. Quartz slides, fuorescence glass coverslips 

(Schott), and medical grade acrylic adhesive sheets (Adhesive Research) are used for 

fow channel assembly. Multiple 2 mm wide fow channels are cut out on the adhesive 

sheets using an electronic cutter (Silhoutte Curio). The cut adhesive piece is then 

sandwiched between the slide and coverslip. Inlet and outlet ports (LabSmith) are 

then bonded to the slide using epoxy. Tygon microbore tubings are used to connect 

sample tubes and the fow channel. 

Imaging Surface Preparation: The coverslips are passivated before channel 

assembly to prevent non-specifc interactions between the walker system and the glass 

surface [115]. The coverslips are frst thoroughly washed in DI water and methanol 

for 20 min. The washed coverslips are then activated by hydroxylating the surface 

in Piranha solution for 1 hr. This process increases the percentage of surface silanol 

groups to achieve a higher degree of passivation. The activated coverslips were then 

immersed with 0.1 vol% dichlorodimethylsilane (DDS) in hexane and sonicated for 1 

hr. The passivated surfaces were stored in -20 ◦C and used within a month. 

Before each experiment, 100 µL of 0.5 mg/mL biotinylated-BSA solution was frst 

introduced into the fow channel and incubated for 10 min. After BSA incubation, 100 

µL 0.2 vol% Tween 20 solution was introduced into the fow channel and incubated 

for another 10 min. The surfactant Tween 20 self-assembled onto the DDS surface 

and forms a passivation layer. The Tween 20 solution is then washed out by 100 
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Figure 2.3. Flow channel assembly and surface characterization. 
(a)Schematic of the fow channel. The channels are cut in adhesive tapes. 
Imaging surfaces are frst treated with a layer of dimethyldichlorosilane 
(DSS) grafted onto its surface. The channel array is then sandwiched in-
between coverslip and slide. Connector ports are attached to the slides 
to form inlets and outlets. (b) Surface passivation characterization. First 
column: QDs and SWCNTs uniformly adsorb onto the DSS surface with-
out any blocking bu˙er. Second and Third column: Tween 20 and bi-
otinylated BSA adsorbs onto the DSS surface and form a blocking layer 
to prevent non-specifc adsorption of QDs and SWCNTs. Fourth column: 
with the presence of streptavidin, biotinylated RNA functionalized SWC-
NTs specifcally adsorb onto the surface. QDs are still repelled by the 
surface. The scale bars are 5 µm for all images. 

µL PBS (pH 7.5) bu˙er. After washing, 100 µL 10 µg/mL streptavidin solution was 

fowed into the channel and incubated for 5 min. The e˙ects of surface passivation at 

the presence of biotinylated-BSA and streptavidin are shown in Figure 2.3b. 
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3. PROBING MOLECULAR INTERACTIONS 

3.1 Introduction 

The chemical properties and biological functionalities of oligonucleotides are highly 

programmable. Integrating such programmable biomaterials with nanomaterials al-

low engineering of systems with designed properties and functions. In this chapter, we 

demonstrate using synthetic short oligonucleotide strands to modulate the molecular 

interaction between carbon nanotube and porphyrins. 

As mentioned in the previous chapters, SWCNTs are exceptionally photostable 

fuorophores that emit in the near infrared range. Their novel optical properties make 

them promising materials for building molecular probes [86,116,117]. However, their 

large aspect ratio and mostly inert surface chemistry limit their applications. Pristine 

nanotubes are not soluble in aqueous environments and are highly heterogeneous in 

structures, electronic and optical properties. On the other hand, the π electron rich 

graphitic lattice on nanotube sidewall allow non-covalent interaction with other π 

electron rich systems, such as nucleotides or pyrene [93]. Based on this property, 

we functionalize carbon nanotubes with a specifc type of functional DNA sequence 

known as aptamers. 

DNA aptamers are short oligonucleotides that can specifcally bind to certain 

molecules. These sequences are identifed from a process termed “Systematic Evolu-

tion of Ligands by Exponential Enrichment” (SELEX). They are capable of recog-

nizing a broad range of molecules with high binding aÿnity, excellent stability, and 

are compatible with biological environments. Thus, aptamers have been considered 

promising target recognition molecules alternative to antibodies for molecular sens-

ing applications [118]. DNA strand containing a previously identifed heme binding 
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sequence [119] and a nanotube aÿnity region is used in this chapter to functionalize 

SWCNTs for multiplexed detection of plasma porphyrins. 

Porphyrin is a common cofactor found in many proteins. In particular, an iron-

containing porphyrin heme (FePP) plays critical roles in widely diverse biological 

processes [120,121]. The biosynthetic pathway of heme (or FePP in this study) relies 

on the interplay of several enzymes, which convert small molecules into pyrrole ring 

structures and produce intermediate porphyrin species along the way. Three inter-

mediate species, protoporhyrin (PP), coproporphyrin (CP), and uroporphyrin (UP), 

are the most commonly found porphyrins in blood [121]. Disorders of blood por-

phyrin concentration bear signifcant diagnostic and therapeutic values for diseases 

such as porphyria and sideroblastic anemia [122]. Porphyrins are also optically active 

molecules due to the π electrons in the pyrrole ring structure. They exhibit strong 

absorption at approximately 400 nm (Soret band) and 550 nm (Q band) and bright 

emission at 600∼700nm. These signatures arise from π − π∗ transitions between 

the highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular 

orbitals (LUMOs) [123]. The external and internal substitutions of atoms in the pyr-

role ring alter porphyrin electronic structures, resulting in di˙erent optical properties 

among species. 

The optical properties of porphyrins car be used to quantify their concentration in 

solution. However, intermediate porphyrin species during biosynthesis have similar 

optical properties, which results in the overlap of their optical spectra and makes 

it diÿcult for optical measurement [121]. To quantify di˙erent species of porphyrin 

in blood, current methods use solvent extraction or high-performance liquid chro-

matography (HPLC) to separate each porphyrin type for measurement [124, 125]. 

However, blood porphyrins bound to plasma proteins with high aÿnity. Traditional 

solvent extraction produce inadequate separation and renders the test susceptible to 

errors [122,124,125]. HPLC separation is usually used for analyzing urine porphyrins, 

but not suggested for blood porphyrin tests [125, 126]. Thus analytical platform ca-
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pable of di˙erentiating closely related porphyrin species in plasma for multiplexed 

quantifcation will be a useful tool for both scientifc and clinical purposes. 

Although the interactions of porphyrin-DNA and porphyrin-SWCNTs have been 

extensively studied, few studies have explored interactions between porphyrins and 

DNA functionalized SWCNTs [127, 128]. Here, optical transduction signals are ex-

ploited to probe the interaction between the aptamer-SWCNTs (a-SWCNTs) complex 

with four biologically important porphyrins, heme (FePP), protoporhyrin (PP), co-

proporphyrin (CP), and uroporphyrin (UP). The observed optical signatures show 

two interaction mechanisms, specifc binding and non-specifc adsorption between 

porphyrins and a-SWCNTs. The optical signals from these two mechanisms are com-

bined to formulate a multiplexed sensing scheme for all four types of porphyrin species 

in human plasma sample. Our strategy is selective and sensitive, which o˙ers novel 

analytical tools for molecular sensing and engineering. 

3.2 Scheme 

The sensing approach exploits optical absorption and fuorescence signals for mul-

tiplexed quantifcation of the four porphyrin species commonly found in blood using 

a-SWCNTs (Figure 3.1). FePP-binding aptamer is used to solubilize and decorate 

SWCNTs while retaining the aptamer’s target recognition ability [129]. As all four 

types of proteins have similar structures, we postulate they will interact with the a-

SWCNTs with varying strength. The aÿnity between aptamer and its target brings 

porphyrins close to nanotube surface, which results in the perturbation of the π 

electron systems on both nanotube and porphyrins. We have discovered that FePP 

quenches a-SWCNTs fuorescence via a photo-excited state charge transfer mecha-

nism, while other porphyrins with similar structures do not. In parallel, a-SWCNTs 

serve as e˙ective quenchers of PP fuorescence but have little impact on other fuores-

cent porphyrins. We exploits these di˙erences to distinguish each porphyrin species 

(Figure 3.1 bottom). FePP concentration is determined from its selective quenching 
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of a-SWCNTs emission. PP concentration is correlated to the fuoresce quenching of 

porphyrin mixture by a-SWCNTs. With FePP and PP concentration determined, CP 

and UP concentrations are then directly calculated from their absorption. 

Figure 3.1. Overview of porphyrin structures and sensing scheme. Top: 
chemical structures of porphyrins species in heme biosynthesis. Bottom: 
multiplexed optical quantifcation scheme for the 4 porphyrins species. 
The quenching of a-SWCNT fuorescence relates to FePP concentration. 
PP concentration is determined by fuorescence quenching of porphyrin 
mixture. CP and UP concentrations can be calculated from their Soret 
band absorption. 
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3.3 Methods 

All chemicals were purchased from Sigma-Aldrich unless otherwise specifed. Co-

proporphyrin III tetramethyl ester was obtained from Frontier Scientifc. CoMoCAT 

SWCNTs were purchased from Southwest Nano-technology. Sodium cholate was ob-

tained from A˙yme-trix Inc. The heme aptamer sequence (5’-AGT GTG AAA TAT 

CTA AAC TAA ATG TGG AGG GTG GGA CGG GAA GAA GTT TAT TTT TCA 

CAC T-3’) and human telomere DNA (5’ -AGG GTT AGG GTT AGG GTT AGG 

GTT-3’) were custom-synthesized from IDT. Deionized water (>18.2MΩ, Thermo-

Scientifc) was used in all aqueous solutions. 1X TBS bu˙er (20mM Tris, 100mM 

NaCl, 20 mM KCl, pH 8.0) was used as the standard bu˙er unless otherwise speci-

fed. 

3.3.1 Porphyrin Stock Preparation 

Porphyrin stock solutions were prepared by dissolving porphyrin powders in 

dimethyl sulfoxide (DMSO, spectral grade). The stock solution concentration was 

determined by measuring the absorbance at its corresponding Soret peak followed by 

dilution to 1 mM. The molar extinction coeÿcients � for each porphyrin are as follows: 

FePP (1.83 × 105 M−1 cm−1), PP (1.71 × 105 M−1 cm−1), UP (2.17 × 105 M−1 cm−1), 

and CP (1.8 × 105 M−1cm−1) [130,131]. 

3.3.2 Aptamer-SWCNTs Synthesis 

CoMoCAT carbon nanotube was functionalized by DNA aptamer strands us-

ing the same method as described in Chapter 2. A 61-nt, FePP-binding aptamer 

was used to functionalize nanotube [129]. This aptamer sequence binds to its tar-

get (FePP) with a dissociation constant of Kd ∼ 1 µM, but has lower binding 

aÿnity with porphyrins of similar structures. FePP binds to the guanine (G)-

quadruplex of the oligonucleotide with a stoichiometry of one FePP per aptamer 
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strand [129, 132]. The concentrations of DNA and SWCNTs were evaluated by 

measuring the absorption at 260 nm (�DNA = 6.19 × 105 M−1 cm−1) and 632 nm 

(�SW CNT = 3.6 × 103 L mg−1 cm−1). The number of DNA aptamer strands per nan-

otube was determined by comparing the molar concentration ratio of DNA to nan-

otube. 

3.3.3 Optical Measurements 

Porphyrins absorption spectra with and without aptamer or a-SWCNTs were ob-

tained by frst measuring the absorption of 0.5 µM porphyrin solution in bu˙er, fol-

lowed by addition of aptamer and a-SWCNTs. DNA or nanotube absorption spectra, 

which was measured separately with the same concentration, was subtracted from 

porphyrin spectra to obtain the correct absorption only form porphyrin. The visi-

ble porphyrin fuorescence spectra and NIR a-SWCNT emission were measured with 

Horiba Jobin Yvon Fluorolog-3 fuorometer. The InGaAs array was frst cooled cryo-

genically and the Xenon lamp was allowed to warm up for 30 min before each exper-

iments. The integration time for visible and NIR measurements were 0.1 s and 0.5s, 

respectively. The slit widths of excitation and emission were 10 nm for both visible 

and NIR measurement. All dilution e˙ects were corrected after data acquisition. 

3.3.4 Porphyrin Characterization 

The extinction coeÿcient of porphyrins in aqueous bu˙er were compared with 

porphyrins in DMSO. Molar extinction coeÿcients for porphyrins at 391 nm are 

determined as follows: �391 = 4.7 × 104 M−1 cm−1 for FePP, �391 = 4.1 × 104 M−1 cm−1 

for PP, �391 = 9.3 × 104 M−1 cm−1 for CP, and �391 = 9.8 × 104 M−1 cm−1 for UP. The 

wavelength 391nm was chosen as it is the isosbestic point for CP and UP. Excitation 

at 400 nm is used for fuorescence measurements. 
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3.3.5 Porphyrin Mixture Quantifcation Procedure 

Porphyrin mixture solution was prepared by diluting porphyrin stock solution 

with 1X Tris bu˙er to the desired concentration: 0.2 µM FePP, 0.2 µM PP, 0.1 µM 

CP, and 0.1 µM UP. The fraction of porphyrins were experimentally quantifed using 

the steps described below. First, the FePP concentration in mixture was determined 

by measuring a-SWCNT fuorescence quenching when 5 µL a-SWCNT solution was 

added to 115 µL porphyrin mixture solution. A-SWCNT sample was excited at 658 

nm and emission measured at ∼1040 nm, which corresponds to (7,5) nanotube fu-

orescence signature. Second, the PP concentration was estimated from di˙erence 

spectrum of mixture fuorescence before and after excess amount of a-SWCNT addi-

tion (a-SWCNTs/porphyrin = 20:1). Excitation at 400 nm was used. Last, absorption 

spectrum of the mixture solution was recorded. Based on the known concentrations 

of FePP and PP, the amount of CP and UP could be estimated after subtraction of 

FePP and PP absorption from the measured spectrum. Dilution e˙ects were corrected 

after data acquisition. 

3.3.6 Plasma Porphyrin Extraction Procedure 

Approximately 200 µL of plasma containing 20 µM porphyrins was mixed with 

200 µL of extraction solution (20 mM Tris, 100 mM NaCl, 20 mM KCl, 5.5 wt.% 

trichloroacetic acid (TCA) and 50 vol.% DMSO). The mixture was centrifuged at 

15,000 rpm for 30 min and the pellet was removed. The porphyrin containing super-

natant was adjusted to pH 8.0 with 1 M NaOH and used as stock solution. Extraction 

coeÿcients of 85% are estimated for UP and CP and 80% for PP [121]. 
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3.4 Results and Discussion 

3.4.1 Optical Modulation of a-SWCNTs 

Figure 3.2a shows the NIR emission spectra of carbon nanotubes interacting with 

porphyrins. The (7,5) nanotube fuorescence quenched upon the addition of FePP 

solution (red to black), whereas such emission quenching was not observed with the 

other three porphyrins. Here, the molar ratio of porphyrins to DNA strands on SWC-

NTs was roughly 1:5. The selectivity of the nanotube emission quenching was exam-

ined with various analytes such as bovine serum albumin (BSA) and lysozyme, which 

have negative and positive overall charges at the given pH 8 (isoelectric point at 4.8 

and 9.3, respectively), as well as anionic phthalocyanines (Figure 3.2b). The proteins 

and phthalocyanines did not quench a-SWCNT fuorescence, while FePP addition 

to the mixture solution immediately resulted in signal transduction, indicating good 

selectivity of the aptamer-SWCNT hybrids. The SWCNT fuorescence quenching, 

while no signifcant changes were observed in nanotube absorption, can be explained 

by an excited state charge transfer mechanism [133]. The presence of the iron atom in 

the center of porphyrin ring provides charge transfer (CT) states energetically lower 

than its Q band, thus exhibiting no radiative recombination for FePP [134]. Since 

the redox potential of FePP is located in between those of the SWCNT valence and 

conduction bands [135], the charge transfer from SWCNT conduction bands to the 

CT states in FePP is attributed to the nanotube emission quenching [133]. However, 

the lack of CT states in PP [133,134] brings about unperturbed electronic transitions 

in a-SWCNTs. 

3.4.2 Optical Transduction of Porphyrins 

To further investigate the porphyrin/a-SWCNT interactions, we examined optical 

signal transduction of porphyrins. Figure 3.3 shows the absorption and fuorescence 

spectra of the four porphyrins (black), after aptamer addition (red), and after a-
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Figure 3.2. Nanotube emission quenching by porphyrins. (a) The emis-
sion of (7,5) SWCNTs (Excitation 658 nm) before (red) and after (black) 
the addition of porphyrin. The ratio between DNA and porphyrin is 5:1. 
(b) Selective a-SWCNT fuorescence (excitation 567nm) quenching by 
FePP. No signifcant decrease in the nanotube fuorescence intensity was 
observed with the addition of BSA, lysozyme, and phthalocyanine (ana-
lyte:DNA = 1:5). Upon FePP addition, nanotube fuorescence dropped 
immediately. All the experiments were carried out in 1X Tris bu˙er and 
the dilution e˙ects are corrected. 

SWCNT addition (blue), where the porphyrin to DNA ratio is kept constant at 1:1. 

The presence of DNA and a-SWCNTs did not modulate the optical signatures of CP 

and UP, indicating weak or no interactions. The lack of interactions is attributed 

to the negatively charged carboxyl groups at the porphyrin peripheral as they bring 

about better water solubility and less tendency to interact with anionic a-SWCNTs 

hybrids. In contrast to UP and CP, the absorption and fuorescence spectra of FePP 

and PP show strong evidence of interaction with aptamer DNA as well as a-SWCNTs. 

Figure 3.3a shows that FePP exhibits broad absorption features from 350 to 400 

nm (black), which indicates the presence of both dimers and monomers in aqueous 

solution [130]. In comparison, FePP monomers alone show a sharp Soret peak at 

approximately 400 nm. The addition of aptamer DNA in FePP aqueous solution 

induced hyperchromic and bathochromic shifts in FePP absorption (black to red), 

recovering its Soret band features as monomers. This spectral change indicated that 
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the majority of the FePP dimers were separated into monomers while interacting 

with aptamer. Similar hyperchromic and bathochromic shifts were observed with PP 

interacting with aptamer (DNA/PP=1:1), but more aptamer strands were required 

to achieve comparable separation into monomers (DNA/PP=5:1, red to pink). This 

di˙erence is due to the lower aÿnity between the aptamer and PP. Addition of a-

SWCNTs to the FePP solution followed a pattern that was similar to the addition of 

aptamer, but with notably broader Soret peak and decreased intensity. The addition 

of a-SWCNTs to PP solution (DNA/PP=1:1) resulted in a broader peak at longer 

wavelength (blue) compared to the addition of aptamer only (red). Increasing the 

a-SWCNTs to PP ratio from 1:1 to 5:1 (blue to green) had little e˙ect on the Soret 

peak features. 

From these observations, we propose two interaction mechanisms between por-

phyrins and a-SWCNTs: (1) specifc binding via aptamer DNA and (2) non-specifc 

adsorption on a-SWCNTs. Firstly, the aptamer strands on SWCNTs provide a 

hydrophobic environment as a specifc binding site for FePP and PP to separate 

porphyrin dimers, and thereby giving rise to the better resolved Soret band sig-

natures. We previously observed transfer interactions between porphyrins and nan-

otubes through intercalated DNA, which were used for photocurrent generation [127]. 

Secondly, porphyrins may also adsorb onto SWCNTs non-specifcally through π − π 

stacking, resulting in a broad Soret peak at 420 nm [136]. The prevalence of the 

two interaction mechanisms is determined by the aÿnity between porphyrins and 

the aptamer sequence. Upon a-SWCNTs addition, monomer Soret peak features are 

observed more prominently for FePP compared to PP as a result of higher aÿnity. 

These results suggest that the specifc binding mechanism is favored for FePP, while 

the non-specifc, π−interaction is more probable for PP. A control experiment re-

placing the aptamer with another DNA sequence (24-base-long human telomere in 

this case) shows no signifcant Soret band changes after DNA addition as a result of 

poor aÿnity for both FePP and PP Figure 3.4. However, broad absorption peaks at 

∼420 nm were observed with both porphyrins after human telomere DNA-SWCNTs 
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Figure 3.3. Optical signature of porphyrins/aptamer/a-SWCNTs interac-
tion. (a) Porphyrin absorption spectra before (black) and after aptamer 
(red) or a-SWCNTs (blue) addition. Only FePP and PP absorption show 
signifcant spectral change, which indicates stronger interaction between 
porphyrin and the aptamer strands. (b) Porphyrin fuorescence (black) 
spectra upon addition of aptamer (red) and a-SWCNTs (blue). Similar 
to the absorption, no detectable interactions are observed for CP and UP. 
In all measurements (except for PP), porphyrins and aptamer strands are 
kept at equal molar ratio. For PP, additional aptamer strands (pink) 
and a-SWCNTs (green) were added (porphyrin:DNA = 1:5) due to lower 
binding aÿnity. 
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addition. This observation supports the proposed interaction mechanisms since the 

absence of the monomer Soret band features indicates less specifc binding interactions 

due to poor aÿnity. 

Figure 3.4. Optical signatures for porphyrin/human telomere DNA-
functionalized SWCNTs interaction. Compared to FePP-binding aptamer 
DNA, a 24-nt human telomere DNA (5’-AGG GTT AGGGTT AGG GTT 
AGG GTT-3’) strand was used. The frst row shows porphyrin absorption 
shift upon DNA (red) and DNA-SWCNTs (blue) addition. The second 
row shows porphyrin fuorescence change. In both absorption and fuores-
cence measurements, the ratios between porphyrin DNA were kept at 1:1. 
The third row shows SWCNT fuorescence upon addition of porphyrins 
(porphyrin/DNA = 1:5). Quenching is observed with FePP addition only. 

Close examination of PP fuorescence spectra also supports the proposed inter-

action mechanisms and provides further insights in the transfer processes. Both free 

aptamer DNA and a-SWCNTs additions (DNA/PP=1:1 in both cases) decreased the 
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PP fuorescence intensity (Figure 3.3b, red and blue). While the increased amount 

of a-SWCNTs addition (DNA/PP=5:1) almost completely quenched the fuorescence 

(blue to green), more aptamer strands addition resulted in relatively less fuorescence 

quenching compared to a-SWCNTs addition (red to pink). The decrease observed 

with aptamer addition is a result of porphyrin-DNA interactions, which also corre-

sponds to the optical responses in porphyrin Soret band [137]. We have shown previ-

ously that when fuorescence intensity is corrected for absorption change, the variation 

is no longer observed in the fuorescence spectra with DNA addition [127, 137]. In 

contrast, the signifcant decrease in fuorescence after DNA-SWCNTs addition per-

sists even with the absorption correction, which is attributed to transfer interaction 

between the porphyrins and nanotubes [113, 127]. As a comparison, when human 

telomere DNA was used, no optical response was observed after DNA addition, while 

human telomere DNA-SWCNTs caused a large decrease in fuorescence intensity. 

3.4.3 Quantifcation of Porphyrins from Mixture 

The optical responses of a-SWCNTs interaction with the porphyrin species are 

used to formulate a multiplexed method for porphyrin quantifcation in mixture so-

lution (Figure 3.5). As a frst step, the amount of SWCNTs fuorescence quenched 

by FePP was directly correlated to its concentration in solution (Figure 3.5a). The 

addition of increasing FePP in a-SWCNTs solution resulted in gradual SWCNT fu-

orescence quenching. A detection limit of ∼20 nM was determined from the charac-

terization of the linear range from 0 to 200 nM. Of considerable utility is that the 

nanotube emission quenching by FePP is not a˙ected by the presence of PP, CP, and 

UP. While the sequential addition of other three porphyrins didn’t show any optical 

modulation, the addition of FePP to the a-SWCNTs/porphyrin mixture immediately 

led to a 25% decrease of nanotube fuorescence intensity (porphyrin:DNA = 1:5). In 

the second step, the PP concentration was calculated by taking the di˙erence of the 

porphyrin fuorescence spectra before and after a-SWCNTs addition (Figure 3.5b and 



41 

c). The fuorescence spectrum of porphyrin mixture is the sum of the fuorescence 

signals of PP, CP, and UP, depending on their respective concentrations, since FePP 

does not demonstrate radiative emission. The PP component in the total fuorescence 

spectrum was quenched upon excess a-SWCNTs addition (porphyrin: DNA=1:20), 

resulting in a spectrum of only CP and UP components (Figure 3.5b). The PP fuores-

cence was reconstructed by taking the di˙erence between the spectra before and after 

a-SWCNTs addition (Figure 3.5c). The correlation between fuorescence intensity 

and PP concentration was experimentally determined. Thus, the PP concentration 

in mixture was calculated. 

In the last step, with the FePP and PP concentrations determined, the CP and 

UP concentrations in mixture were quantifed using absorption spectra [124]. Under 

aqueous bu˙er conditions, CP and UP have absorption maxima at 392 and 398 nm, 

respectively (Figure 3.5d), and the isosbestic point of CP and UP mixture is at 391 

nm (Figure 3.5e). The molar extinction coeÿcient (�) of each porphyrin species at 

391 nm was determined by correlating the optical density with the known porphyrin 

concentration. The sum of the UP and CP Soret band absorption spectrum was 

generated by subtracting the PP and FePP components from the mixture absorp-

tion spectrum. By varying UP (or CP) percentage in the mixture, we obtained a 

correlation between mixture solution absorption maximum wavelength and the ratio 

of UP to CP (Figure 3.5f). The total CP and UP content was determined by the 

absorption at the isosbestic point, and the molar fraction of UP and CP were then 

estimated from the absorption peak wavelength. After applying our detection steps, 

the contributions of each porphyrin species to the total optical signal were obtained 

and reconstructed as shown in Figure 3.6. The comparison of the calculated and ex-

perimental results shows an excellent agreement in both absorption and fuorescence 

of mixture solution. 
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Figure 3.5. Multiplexed porphyrin quantifcation scheme. (a) SWCNT 
emission quenching by FePP, from which the FePP concentration can be 
obtained. (b) Porphyrin mixture emission quenching upon a-SWCNTs 
addition. An excess amount of a-SWCNTs was added to ensure complete 
PP fuorescence quenching. (c) Di˙erence spectrum constructed from (b) 
shows PP fuorescence, which can be used to quantify PP concentration. 
(d) Total absorption spectrum (blue) of CP (black) and UP (red) obtained 
by subtracting fractions of FePP and PP. (e) The experimental determi-
nation of the isosbestic point of CP and UP at 391nm. (f) Absorption 
peak shift with increasing UP concentration. The total concentration of 
CP and UP mixture can be determined from (d) at its isosbestic point, 
while individual fractions of CP and UP is determined by the absorption 
peak position. 
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Figure 3.6. Results of porphyrin mixture quantifcation. Top row: por-
phyrin optical absorption and emission, as well as a-SWCNT NIR emission 
quenching. Middle row: the estimated fraction of each porphyrin type 
compared to that of the experimentally measured mixture values. Bot-
tom row: experimentally measured absorption and fuorescence spectra 
compared with the recovered spectra from calculation. 

3.4.4 Porphyrin Detection in Plasma 

Our method can readily be combined with existing porphyrin solvent extraction 

methods for quantifying plasma porphyrins. The plasma porphyrin test is useful for 

the diagnosis of porphyrin related diseases as it is both sensitive and specifc [121]. 

Typically, there are only trace amounts (<1 µM) of porphyrins in blood. However, the 

plasma porphyrin concentration increases drastically for patients with diseases such 
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as porphyria (∼40 µM). Additionally, the plasma porphyrin concentration has been 

directly related to disorders of heme synthetic pathways and is thus a more specifc 

indicator than urinary or fecal porphyrins [121]. In plasma, porphyrins are bound to 

albumin and hemopexin with high aÿnity [126]. A fuorescence scanning approach 

based on solvent extraction to remove bound proteins has been suggested for plasma 

porphyrin tests [121, 125]. Mixing plasma with porphyrin extraction solution pre-

cipitates all proteins in plasma, and porphyrins were recovered to their free forms. 

Figure 3.7 shows our experimental results where an abnormal plasma porphyrin con-

centration was simulated by adding a known concentration of each porphyrin in the 

plasma sample, mimicking the possible scenario of the disease Porphyria Cutanea 

Tarda. The resultant free porphyrin containing extraction solution was used as stock 

solution and subjected to our detection schemes to obtain quantitative porphyrin 

concentration data. In Figure 3.7, the gray bar represents the concentration of each 

type of porphyrin in plasma determined from our measurements, while the white bar 

denotes the value of each porphyrin species added to the plasma. The experimental 

error for each porphyrin species is less than 3%, demonstrating a better accuracy 

than the previous fuorescence scanning method with ∼10% errors [124]. It should 

be emphasized that this method enables an one-step extraction, whereas the previ-

ous methods require multiple extraction steps to separate the mixture into individual 

porphyrin species before quantifcation. 

3.5 Conclusions 

In summary, we have shown that oligonucleotides can be used to program the 

molecular interaction characteristics of optical nanomaterials. As a model system, 

we demonstrated an analytical platform for blood porphyrin quantifcation. Two 

interaction mechanisms, specifc binding of aptamer to porphyrins and non-specifc 

adsorption of porphyrins on nanotube sidewall, are used to modulate optical prop-

erties of optically active SWCNTs and porphyrins. The aÿnity between aptamer 
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Figure 3.7. In-situ quantifcation of porphyrins in blood plasma. Por-
phyrins were added to human plasma sample with known concentrations. 
The sample was then subjected to solvent extraction and optical quantif-
cation. White bar shows the extracted values and the gray bar represents 
the calculated concentrations of each porphyrin species. Numbers above 
the columns also indicates the corresponding concentrations. 

and target molecules (porphyrins) is used to control the optical responses. Using 

this aptamer-SWCNT system, a multiplexed porphyrin sensing strategy is developed. 

The platform developed in this study can readily be used for porphyrin detection 

in plasma samples, eliminating otherwise laborious porphyrin separation steps. We 

envision that such programmed molecular system can be applied to study various dy-

namic processes. In the next chapter, we use similar system construction (functional 

DNA with optical nanomaterials) to study synthetic molecular walkers. 
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4. UNDERSTANDING DNAZYME WALKER KINETICS 

4.1 Introduction 

The excellent programmability of nucleic acids have been exploited to construct 

static nanostructures of complex geometries [138–140] as well as dynamic nano-

devices with diverse behaviors. Such dynamic systems includes circuits [141–143], 

catalytic cascades [28,144], switches [10,12], and reconfgurable structures [145–147]. 

In the previous chapter, we demonstrate that functional DNA aptamer strands could 

modulate molecular interaction at nanomaterial surface and serve as a novel molec-

ular probes. In this chapter, we describe a DNAzyme based synthetic molecular 

walker. As described in Chapter 1, DNA walkers achieve linear motion by continu-

ously consuming fuel strands planted on a track. The walker competes a single step 

(or turnover) through a series of reactions, including walker association, enzymatic 

cleavage, and branch migration. Since the frst bipedal DNA walkers were demon-

strated in 2004 [18, 19], multiple walking mechanisms have been designed to drive 

nanoscale translocation [20, 21, 24, 26, 30, 33, 38–41, 148]. DNAzyme based walkers 

achieve autonomous and processive movement by hydrolyzing RNA substrate and 

extracting chemical energy. They walk directionally by a so-termed “Burnt-bridge” 

mechanism [20, 21, 24, 33, 38, 45]. Typical DNAzyme walkers have motility ranging 

from 0.001 to 0.1 nm s−1 , which is several orders of magnitude slower than biological 

counterparts such as kinesin and dynein motors. The rich chemistry and programma-

bility of DNA walkers make them an ideal system for various tasks, such as organic 

synthesis [149] and molecular transport [31]. The walker platform could also in turn 

serve as a well-controlled system to elucidate fundamental biochemical reaction ki-

netics. 
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A major problem for the rational design of DNAzyme walker is how design param-

eters a˙ect walker translocation kinetics. Both experimental and simulation studies 

were performed in recent years to improve DNA walker performance [49, 150, 151]. 

However, no engineering guidelines have been proposed for the design of DNAzyme 

walkers with specifed properties. To address this problem, we performed mechanistic 

studies to elucidate key design parameters that govern the motility and processivity of 

DNAzyme walkers. To measure detailed kinetics data, we integrate DNAzyme walkers 

with optical nanomaterials for direct visualization. CdS quantum dot functionalized 

by DNAzyme walker translocates autonomously and processively along a RNA-coated 

carbon nanotube track [35]. Both the walker and track can be directly imaged using 

their distinctive fuorescence. We explored the e˙ects of DNAzyme type and struc-

ture, recognition arm lengths, and environmental factors such as ionic strength. A 

single-molecule kinetics model was developed to evaluate both single-turnover and 

intermediate reaction rates. Kinetics-based design guidelines are extracted from the 

model, which greatly enhance the walker performance as we demonstrate an unprece-

dented walker moving processively near 5 µm with an average velocity of ∼1 nm s−1 . 

Based on the extracted walking kinetics, we also show the incorporation of photo-

isomerizable azobenzene moieties can be used for photo-regulation of walker motility. 

The work presented in this chapter provides general design principles to construct 

high performance DNA walkers with regulated kinetics. 

4.2 Scheme 

4.2.1 Kinetic Model 

The reaction pathway of a single walking cycle or a single turnover event of DNA 

and nicking restriction enzymes was proposed as a 4-step process [21,35,45]. However, 

three rate-limiting intermediate steps in the single turnover event predominantly de-

termine the overall walker kinetics. To extract design principles for DNA walkers, a 

kinetic model that accurately refects the biophysical nature of the reactions and pro-
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vides means for quantitative evaluation of each design parameter must be established. 

Here, we model the walker’s stepping process by taking into account the rate-limiting 

steps as shown in Figure 4.1a. Initially, the nanoparticle (shown in yellow) capped 

DNA enzyme strand (E) is bound to the RNA substrate (S1, blue) through base-

pairing of the upper and lower recognition arms (red) on the nanotube track (black). 

The enzyme core (green) cleaves the prearranged part (pink) of S1 into two fragments 

(P1 and P2) in the presence of divalent metal cations (M2+) [152]. This irreversible 

catalytic cleavage reaction is critical in walker operation as the walker did not exhibit 

any signifcant movement with no cations or when the catalytic core and RNA strands 

were mutated such that catalytic cleavage reactions were prohibited [35]. After cleav-

age reaction, the upper RNA fragment or P1 is replaced by the next unbound RNA 

fuel strand S2, transitioning from state (ii) to (iii) as the duplex ES2 is thermody-

namically more stable. Subsequently, the lower recognition arm displaces from P2 

and migrates to S2 ((iii)→ (iv)), completing a single turnover event [153]. 

The single turnover event can be analyzed based on molecular statistics given the 

stochastic nature of the reactions at the single-molecule level. Each reaction step 

in a single turnover event is associated with a characteristic time τ , which denotes 

the waiting time to complete a state transition. The waiting time τ is a stochastic 

variable that can be characterized by its statistical distribution P (τ ). For a single-

step process, P (τ ) = ke−kτ follows a single exponential decay, where k = 1/hτi is 

the reaction rate constant. Similarly, the waiting time for the single turnover event 

depicted in Figure 4.1a is associated with three intermediate steps, and its probability 

distribution is the convolution of three exponentials. The distribution P (τ) and its 

moments contain rich kinetic information about individual intermediate steps as well 

as single turnover event [154, 155]. The frst moment of single turnover provides a 

mean reaction time [155,156]:Z ∞ 1 1 1 1 hτi = P(i)→(iv)(τ )τdτ = + + = (4.1) 
0 k1 k2 k3 ksingle 

Here, three reaction rate constants (k1, k2 and k3) refect the contribution of its cor-

responding chemical process to the overall translocation kinetics (ksingle). Cleavage 
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Figure 4.1. DNAzyme walking mechanisms. (a) A CdS quantum dot (yel-
low sphere) is decorated with DNAzyme. The walking process starts with 
the walker strand (E) associated to a fuel strand (S1) immobilized onto 
nanotube sidewall. The walker strand contains a catalytic core (green) 
and two recognition arms (red). The catalytic core E hydrolyze the RNA 
fuel at specifc site (pink) at the presence of metal cations (Mg2+), cre-
ating a nick site and a less stable duplex structure with two fragments 
(P1 and P2). The upper fragment will then be replaced by the next in-
tact fuel strand (S2) at rate k2. As a full complementary binding with 
strand S2 is thermodynamically more favorable, the lower walker arm will 
spontaneously migrate to S2 at rate k3. The three steps completes a sin-
gle enzymatic turnover. Repetition of this process leads to autonomous, 
processive and directional movement, which can be directly imaged using 
the fuorescence of quantum dot and nanotube. (b) Walker strand with 
four di˙erent types of DNAzymes core. Black triangles indicates azoben-
zene modifcation site in photo-regulation experiments. Yellow pentagram 
indicates FAM fuorophore for solution based reaction rate measurement. 
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reaction rate k1 depends on the DNA enzyme core type and structure. Strand re-

placement rates k2 and k3 of the upper and lower recognition arms are determined 

by the length and sequence. Environmental factors such as divalent cation type and 

concentration also contribute to all reaction rates. Numerical calculation of the rate 

constants relates to experimentally obtained walker velocityhvi and step size l by: 

ksingle = hvi/l. The change of design parameters in our experiments leads to the 

change in the reaction rate ksingle values which thereby provide a quantitative mea-

sure of the parameters’ e˙ect on the overall translocation kinetics. In this analysis, 

the rate constant of each intermediate step (i.e. k1, k2 and k3) is correlated with 

design parameters through the calculations presented below. 

4.2.2 Calculation of Reaction Rates 

For enzymatic cleavage of the fuel strand, k1 is the metal cation-dependent reaction 

rate, which is governed by the Michaelis-Menten equation [152]: 

[M2+]kmax
k1 = (4.2)

([M2+] + Kd) 

where [M2+] the concentration of the divalent metal cation, and Kd is the dissociation 

equilibrium constant for the given metal cation M2+ . Kd varies from 10 to 200 mM 

depending on the sequence [157–159], and is fxed at 50 mM in our calculations. 

kmax represents the maximum cleavage reaction rate under a saturated concentration 

of metal cations, and is primarily determined by the sequence and structure of the 

DNA enzyme core as well as the metal cation species used in this study [152]. It is 

assumed that kmax is una˙ected by the length and sequence of the recognition arms. 

In this work, the k1 of the 10-23 enzyme from the report by Santoro and Joyce [152] 

was used as an input for the calculation of k2 and k3 in studying the e˙ect of the 

recognition arm length. With knowledge of k2 and k3, the cleavage rate k1 for 10-23, 

8-17, bipartite, and DZ7 DNA enzymes were determined [157–159]. 



51 

The process of upper/lower recognition arms migrating to the next fuel strand 

is modeled as a random walk of the ends of the duplex with reaction rates k2 and 

k3 [156,160]: 

2kac[S] ΔGn
k2,3 = ksdc[S] = exp( )

(N − 2n + 2) RT 
(4.3) 

Here, ksd is the strand displacement rate calculated by ksd = kaP1P2. ka is the 

M−1 −1association rate constant for duplex formation, measured as 106∼107 s [156, 

161, 162]. ka =4 × 106 M−1 s−1 was used in our calculation. P1 = 2exp(Δ 
RT 
Gn ) is 

the probability that n base-pairs dissociate from the original duplex, and has an 

exponential dependence on the free energy ΔGn for opening up the duplex. n is 

the minimum number of base-pairs required to form a stable duplex, and its value is 

typically between 3 and 4, [156] or used as the toehold length in the case of toehold-

mediated strand displacement. ΔGn is computed from the Nearest Neighbor model 

[163,164]. R and T denote the universal gas constant and temperature. P2 = 1 
N−2n+2 

is the probability that the branched point migrates to the end of duplex which results 

in the total displacement of the original strand. N is the total number of displacing 

base-pairs, which is the arm length. 

The term [S] in Equation (4.3) is the concentration of fuel strands (i.e. RNA sub-

strates) on the carbon nanotube track. [S] = 1 mM is calculated based on the moles 

of RNA substrates in a cubic volume whose dimension equals to the walker step size l. 

One major di˙erence between our kinetic study and traditional solution-based kinet-

ics analysis is the determination of local substrate concentration. In most traditional 

kinetics studies, the measurements are typically taken in free solution. Therefore, 

the reaction rate k and substrate concentration [S] account for the di˙usive nature 

embedded in the enzymatic reaction process. In contrast, the recent development in 

surface-based walker systems [33–35, 45, 165] is non-di˙usive in that the walkers fol-

low prescribed paths on a surface. The reaction kinetics model should thus describe 

the e˙ects exerted by surface constraints as well as other factors such as assembly 

quality. Here we propose to use a correction factor c as shown in Equation (4.3) 

to account for such e˙ects. We examined the e˙ect of the recognition arm length 
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on the correction factor and fxed all other parameters that potentially a˙ect walker 

kinetics. The 10-23 DNA enzyme was used for all experiments studying arm length 

e˙ects under identical conditions. Since the k1 value for the 10-23 DNA enzyme is 

well characterized in the literature (Table 4.4) and is not a˙ected by the recognition 

arm length, it is used as a fxed value in our calculation of c. When the e˙ect of the 

recognition arm length is factored into c, its physical meaning can be understood as 

the probability of fnding the next available fuel strand. Therefore, a fuel strand (and 

the corresponding enzyme strand) with the longer total length should have a larger c 

value. Overall, the total length e˙ect (probability of fnding the next fuel strand) and 

strand displacement kinetics (the shorter the arm length, the faster the kinetics) are 

two competing mechanisms in determining the recognition arm displacement rates k2 

and k3. 

The rate constant associated with each reaction step is computed by varying only 

the parameter under study while fxing all other variables. Residual minimization is 

performed to ft the computed ksingle from Equation (4.1) to the experimental data. 

The rate constants that provide the best-ft curve are extracted. 

4.3 Methods 

4.3.1 DNA Enzymes and RNA Substrates 

In our mechanistic study, we examined several critical parameters that govern 

the translocation kinetics of DNA walkers. These parameters include DNA enzyme 

core type and structure, upper/lower recognition arm lengths, and metal cations. To 

explore the e˙ect of DNA enzyme core type, four di˙erent DNA enzymes (10-23, 8-

17, bipartite, and DZ7) and their corresponding RNA substrates were studied, while 

their upper and lower recognition arm lengths were fxed at 7 and 16 nucleotides (nt), 

respectively. The e˙ect of the recognition arm length on walker kinetics is studied 

from two aspects: the total arm length and the relative length of the upper/lower 

recognition arms. The e˙ect of total arm length on the DNA enzyme’s catalytic 
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activity was previously studied with the 10-23 DNA enzyme by varying the total 

arm-length gradually from 4/4-nt to 13/13-nt [152]. We chose the most representa-

tive cases (i.e. 4/4-, 7/7-, and 13/13-nt) for study in this work. The e˙ect of the 

relative upper/lower arm lengths were also investigated using 10-23 DNA enzymes 

with 7/7-, 7/16-, 7/25-, 16/7-, and 25/7-nt arms. These 5 cases cover all possible 

confgurations of the relative upper/lower arm lengths, illustrating the overall trend 

of the recognition arm length e˙ect. For photo-regulation experiments, azobenzene-

integrated DNA enzymes (10-23, 8-17, and DZ7) were utilized. For 10-23 enzymes, 

the azobenzene molecules were attached in the upper recognition arms, while 8-17 

and DZ7 enzymes have the photo-responsive moieties in their hairpin stems of the 

catalytic cores as shown in black triangles of Figure 4.1b. All custom-synthesized 

DNA and RNA sequences were purchased from Integrated DNA Technologies, Inc. 

The sequence information of DNA enzymes and the corresponding RNA strands for 

all experiments are presented in Table 4.3.1, Table 4.3.1 and Table 4.3.1. 

4.3.2 Walker Synthesis 

The DNAzyme walker consists of walker-capped nanoparticles and RNA-

functionalized SWCNTs. The synthesis procedures of both DNA-CdS QDs and DNA-

SWCNTs are described in Chapter 2. The synthesized CdS nanoparticle has a diam-

eter of ∼3 nm with emission maximum at ∼550 nm. Based on absorption measure-

ment, approximately 20 DNA walkers are estimated per CdS, but only one DNAzyme 

is involved in walking [35,166]. The mono-valence of walker on CdS was confrmed by 

comparing the translocation velocity of CdS particle with dense (∼20) or sparse (∼2) 

surface walkers attached [150]. CdS nanocrystals with di˙erent surface walker density 

show nearly identical motility. The walker-CdS particle and fuel-SWCNT track were 

incubated in 1× TAE bu˙er (40 mM Tris, 20 mM acetic acid and 1mM EDTA) for 

48 hr at 1:1 molar ratio in dark. 
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Table 4.1. 
Sequence information for DNAzyme walkers with di˙erent enzymatic core. 

Item Sequencea 

10-23 DNAzyme 50-AGT GCT GAT TCG GAC AGG CTA GCT ACA ACG 

AGA GTG ACT TT-30 

10-23 RNA 50-GTC ACT CrArU GTC CGA ATC AGC ACT TTT TTT 

TTT T-30 

8-17 DNAzyme 50-CCC GCA CCC CGC ACC CTC CGA GCC GGA CGA 

AGT TAC TTT T-30 

8-17 RNA 50-AGT AAC TrArG GGG TGC GGG GTG CTT TTT 

TTT TTT TT-30 

Bipartite DNAzyme 50-AGG CTA GGC TAG GCT AAG GAG GTA GGG GTT 

CCG CTC CAA TTC CTT T-30 

Bipartite RNA 50-GGA ATT GrArA CGA TAG CCT AGC CTA GCC TTT 

TTT TTT TT-30 

DZ7 DNAzyme 50-AAT CGC AAG AAT CGG CAC GGC GGG GTC CTA 

TGT GGA GAC ACC TTT AGG TAA GGT GTG CAC 

GGA TTT-30 

DN7 RNA 50-TCC GTG CTrG TGG TTC GAT TCT TGC GAT TTT 

TTT TTT TT-30 

a. 7-nt upper and 16-nt lower arm confguration is used for all cases unless otherwise 

specifed. 
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Table 4.2. 
Sequence information for DNAzyme walkers in solution measurement and 
photoregulation experiments. 

Item Sequence 

FAM-DZ7 RNA a 50-6-FAM-TCC GTG CTrG TGG TTC GAT TCT TGC 

GAT TTT TTT TTT TT-30 

Azo 10-23 DNAzyme 50-AGT GCT GAT TCG GAC AGG CTA GCT ACA ACG 

AGA G /Azobenzene/ TG ACT TT-30 

Azo 8-17 DNAzyme 50-CCC GCA CCC CGC ACC CTC CGA G /Azobenzene/ 

CC GGA CGA AGT TAC TTT T-30 

Azo DZ7 DNAzyme 50-AAT CGC AAG AAT CGG CAC GGC GGG GTC 

/Azobenzene/ CTA TGT GGA GAC AC /Azobenzene/ 

C TTT AGG TAA GGT GTG CAC GGA TTT-30 

a. FAM represents 6-carboxyfuorescein. 

4.3.3 Flow Channel Assembly 

For imaging experiment, a fow cell is prepared for sample immobilization and 

bu˙er change [35]. Flow channels are manually cut on a acrylic tape before assembly. 

The tape is then sandwiched between a quartz slide and coverslip. Inlet and outlet 

holes are drilled onto the slides and connected to Tygon tubings. Epoxy is used to 

seal gaps in-between the tubing and the ports. The assembled walker/track sample 

were deposited onto a 2 wt.% agarose flm on the imaging plane. 

4.3.4 Optical Platform 

The fuorescence emission of CdS nanoparticles and carbon nanotubes were im-

aged directly for tracking DNA translocation. The microscope setup is described in 

Chapter 2. A 658 nm laser diode was used for carbon nanotube excitation, which is 
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Table 4.3. 
Sequence information for DNAzyme walkers with di˙erent arm lengths. 

Item Sequencea 

4/4-nt RNA 50-ACT CrArU GTC TTT TTT TTT T-30 

7/7-nt RNA 50-GTC ACT CrArU GTC CGA TTT TTT TTT T-30 

13/13-nt RNA 50-TCA CTC GTC ACT CrArU GTC CGA ATC AGC TTT TTT 

TTT T-30 

7/25-nt RNA 50-GTC ACT CrArU GTC CGA ATC AGC ACT GTC CGA ATC 

TTT TTT TTT T-30 

16/7-nt RNA 50-TCG TCA CTC GTC ACT CrArU GTC CGA TTT TTT TTT 

T-30 

25/7-nt RNA 50-ACT CGT CAC TCG TCA CTC GTC ACT CrArU GTC CGA 

TTT TTT TTT T-30 

a. 10-23 DNAzyme core is used for all cases. Sequence rArU denotes cleavage point 

recognized by DNAzyme. 

predominantly in resonance with (7,6) and (7,5) tubes that fuoresce at around 1,150 

nm and 1050 nm. CdS fuorescence in the visible range (550 nm) is imaged using 

405 nm excitation. Images from both VIS and NIR channels are taken every 3 hr. 

Typical experiment lengths are 12 hr. 

The two imaging channels (VIS and NIR) were registered in each experiment 

to ensure accurate co-localization (Figure 4.2). A stage micro-ruler was imaged in 

both channels before each experiment to obtain the transformation matrix for the co-

localization. The same transformation matrix was then applied to all recorded images 

throughout the remainder of the experiment. The QD emission PSF was smoothed 

and interpolated to estimate the walker position using PSF centroid [35,55]. 

Uncertainty analysis was performed to determine measurement and alignment pre-

cision. To obtain measurement precision, we captured 20 images of a QD immobilized 
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Figure 4.2. Schematic of optical setup and image co-localization method. 

on a quartz cover slip with an integration time t = 1 s at ∼20 mW excitation power. 

A typical value of the standard deviation Δx = Δy = 20 nm was obtained from the 

analysis of the distribution of the estimated QD position. This value is much smaller 

compared to the walking distance of at least 300 nm between our measurements. A 

more critical factor in the experiment uncertainty is the drift of the sample stage 

due to the mechanical relaxation of the imaging system [138]. To avoid erroneously 

including the drift as walker displacement, we used near-IR nanotube track images as 

the fduciary marker to align the QD images. Carbon nanotube images taken at each 

sampling time were registered with respect to the reference image which was the frst 

measurement in the experiment. The displacement of the QD along the 1-D nanotube 

image after the alignment with the reference image was then treated as the actual 

displacement. Alignment precision is the registration accuracy of the nanotube track 

to the reference track image. To quantify our alignment precision, we performed a 

control experiment where a QD was immobilized onto a nanotube track without the 

walking mechanism. The stage was then randomly translated using a piezo stage 

(Physik Instrument P-545 XY scanning stage) over typical drift distances. The QD 

position in the frst measurement was used as the reference, and the relative distance 

of the QD to the reference position was calculated after the alignment. The distri-
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bution of QD displacements from 30 measurements shows a standard deviation of 

Δx = 50 nm Δy = 95 nm. The combination of the measurement and alignment 

precision yields an overall experimental uncertainty of Δx = 55 nm Δy = 97 nm. In 

all our experiments, we used a sampling time that allowed the walkers to produce a 

displacement at least three-folds larger than the uncertainty level. A typical experi-

ment took 4-12 hr depending on the experimental conditions. Both QD and carbon 

nanotube fuorophores in our system are highly photo-stable [139, 140], which main-

tain similar uncertainty level throughout all the measurements. The displacements 

we measured in actual experiments were at least three-folds larger than this value to 

be considered as walking. 

4.3.5 Calculation of Walker Step Length 

To estimate the average distance between two neighboring RNA substrates (i.e. 

walker step size l), the total concentration of RNA strands and carbon nanotubes were 

determined based on the optical absorption signatures of RNA-functionalized carbon 

nanotubes from 200 to 1350 nm. The total number of RNA strands in the solution 

sample was calculated using their absorption intensity at 260 nm and their extinction 

coeÿcients. The carbon nanotube absorption at 632 nm was used to determine the 
−2 −1nanotube concentration based on the extinction coeÿcient of 3.6 × 104 cm g . We 

roughly estimate that the average number of RNA strands is ∼28 per 100-nm-long 

carbon nanotube. From this estimation, we assumed that the distance between two 

neighboring RNA strands is approximately 3.5 nm and that the fuel strands are 

uniformly decorated along the one-dimensional nanotube track. 

4.3.6 Ensemble Single Turnover Rate Measurement 

As an alternative approach to determine the single turnover reaction rates, we 

measured the rate of the DZ7 enzyme walker ensemble and compared it with the 

rate obtained from our single molecular motor measurements (Figure 4.3). First, we 
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incorporated fuorophores (Fluorescein or 6-FAM) at the 30-end of the fuel strands 

(yellow pentagram in Figure 4.1b) and collected the RNA fragments (i.e. fuorophore-

attached P1) generated by motor operation at the outlet of the microchannel for 2 

hr at a fow rate of 100 µL hr−1 . The amount of collected RNA fragments was deter-

mined by measuring the emission intensity of the fuorophores. With knowledge of the 

number of DNA walkers in the reaction chamber, we calculated the single turnover 

reaction rate in the presence of 50 mM Mg2+ . In our calculation, we assumed that 

all the walkers in our ensemble sample moved at a uniform speed, given the con-

tinuous operation of our DNA walkers. The single turnover rate measured from 

the fuorophore-attached DZ7 ensemble sample is approximately 0.031 s−1 , which 

is comparable with that (0.026 s−1) from the single walker measurement using our 

single-particle/single-tube spectroscopy (Figure 4.3b). As a control experiment, the 

fuorophore emission was also measured in the absence of metal cations. As antic-

ipated, the collected solution did not show any signifcant fuorescence emission as 

shown in Figure 4.3c, confrming that the fuorophore emission was indeed generated 

by the walker translocation. It should be noted that the fow in the microfuidic re-

action chamber does not have any signifcant e˙ect on the walker kinetics under our 

experimental conditions as we observe nearly identical motor speed with and without 

the fow (Figure 4.3d). 

4.3.7 Photo-regulation 

Photo-transformable azobenzene moieties, which switch reversibly between two 

isomers of trans and cis forms, are used to remotely control DNA duplex formation, 

thereby walker translocation kinetics. The azobenzene molecules retain their trans-

form under visible light illumination (i.e. 400 - 700 nm) which allows a duplex 

formation. In contrast, the out-of-plane cis-form induced by UV irradiation (i.e. 300 

- 400 nm) destabilizes the duplex due to steric hindrance. The 7-nt upper and 16-nt 

lower recognition arms were used in the photo-regulation experiments with 10-23, 
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Figure 4.3. Ensemble turnover rate measurement. (a) Schematic of the 
microfuidic reaction chamber for the DZ7 walker experiments to measure 
the single turnover reaction rate from an ensemble sample. The bu˙er is 
introduced from an inlet and fows through the microchannel to an outlet. 
(b) The single turnover reaction rates obtained from the fuorophore-
attached ensemble sample (left bar) and from the single-particle/ single-
tube spectroscopy of a single DNA walker (right bar). (c) The PL signa-
ture of P1-attached fuorophores was recorded in the presence of 50 mM 
Mg2+ , whereas no measurable PL signal was observed in the absence of 
Mg2+ (i.e. 0 mM metal cation). (d) A fow rate of 100 L hr−1 is used to 
collect the byproducts (cleaved RNA fragment P1) from the DNA walker 
operation at the outlet of the microchannel. No apparent e˙ect of the 
bu˙er fow is observed on the DNA walker translocation. 

8-17, and DZ7 enzymes. A 150W Xenon lamp (Newport) and appropriate flter sets 

were used as UV and visible light sources. Approximately 10 min of UV and visible 

light irradiation were applied to control the isomerization of azobenzene moieties in 

the DNA walkers. We varied the irradiation time interval from 10 to 30 min to obtain 

this optimum value for current experimental setup. Irradiation for 10∼30 min did 

not show any signifcant di˙erence in the e˙ectiveness of photo-regulation, whereas 

irradiation time less than 10 min had less e˙ective control on the walker kinetics. 

4.4 Results 

4.4.1 Mechanistic Studies of Walker Translocation Kinetics 

We examined several parameters that govern the motor translocation kinetics, 

including DNA enzyme core type, upper and lower recognition arm lengths, and var-
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ious metal cations. First, four di˙erent enzyme sequences (10-23, 8-17, bipartite, and 

DZ7) and the corresponding chimeric RNA/DNA fuel strands in Figure 4.1b were 

explored [157–159, 167]. These enzymes, identifed via in-vitro selection, cleave their 

respective RNA parts with high sequence specifcity through deprotonation of the 

2’-hydroxyl group. To elucidate the e˙ect of the catalytic core type alone, the lengths 

of the upper and lower recognition arms were fxed at 7 and 16, respectively, and the 

measurements were carried out under identical conditions: pH 8.0 and 25 ◦C in TAE 

bu˙er with Mg2+ . To visualize individual motor translocation, we spectroscopically 

tracked a walker-integrated CdS quantum dot along an immobilized carbon nanotube 

which fuoresce in the visible and near-infrared, respectively [35]. Figure 4.4a shows 

experimentally obtained motor speeds (flled objects) and calculated single turnover 

rates (solid curves in the corresponding colors) of the enzymatic walkers as a function 

of Mg2+ concentration. At saturated cation concentrations (>100 mM), the 10-23 

enzyme motor demonstrates a translocation speed of ∼200 nm hr−1 , followed by bi-

partite (∼170 nm hr−1) and 8-17 walkers (∼120 nm hr−1). The DZ7 enzyme-based 

walker displays a signifcantly higher motility at ∼380 nm hr−1 . 

The extracted kinetic parameters (k1, k2, and k3) are presented in Figure 4.4b 

to d. In Figure 4.4b, the cleavage reaction rate varies from 0.020 to 0.12 s−1 at 100 

mM Mg2+ , depending on the catalytic core type. These k1 values of 10-23, 8-17, and 

bipartite enzymes are comparable to those determined from free solution ensemble 

measurements under similar conditions (gray bars in Figure 4.4b) [157–159]. The 

value for k1 of the DZ7 enzyme under similar conditions is not available in the lit-

erature, to the best of our knowledge. The numerical values of the experimentally 

extracted k1 and that found in the literature are also shown in Table 4.4. The dis-

placement rates of the upper and lower recognition arms are shown in Figure 4.4c and 

d. Given that all four enzymes have 7-nt upper arms, the reaction rates are constant 

at k2 = ∼ 0.11s−1 . The 16-nt lower arms show migration rates slower than the 7-nt 

upper arms at k3 =∼ 0.025s−1 . The DZ7 enzyme is an exception which displays 

k3 =∼ 0.060s−1 . This anomaly is attributed to the internal sequence mismatch with 
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Figure 4.4. Walker motility as a function of DNAzyme type, recognition 
arm lengths, and environmental factors. Speed (scatter) and simulated 
single turnover rates (lines) are plotted in the frst column. The cleavage 
reaction rates (k1) at 100 mM Mg2+ , upper and lower arm replacement 
rates (k2, k3) are extracted from the kinetic model and plotted in the 
three bar charts on the right. (a-d) E˙ect of enzymatic core type. The 
DNAzyme walker is confgured with 7/16-nt arm. (e-h) E˙ect of total 
arm length. 10-23 DNAzyme walkers with 4/4-nt, 7/7-nt, and 13/13-nt 
arm length are compared. (i-l) E˙ect of asymmetric arm lengths. 10-23 
DNAzyme cleavage core is used for all the cases. (m-p) E˙ect of various 
metal cations (Mn2+ ,Cd2+ , and Mg2+) on 7/16-nt armed DZ7 DNAzyme 
walker motility. All experiments were performed in 1× TAE bu˙er at 
room temperature. 
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Table 4.4. 
Comparison of cleavage reaction rate k1 values. 

Core k1 (kinetic model)a k1(literature) 

10-23 0.0547 0.0607b 

9-17 0.0191 0.0277c 

Bipartite 0.0308 0.0330d 

DZ7 0.121 N/A 

a. All the calculated cleavage rate constants are based on 25 ◦C, pH 8, and 100 mM 

Mg2+ unless indicated otherwise. 

b. Obtained from literature [152], where the experiment was performed in the pres-

ence of 150 mM NaCl, 100 mM Mg2+ , 50 mM N -(2-hydroxyethyl)-piperazine-N 0-3-

propanesulfonic acid (EPPS) at pH 7.5 and 37 ◦C. 

c. Obtained from literature [158], where experiment was performed in the presence of 

50 mM sodium acetate, 100 mM Mg2+ at pH 7 and 28 ◦C. 

d. Obtained from the literature [159], where the experiment was performed in the 

presence of 150 mM NaCl, 100 mM Mg2+ at pH 7.5 and 23 ◦C. 

two additional bases in the lower recognition arm (Figure 4.4b). The two mismatches 

increases the overall free energy of the formed duplex [156], rendering such structure 

less stable than perfect complimentary sequences [168]. Strand displacement of the 

walkers’ lower arms is slower than the previously reported displacement rate of strands 

with proximal toeholds (∼ 1.0 s−1), but is similar to the reported rate (∼ 0.025 s−1) 

of a 22-nt strand with a 14-nt toehold overhang and a 10-nt toehold spacer [29,160]. 

The enzyme cores serve as a spacer between the remote toehold segment (i.e. upper 

arm) and the displacing lower arm, thus suppressing the migration kinetics. 
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The e˙ect of the recognition arm length on walker kinetics is studied from two 

aspects: the total strand length and the relative length of the upper and lower recog-

nition arms. First, the total length e˙ect is explored by using symmetric arm con-

fgurations. The 4/4-, 7/7- and 13/13-nt upper/lower arm lengths with identical 

10-23 DNA enzyme cores are examined (Figure 4.4e to h). These motors display 

their maximum speeds of approximately 105, 275, and 100 nm hr−1 (corresponding 

ksingle of 0.0083, 0.022, and 0.0080 s−1) at 100 mM Mg2+ , respectively. Since the 

same catalytic core is used, the cleavage reaction rate k1 = 0.061s
−1 is used in the 

calculations for all the cases (Figure 4.4f). With knowledge of k1, both k2 and k3 

are calculated to best describe the experimental data. From the Nearest-Neighbor 

model, the shorter armed 4/4-nt walker should have faster kinetics than the other 

two walkers since the duplex is less stable with fewer base-pairs. However, exper-

imental results clearly indicate that the 4/4-nt walker has a slower speed than the 

7/7-nt walker and is comparable to the 13/13-nt walker. A similar trend for DNA 

enzyme reaction rate was also observed by solution measurement as a result of the 

less stable enzyme-substrate complex [152]. In our model, the strand length a˙ects 

both the probability of fnding the next available fuel strand and the displacement 

rate, which compete with each other. Consequently, the 4/4-nt walker experiences 

a lower e˙ective fuel strand concentration, while the 13/13-nt walker has a slower 

displacement rate, resulting in a 3-fold slower walker kinetics in both cases compared 

to the 7/7-nt walker. 

Besides the total arm length e˙ect, the infuence of the relative lengths of upper 

and lower recognition arms on the walker kinetics are examined. Figure 4.4i shows 

the translocation speeds and single turnover rates of the 10-23 DNA enzyme walkers 

with 7/7-, 7/16-, 7/25-, 16/7- and 25/7-nt upper/lower recognition arms. While 

the lower arm rates of 7/7-, 16/7- and 25/7-nt armed walkers are held constant at 

k3 = 0.070s−1 (Figure 4.4l), the upper arm rates k2 varies from 0.0056 to 0.056 

s−1 (Figure 4.4k), depending on the strand displacement and the probability for 

fnding the next fuel strand. In the cases of 7/7-, 7/16-, and 7/25-nt arms, upper 
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arm rate k2 increases from 0.056 to 0.11 s−1 with increasing total strand length, 

while the lower arm rate k3 decreases from 0.070 to 0.017 s−1 as a result of an 

increased number of base-pairs (Figure 4.4l). Unlike solution measurements that may 

not distinguish between 7/16-nt and 16/7-nt (or 7/25-nt and 25/7-nt) upper/lower 

arm confgurations, our experimental results suggest a signifcant decrease in speed 

for the walker with a longer upper arm. The upper arm replacement process resembles 

strand displacement without a toehold, while the lower arm replacement process is 

similar to branch migration after stable (remote) toehold duplex formation. The 

strand displacement process with a toehold segment has much faster kinetics than 

those without a toehold [144,160]. Thus, the longer upper arm signifcantly slows the 

walker as opposed to the longer lower arm. 

The role of divalent metal cations (Mn2+ , Cd2+ and Mg2+) on the DZ7 walker 

kinetics is shown in Figure 4.4m to p. As previously reported, the catalytic cleavage 

reaction rate with Mn2+ is much greater than those with Cd2+ and Mg2+ ions [167]. 

The strand replacement rates are also found to be highly dependent on the metal 

cation species [169, 170]. We used the cation concentration correction correlation 

[171–173] to calculate k2 and k3 (Figure 4.4o to p), and numerically determined 

cleavage reaction rate k1 from experiments (Figure 4.4n). Considering the increase in 

all reaction rates, the overall translocation speed of the DZ7 walker in the presence 

of Mn2+ is much greater than those with Cd2+ and Mg2+ in our experiment. 

With knowledge of detailed motor kinetics, we designed a high-motility walker 

(Figure 4.5). Here, we used DZ7 enzyme with 7-nt upper and 16-nt lower arms in 

the presence of 100 mM Mn2+ . The identity of a single CdS nanocrystal is verifed 

by intermittent on/o˙ emission phenomena (inset in Figure 4.5). The DNA walker 

moved around 5 µm along the nanotube track for less than 2 hr with an unprecedented 

translocation speed of approximately 1 nm s−1 . A greater motility is expected with 

higher bu˙er temperature. 
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Figure 4.5. DNAzyme walker with high motility and processivity. The 
time-lapse images show the movement of a DZ7 DNAzyme powered walker 
with 7/16-nt arm confguration. The walker position is shown as a red 
dot and emphasized with a yellow arrow. The walker propels itself for ∼5 
µm along the nanotube track with an average speed of ∼1 nm s−1 in the 
presence of 100 mM Mn2+ at 25 ◦C and pH 8.0. The blinking of CdS QD 
shown on the left confrms the single nanoparticle identity. 

4.4.2 Photo-regulation of Walker Kinetics 

To remotely control the motor kinetics with external light irradiation, we in-

tegrated photo-transformable azobenzene into the upper recognition arm of 10-23 

enzyme as shown in Figure 4.1b (indicated by the black triangle). The two isomers 

of trans and cis forms of azobenzene can be switched reversibly by varying light 

wavelengths; the cis-form is induced by UV irradiation, while visible light converts 

it into the thermodynamically more stable trans-form. [174] This intriguing property 

of azobenzene was recently used as a versatile switch to control DNA duplex forma-

tion and DNA walker direction, [175] as its planar trans-form allows base-pairing, 

whereas the out-of-plane cis-form does not, as illustrated in Figure 4.6a. Figure 4.6b 

and c show the traveled distance over time with alternating light wavelengths and 

the translocation speeds of the walker with the azobenzene moiety measured in the 

presence of 100 mM Mg2+ . In the absence of external light illumination, no signif-

cant di˙erences in the translocation kinetics are observed between the walkers with 

and without azobenzene moieties (∼200 nm hr−1). After 10 min of UV irradiation, 
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the walker with the photo-responsive moiety becomes stationary for the next 9 hr, 

because the cis isomer prevents the upper recognition arm from binding to the adja-

cent fuel strand. Upon visible light illumination, the azobenzene moiety reconfgures 

to be the trans isomer, and the walker resumes its movement along the nanotube 

track with an average speed of ∼200 nm hr−1 . It is worth noting that in this exper-

iment, UV-induced DNA damage is not signifcant as was previously reported that 

mild irradiant conditions do not cause any adverse e˙ects on the duplex formation of 

oligonucleotides with azobenzene moieties [176]. Our observation of the reversibility 

in the motor speeds confrms no evidence of DNA damage. 

Figure 4.6. Photo-regulation of a DNAzyme walker using azobenzene 
moiety. (a) Schematic of DNA duplex formation controlled by photo-
switchable trans− and cis− form of the azobenzene incorporated into 
the upper arm of the walker strand. (b) Displacement plot and (c) the 
corresponding speed plot of a 10-23 DNAzyme walker with alternating 
UV/visible illumination. Exposure of azobenzene under continuous UV 
light for 10 min transforms its structure from trans into cis form, inhibit-
ing any walking due to dissociated upper arm. Walking activity can be 
restored after 10 min visible illumination. An average velocity of ∼200 
nm hr−1 is consistent for walkers with visible light or with no azobenzene 
moiety. The cation concentration in the TAE bu˙er is 100 mM Mg2+ . 

We extended this photo-regulation strategy to study the role of the enzyme core 

conformation on reaction kinetics (Figure 4.7). Both 8-17 and DZ7 enzymes include 

hairpin stem structures, where we inserted the azobenzene moieties (indicated by 

black triangles in Figure 4.1b), such that UV and visible irradiation opens and closes 
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the hairpin stems, respectively. For both enzymes, the translocation speeds were 

notably greater after UV irradiation than visible illumination. Our kinetic calculation 

indicates that the cleavage reaction rates are consistently higher in the enzyme with 

an open core conformation compared to the enzymes with a closed core structure. In 

the case of 100 mM Mg2+ , k1,UV /k1,visible is approximately 2 for both 8-17 and DZ7 

enzymes. A similar observation was reported in a free solution ensemble measurement 

using 8-17 enzyme derivatives [177]. The enhanced catalytic cleavage reaction with 

the open core motif may be understood from the more relaxed enzyme conformation 

which allows metal cations to freely access the reaction site of the fuel strand compared 

to the more compact, enzyme-RNA conjugate with the hairpin stem. These results 

suggest that photo-regulation is a powerful way to modulate cleavage reaction kinetics 

as well as to remotely send on/o˙ signals to DNA walkers. 

Figure 4.7. Motility of DZ7 and 8-17 DNAzyme walker with azobenzene 
incorporated in the enzymatic core after UV (red) and visible (blue) illu-
mination for 10min. (a) and (c) show experimentally determined speed 
(scatter) and simulated single turnover rate (line). (b) and (d) presents 
rate k1 of the DZ7 and 8-17 DNAzyme walker at 100 mM Mg2+ , respec-
tively. 

4.5 Discussion 

We have studied the translocation kinetics of DNA enzyme walkers as functions of 

catalytic core type, recognition arm lengths, and metal cations. Tuning these parame-
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ters in walker designs allows us to improve the DNA walker’s motility and processivity. 

Our study provides useful guidelines in DNA enzyme-based walker designs. 

4.5.1 Catalytic DNA Enzyme Core 

At low metal cation concentrations (<50 mM), the cleavage reaction rate k1 is typ-

ically lower than strand replacement rates k2 and k3, making cleavage the rate-limiting 

step. The sequence and structure of the catalytic enzyme core have signifcant e˙ects 

on k1, ultimately regulating overall translocation kinetics. High-speed enzymes such 

as DZ7 increase the overall walker motility. For 8-17 and DZ7 enzymes, modulation 

of the walker motility can be achieved through integration of azobenzene moieties 

within the DNA enzyme core, switching the walker between high speed (open motif) 

and low speed (closed motif) modes with alternating UV-visible light irradiation. 

4.5.2 Recognition Arms 

The length of substrate-binding recognition arms a˙ects both the motility and 

processivity of walker systems. At saturating metal cation concentrations, the strand 

replacement rates (0.0056 ∼ 0.11 s−1) are similar to the cleavage reaction rates 

(0.031 ∼ 0.12 s−1 with Mg2+). For a given enzyme, increasing the strand displace-

ment rates (i.e. decreasing arm length) have signifcant e˙ects on the overall walker 

speed. As depicted in Figure 4.4e to l, the shorter armed 7/7-nt walker has greater 

motility than all other cases. However, further decrease in the total recognition arm 

length (e.g. 4/4-nt) slows the walker: the shorter length of the walker strand decreases 

the e˙ective substrate concentration (i.e. probability of fnding the next fuel strand), 

thus decreasing the processivity of the walker. For the same total strand length, 

the shorter upper arm imparts the walker with faster kinetics than the shorter lower 

arm. This asymmetric e˙ect is induced by the two di˙erent mechanisms of strand re-

placement (i.e. blunt-end and remote toehold) due to surface constraints on the fuel 

strands. In general, a stable enzyme-substrate complex ensured by the lower recog-
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nition arm (>10-nt) and a highly reactive upper arm (<10-nt) are recommended for 

high motility/processivity walker designs. The incorporation of azobenzene moieties 

in the recognition arms provides a powerful method for sending ’go/stop’ signals to 

the walker through external light stimuli. 

4.5.3 Environmental E˙ects 

Divalent metal cations (e.g. Mn2+ vs. Mg2+) signifcantly a˙ect catalytic activities 

of DNA enzymes as well as strand displacement reactions. Manganese ions have 

several times greater k1, k2, and k3 than Cd2+ and Mg2+ , facilitating the single 

turnover reaction rate greater than 0.1 s−1 at saturated concentrations. Previous 

studies showed that Mn2+ are less e˙ective in stabilizing the DNA duplex compared 

to Mg2+ ion [171]. This results in faster displacement rates for the upper and lower 

recognition arms. Additionally, Mn2+ and Cd2+ have smaller hydrated ionic radii 

than Mg2+ , which may allow easier access into the reaction sites for faster cleavage 

reactions [178]. One would expect that other cations exhibiting superior cleavage 

activities to Mn2+ (e.g. Pb2+ for 8-17 enzymes) could demonstrate even greater 

translocation kinetics [158]. High temperature and high pH environments should 

further promote the motor kinetics. These environmental e˙ects may be used to 

e˙ectively control the motility of DNA walkers. 

4.5.4 Motor Track 

Our DNA walkers move along RNA-decorated carbon nanotube tracks. While it is 

challenging to arrange RNA strands on the carbon nanotubes precisely, the nanotubes 

serve as a rigid frame for the fexible RNA track. The length of nanotubes for walker 

experiments in this work is mostly longer than 2 µm, which enables autonomous long-

distance walking upon motor conjugation. Compared to other types of tracks [33,45], 

starting position control on the track is not required as the long nanotubes provide 

ample room for walking. In addition, their intrinsic near-infrared emission properties 
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provide a unique way to visualize the track. An alternative approach of using DNA 

origami may provide a means to engineer 1-, 2-, or 3-D platforms where RNA strands 

are planted uniformly. In such case, the walking pathways may be programmed based 

on the design of fuel strand arrangement [33, 45]. Both methods provide unique 

track properties. Fabrication of a high quality track with well-controlled mechanical, 

optical, and electrochemical properties is important for walker system designs. It is 

worth noting that the carbon nanotube track does not appear to a˙ect DNA reaction 

activities signifcantly, as enzymatic reaction rates on the track are shown to be 

comparable with those from free solution ensemble measurements. 

4.6 Conclusions 

In this chapter, we explored the impacts of various design components on 

DNAzyme walker’s translation kinetics. The programmability of oligonucleotides 

makes it possible to construct walkers with desired motility and processivity based 

on the design principles presented in this chapter. The conclusions from this study 

are also not specifc for our particular DNAzyme system, but can be generalized to 

other systems as long as the same nucleotide chemistry, such as strand displacement 

and duplex dissociation, is employed as one intermediate reaction step. 

The high motility DZ7 walker presented can achieve a max velocity of ∼ 1 nm s−1 , 

which is at least 10-fold faster than other reported DNA walkers [20, 33], but is still 

orders of magnitude slower than protein motors under physiological conditions [179]. 

To design DNA walkers that can rival the biological motors, rate-limiting reac-

tions during the walking process need to be identifed. Such intermediate steps can 

be replaced by new reaction schemes with faster rates. However, faster reaction rates 

will render the walker less processive, as the dissociation of walker leg may occur 

faster than association with the next intact fuel. To address this problem, we envi-

sion integrating multi-valence in walking mechanism could drastically increase walker 

motility while maintaining its processivity. Walker motility can be enhanced by using 
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multiple enzymes working in parallel, which enhances both fuel hydrolysis and dis-

sociation rate. Meanwhile, multiple walker legs would allow shorter or even no lower 

arm, which speeds up branch migration process. 

In the next chapter, we use sub-di˙raction imaging method to identify rate-

limiting intermediate reactions during a DNAzyme walker turnover. Fluorescence 

localisation scheme provides much more accurate walker tracking data and fuel track 

structure, which allows the number of rate-limiting reactions to be estimated. With 

the knowledge of the rate-limiting reactions, a modifed multivalent walker design will 

be described in Chapter 6. 
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5. IMAGING STOCHASTIC WALKER BEHAVIOR 

5.1 Introduction 

DNA walkers are inspired by motor proteins and are often benchmarked with such 

high performance biological motors. Despite the e˙orts and progress made in the past 

decade, DNA walkers are still orders of magnitude slower than protein motors. Part of 

the reason for the diÿculties in designing high performance DNA walkers is a lack of 

reliable nanometric characterization methods to probe detailed walking mechanisms. 

Most DNA walkers are studied using ensemble measurements such as gel-

electrophoresis [19,32,39] or Föster resonance energy transfer (FRET) [20,180] which 

cannot resolve the behavior of individual walkers. More advanced single molecule 

techniques including fast-scan AFM [45, 181], single-molecule FRET [50, 51] and 

single-particle tracking [33, 35, 56] have recently been demonstrated in the study of 

DNA walkers. However, the small physical dimension and slow kinetics have rendered 

such techniques with limited precision, and have limited the use of direct tracking 

techniques typically used in biological motor protein studies [59,73]. 

In the previous chapter, we described a DNA walker system which integrates 

the biochemical functionality of DNA with the optical properties of nanomaterials. 

Fluorescent imaging using signals from the walker itself is applied to study walker 

translocation kinetics [182]. The use of novel nanomaterials in walker system exploits 

its excellent photo-stability and tunable emission properties. Various methods have 

been used to interface optical nanomaterials with DNA molecules [110,111,131,183], 

making such materials integral parts of the walker system. With the advent of sub-

di˙raction imaging techniques in recent years, we anticipate that fuorescent imaging 

will be able to resolve the structure and kinetics of DNA walker system with unprece-

dented details. 
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In this chapter, we provide an imaging system for visualizing slow-moving DNA 

walkers with high precision. Multi-color sub-di˙raction imaging and tracking resolves 

the structure and motility of the walker system. Distribution of displacement, veloc-

ity, and kinetic fuctuation are extracted from the imaging data to reveal detailed 

walking mechanism. We demonstrate that nanometric fuorescent imaging on DNA 

walkers can be used to study the stochastic behavior of the walker kinetics. 

5.2 Scheme and Methods 

All DNA and RNA sequences are purchased from IDT and used as received. The 

detailed sequences are listed in Table 5.1. All reagents are purchased from Sigma-

Aldrich unless otherwise noted. All solution samples and bu˙ers are prepared in 

deionized (DI) water. 

5.2.1 DNA/nanotube Walker System 

The walker system is constructed from a DNAzyme walker strand decorated 

CdTe/CdS QD conjugated to RNA fuel functionalized SWCNT track (Figure 5.1a) 

[35] . Both SWCNT and QD are optical nanomaterials that serve as probes for re-

porting system status. QD with visible emission signatures works as a cargo that 

shows the walker location. The NIR emitting, π-electron-rich SWCNT provides a 

rigid track for the self-assembly of RNA fuel strands. Before mixture of the cargo 

and track, oligonucleotides serve as surfactants that keeps both optical nanomaterials 

stable in solution. Upon conjugation, the track and cargo are linked through the 

complementary base pairing of nucleotide strands on the SWCNT surface which are 

then activated to function as a walker system. 

Both the walker and fuel strands consist of three parts: nanomaterial aÿnity 

region that interacts with QD or SWCNT, recognition arm for complementary base-

pairing, and enzymatic reaction region that undergoes chemical cleavage in the pres-
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Figure 5.1. Schematic of the DNAzyme walker walking mechanism. (a) 
Scheme of a DNAzyme walker on a coverslip for imaging. Biotin-BSA 
is attached to the coverslip, serving as anchors for nanotube track. The 
coverslip is passivated by DDS-Tween 20 to prevent non-specifc interac-
tion with the walker strand. 3’ biotinylated RNA and RNA fuel strands 
functionalized carbon nanotube binds to the surface through streptavidin. 
CdTe/CdS quantum dots with functionalized by DNAzyme walker strands 
conjugate to the immobilized nanotube track through complementary 
base-pairing. (b) An AFM image showing the walker system presented 
in (a). (c) Reaction steps during DNAzyme single turnover. The walk-
ing process has similar principles as presented in Figure 4.1 with more 
detailed intermediate reactions for optical identifcation. 
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Table 5.1. 
Sequence information for DNAzyme walker and RNA fuel. 

Item sequencea 

10-23 DNAzyme 5’-AGT GCT GAT TCG GAC AGG CTA GCT ACA ACG 

AGA GTG ACT TTT T T*T*T* T*T*T-3’ 

10-23 RNA fuel 5’-GTC ACT CrArU GTC CGA ATC AGC ACT TTT TAT 

TAT TAT TAT-3’ 

DZ7 DNAzyme 5’-AAT CGC AAG AAT CGG CAC GGC GGG GTC CTA 

TGT GGA GAC ACC TTT AGG TAA GGT GTG CAC GGA 

TTT T*T*T*T*T*T-3’ 

DZ7 RNA fuel 5’-TCC GTG CTrG TGG TTC GAT TCT TGC GAT TTT 

TAT TAT TAT TAT-3’ 

Biotin strands 5’-GTG TGT GTG TGT GTG TGT GT/3Bio/-3’ 

aThe asterisk sign denotes phosphorothioated bases. 

ence of divalent metal cations. For the DNA walker strand, the QD aÿnity region 

is realized by the phosphorothioation of the phosphate backbone for 5 bases’ length. 

The thiol groups on the DNA back bone forms coordination complex with Cd2+ 

during QD crystal growth, thus remains integrated into the CdS shell layer of the 

QD [110, 111]. For the RNA fuel strand, oligonucleotide motifs that selective binds 

to carbon nanotubes [131, 183] are used as aÿnity region to achieve a higher degree 

of SWCNT surface functionalization and reduce interaction between the SWCNT 

surface and enzymatic functional region on RNA fuel. 

The DNAzyme walker system operates by cycling through free energy cascades 

(Figure 5.1c) [165]. When a DNAzyme walker strand (E) is hybridized with a fuel 

strand (R), it cleaves the RNA substrate at the presence of divalent cation (M2+), 

thus lowering the overall system free energy. The cleaved DNAzyme/RNA complex 
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(EP1P2) are thermodynamically less stable than binding with a new intact RNA fuel 

strand, thus the walker system goes under spontaneous branch migration from the 

cleaved fuel strand to the adjacent intact fuel strand (ES2P2 in state (iv) and ES2 

in state (vi)), completing one single turnover reaction (i.e. one step forward). The 

walker repeats this process, resulting in a 1-D walking along nanotube track. 

In the previous chapter, we have demonstrated the use of various RNA cleaving 

sequence as the enzymatic core and the e˙ects of di˙erent arm length on walker 

kinetics. In the current chapter we use two types of DNAzymes: 10-23 and DZ7 with 

fxed 7/16 arm length. 

5.2.2 Walker System Synthesis 

The RNA covered SWCNT track and QD linked DNAzyme walker are synthesized 

using the methods described in Chapter 2. (7,6) enriched CoMoCAT SWCNT powder 

is used to make RNA-SWCNT sample. To maintain a relatively uniform track length, 

we performed additional length sorting to obtain sample enriched with c.a. 500 nm 

long tracks [184] (Figure 2.1). All inert PEG molecules are removed during RNA-

SWCNT sample immobilization onto coverslip surface. 

Aqueous synthesis of QD nanocrystals with excellent quantum yield and photo-

stability have been reported previously [110–112]. We modifed those synthesis routes 

to generate DNAzyme functionalized CdTe/CdS nanocrystal QDs. The detailed syn-

thesis protocol and optical properties are described in Chapter 2. 

5.2.3 Optical Platform 

The schematic of imaging system is shown in Figure 5.2. Two diode lasers (405 nm 

and 658 nm) from Laserglow are coupled to a Carl Zeiss Microscope through optical 

fbers. A custom made flter cubes with two bandpass flters and a dichroic beam 

splitter are placed at the backport of the microscope for simultaneous introduction 

of both laser lines. The excitation lights are focused onto the sample through a 63× 
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Zeiss plan-apochromat objective. The power of the excitation light at the sample 

stage is measured by a power meter (Newport Inc) which yields 50 mW for 658 

nm excitation and 2 mW for 405 nm excitation. Emission light from the sample is 

separated into two light paths (VIS and NIR). The VIS path is directly imaged by 

Andor iXon 3 EMCCD camera after tube lens and emission flters. The NIR path 

has an additional 2× magnifer inserted to achieve better resolution of the nanotube 

image. A cryogenically cooled InGaAs 2D array (Princeton Instrument) is mounted 

at the image plane of the NIR path. All the instruments are controlled by a computer 

with self written control scripts [185]. The images from the two cameras are registered 

to each other through a transformation matrix, which is obtained by imaging the same 

area of a microruler before each experiment. 

5.2.4 Walking Experiment Procedure 

After surface preparation procedure described in Chapter 2, Length fractionated 

RNA-SWCNT stock solution is diluted 10 times in PBS bu˙er and introduced into 

the fow channel. After 20 min incubation, 200 µL of PBS bu˙er was introduced to 

wash away unbounded RNA-SWCNT and other impurities (e.g. PEG molecules). 

The DNA-QD stock solution is diluted 10,000 times in PBS bu˙er containing 20 mM 

dithiothreitol (DTT). The presence of DTT improves the photostability and emission 

eÿciency of both SWCNT and QD [186, 187]. The diluted DNA-QD solution is 

continuously fowed into the channel and imaged until suÿcient conjugation spots are 

present. The channel is then washed by PBS bu˙er containing desired concentration 

of metal cation and 20 mM DTT to remove unbound QDs. Both NIR and VIS images 

are acquired simultaneously under 1000 ms integration time. A typical experiments 

last about 1 hr with 20 s image acquisition interval to avoid excessive photo-bleaching 

of both fuorophores. 

After each walking experiment, the PBS bu˙er (pH 7.5) in the channel was ex-

changed with a lowered pH PBS bu˙er (pH 6.0). The removal of DTT and lowered 
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Figure 5.2. Experimental setup and imaging scheme. Optical image sys-
tem setup. Output of two laser lines are passed through clean-up flters 
and directed into the backport of the microscope. A diaphragm in the 
refected light channel is used to modulate the excitation intensity. The 
excitation beams are focused onto the sample stage through a 63× ob-
jective lens. Emission light from the sample are separated into two light 
paths (NIR and VIS) and imaged using corresponding cameras. The emis-
sion spectra of both QD and SWCNT are shown above the camera image. 
A 2× magnifer lens is placed in the NIR light path before the camera. 
Scale bars are 500 nm. 

pH will enhance emission intensity fuctuations of SWCNT (Figure 5.5c-d), thus pro-

vide means for sub-di˙raction image reconstruction [188]. The images are recorded 

at 1,000 ms integration time for up to 5,000 images. 

5.2.5 Subdi˙raction Tracking of Walker 

All experimental images are processed in ImageJ using custom written scripts. 

Both drift correction and Gaussian ftting are adapted and modifed from GDSC 
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SMLM plugin (https://github.com/aherbert/GDSC-SMLM). The registration of QD 

image and SWCNT image through a transformation matrix is accomplished by using 

a previously published intensity based registration method [189]. The same transfor-

mation matrix is used throughout the entire experiment to avoid any errors introduced 

due to camera alignment. 

Correction on stage drifting during the experiment span is particularly important 

for imaging slow moving DNA walkers [56, 190]. Sample drift caused by mechanical 

relaxation of the stage is signifcant in our walking experiment as a result of the long 

experimental time. We used the NIR image of the nanotubes as fduciary markers 

to correct the drift in the VIS image. The (x,y) positions of RNA-SWCNTs are frst 

approximated by fnding their maxima in each frame. The sub-di˙raction positions 

of SWCNTs from 10 consecutive images are then grouped to form an image set. The 

drift between each image set and the average positions of all the captured images 

are calculated using a correlation analysis over the entire image. The process is 

repeated till converge and the drift from each iteration is combined to generate the 

fnal correction curve. The correction values are then applied to translate the VIS 

image. The drift correction scheme can achieve a localization accuracy of ∼50 nm. 

The (x,y) position of a QD is obtained by ftting its PSF to a Gaussian function. 

The precision σ of the ftting can be theoretically calculated by Equation (5.1) [58,59]: r 
s2 a2/12 8πs4b2 

σ = + + 
2N2 

(5.1)
N N a 

where s is the standard distribution of the Gaussian distribution, a is the pixel size 

of the iXon 3 camera, b is the background noise level and N is the number of photons 

collected. Under our experimental condition, a = 232nm, s = 115nm, b ≈ 65, N ≈ 

1, 000, which yeilds a localization precision σ ≈ 20nm. 

To achieve the theoretical value of precision from the drift corrected image, we 

performed additional corrections by subtracting the displacement of stationary QDs 

from that of the moving QDs. The drift corrected image is segmented into multiple 

areas, each of which containing only one QD. All the sub-image areas are categorized 

https://github.com/aherbert/GDSC-SMLM
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Figure 5.3. Characterization on the localization and drift correction pre-
cision. QDs and SWCNTs are fxed onto a non-passivated surface and 
imaged in 1× PBS bu˙er and 20 mM DTT. The images are continuously 
acquired at 1 s integration time and 5 s measurement interval. A total of 
500 images are acquired analyzed. (a) Precision of QD localization. Cen-
troids of Gaussian ftting of 10 succesive frames are shown. The precision 
of localization is measured by the standard deviation Δd ≈ 16 nm from 
the mean position of the 10 ftting. (b) Precision of drift correction on 
QD image. The drifting of QD image due to stage relaxation is corrected 
by subtraction the drifting traces of the NIR images of the nanotube and 
the average drifting of other QDs. Centroids of Gaussian ftting of all the 
frames after drift correction are shown. A standard deviation of Δd ≈ 24 
nm is obtained. 

into two groups: conjugated and non-conjugated with RNA-SWCNTs. The average 

position di˙erence between frames of the non-conjugated QDs are subtracted from the 

position changes of the conjugated QDs. This result in an experimental localization 

precision of ∼30 nm as shown in Figure 5.3. The fnal positions of the QDs are 

subsequently used for kinetics analysis. 
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5.2.6 Subdi˙raction Imaging of Nanotubes 

The NIR images of RNA-SWCNTs are frst drift corrected using the previously 

mentioned scheme. After drift correction, the fuctuation in intensity is obtained by 

subtracting an image from its successive frame. The pixel values of resultant di˙erence 

images are then all converted to positive integers for Gaussian ftting. According to 

Equation (5.1),the localization precision in the NIR range is c.a. 100 nm, which is 

about 1/10 of the emission wavelength. Fitting results from all images are combined 

to reconstruct the nanotube image (see Figure 5.5 for more details). 

5.2.7 Walker Data Analysis 

The coordinates of the frst 10 localizations of QD images are averaged as the 

origin position of the walker. Based on the average velocity, the distance traveled 

by the walker in this period is about 20 nm, which is within the 30 nm localization 

precision of our platform. 

The translocation distance d(t) of the walker is calculated by Equation (5.2): p
d(t) = (x(t) − x0)2 + (y(t) − y0)2 (5.2) 

A rolling smoothing with a window size of 10 data points is applied to the displacement 

data so that noise can be averaged out. The displacement of all the experimental cases 

used are ploted in Figure 5.3. 

The mean squared displacement is calculated by Equation (5.3): 

MSD = hd(δt)2i = 
1 
T 

t=TX 
d(δt)2 (5.3) 

t=1 

where δt is the lagtime and T is the last time point available for time average. Time 

averaged MSD from di˙erent cases are ensemble averaged to obtain the fnal experi-

mental value for one experimental condition (black squares in Figure 5.7.)The MSD 

is ftted with a power-law time dependence MSD = Atα . The scaling exponent 

α = 1.72 is obained from least square ftting. 
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The randomness parameter r is computed using Equation (5.4): 

hτ 2i − hτi2 hd(t)2i − hd(t)i2 1 
r = = (5.4)

hτi2 t lhvi 

where l = 4 nm is the spacing between two fuel strands. The velocity hvi = hd(t)i 

is obtained by frst ftting the displacement data in every 500 s. The histogram of 

the velocity is approximated by a normal distribution to yeild a mean velocity of 

hvi ≈ 0.13 nm/s. The slope of the displacement variance increase with time is used 

for the term hd(t)2i−hd(t)i2/t. All the quantities are also calculated in the same way 

for simulated walking data, which is described in the next section. 

5.2.8 Simulated Walking 

The process of DNAzyme strand walking on nanotube surface can be modeled as 

a 1-D biased continuous time random walk process. Consider a walker strand just 

hybridized with a RNA substrate. The right side of the walker strand has intact 

fuel strand anchored periodically by a distance l, while the left side of the walker 

are the areas previously explored by the walker strand. Assuming a linear track on 

the nanotube side wall, the displacement d(t) of the walker is calculated by the total 

number of steps in the given amount of time t: 

NX(t) 
d(t) = χ(τi)l + σ (5.5) 

i=0 

NX 
t = τi (5.6) 

i=0 

where N(t) denotes the number of stepping events occurred during time t, and l is 

the average spacing of fuel strand on the SWCNT surface. The term σ is a Gaussian 

noise due to Brownian motion and experimental uncertainties. χ(τi) is a function 

that indicates step direction with the form: ⎧ 

χ(τi) = 

⎪⎨1 ⎪⎩−1 
τi 

τi 

= τf 

= τr 

(5.7) 
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Here τi is the dwell time in-between two stepping events. τf and τr are the single 

turnover time generated by the simulation for forward or backward stepping. The 

distribution of dwell time is determined by the nature of the biochemical reaction 

related to a single stepping turnover [191]. For a single turnover event with n rate 

limiting intermediate steps of similar rate k, the distribution p(τi) follows a gamma 

distribution: 

knτn−1 
i −kτip(τi) = e (5.8)

Γ(n) 

where Γ(n) is the gamma function equivalent to (n − 1)!. In simulation of walking 

process, we defne the dwell time τi as the smaller amount of τf and τr (i.e τi = 

min(τf , τr)). The value of τf and τr are generated by random numbers following 

gamma distribution. For τf , we use di˙erent combinations of (n, k) but with same 

mean value for the gamma distributions that the average single turnover time τf will 

remain the same. (see Figure 5.4a) A average value of hτf i = 30 s is used based on 

the experimentally determined average velocity hvi = 0.13 nm s−1 and fuel spacing 

l = 4 nm. For τr, a single step Poisson distribution with hτri = 300 s is used as a 

back-step to the cleaved strand is much slower compared to the forward step. 

For each case of the (n, k) combination, 500 steps are run for each walker and 

traces from 100 walkers are aggregated to produce the displacement plot shown in 

Figure 5.4a. The error bar in Figure 5.4a also indicates the variance from all the 

traces within one case of (n, k) combination used. The Displacement variance in 

plotted in Figure 5.4b. It is evident that even though the displacement is similar, the 

di˙erent number of rate limiting steps within a single turnover can be retrieved from 

the variance of the displacement. 
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Figure 5.4. Simulated translocation of DNA walker. 3 sets of (n, k) 
combinations are tested with 500 steps for each walker and 100 walkers 
for each case. Di˙erent cases are color coded as follows: red : n = 1; blue 
: n = 2; black : n = 3. (a) Averaged displacement. (b) Displacement 
variance of all walkers. 

5.3 Results 

5.3.1 Visualizing Nanoscale Structure and Motion 

Nanometric optical imaging on DNA walkers bears resemblance to typical sin-

gle particle tracking (SPT) experiments, but requires additional features for the 

imaging platform. In both cases the position information is extracted by approxi-

mating the point spread function (PSF) of the fuorescent probe to a 2-D Gaussian 

function. The localization precision on the particle’s position is determined by the 

signal intensity, noise level, camera pixels and the ftting algorithm used (see Equa-

tion (5.1)) [58, 59, 192]. Compared to protein motors studied in SPT experiments, 

typical DNA walker systems have much lowered translocation velocity and shorter 

travel distance. This leads to small position di˙erence in-between measurements and 
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long overall experimental time. The small translocation distance requires high preci-

sion in position measurement. Researchers have demonstrated imaging with several 

nanometer precision by achieving a high signal photon count [59,187]. The long over-

all experimental time requires photo-stable fuorophores as well as mechanically stable 

hardware setup to minimize uncertainties associated with photo-bleaching and stage 

drifting. E˙orts on the long term tracking on DNA walkers have been demonstrated 

using Cy3/Cy5 dyes as optical probe/marker with a high concentration of oxygen 

scavenger system that prolongs the emission signal from the probes [33,56]. 

The emissions from both fuorophores are imaged by a custom built epi-

fuorescence system as shown in Figure 5.2. An EMCCD camera and an InGaAs 2D 

array are used so images from both visible (VIS) and NIR channels can be acquired 

simultaneously. The processing schemes for both VIS and NIR channels are shown in 

Figure 5.5. QD images from the VIS channel is localized by ftting Gaussian function 

to its PSF. The localized QD image is then combined with the 10 successive local-

izations to form a single sub-di˙raction estimation on the QD position (Figure 5.5b). 

According to Equation (5.1), the precision of a single localization is approximately 

20 nm, which agrees with the standard deviation of the 10 localizations Figure 5.5b. 

The NIR image of nanotube track is resolved to 100 nm, which is approximately 

λ/10 of the nanotube’s emission wavelength. The nanotube image is a concatenation 

of all exciton recombination centers along nanotube axis. Temporal separation of 

such emission centers can be achieved through emission intermittency at low pH 

(∼4) for surfactant solubilized carbon nanotubes [188]. Such fuctuations in emission 

intensity is a result of protonation/deprotonation reactions on the nanotube surface 

that interfere with radiative exciton recombination process. Compared to surfactant 

solubilized nanotubes, our RNA-nanotube complex has a lower degree of surfactant 

coverage [193, 194], thus the nanotubes are more susceptible to the local dielectric 

environment. We observed intensity fuctuation at pH 6 in PBS bu˙er (Figure 5.5e). 

The underlying nanotube surface reaction centers are localized by constructing the 

di˙erence image of consecutive frames and ftting the isolated PSF with Gaussian 
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Figure 5.5. Sub-di˙raction imaging scheme for both VIS and NIR images. 
(a)-(b) Gaussian ftting of QD PSF is used to estimate its centroid. The 
average result from 10 localizations are used as the fnal position. (c)-(h) 
the intensity fuctuation of the pixel labeled #1 in a NIR nanotube image 
(c) is presented in intensity vs. time plot (e). The reaction center of such 
intensity change is isolated by constructing di˙erece image of successive 
frames ((f)-(h)). The separated PSFs are localized to reconstruct the 
sub-di˙raction nanotube image (d). The localized VIS and NIR images 
are registered to produce the overlayed image (i). The QD position is 
emphasized by a green arrow. Scale bars are 500 nm. 
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function (Figure 5.5e-h). The combination of all the localized surface reaction centers 

thus reconstructs a sub-di˙raction image of the nanotube as shown in Figure 5.5d. 

The NIR and VIS image are registered to the same set of coordinates to construct 

the fnal overlaid image Figure 5.5(i). 

Figure 5.6 shows a representative result of a DZ-7 walker traveling over 200 nm 

in 10 min. The walkers are imaged in 1×PBS bu˙er containing 20 mM DTT and 10 

mM Mg2+ using the previously described localization and drift correction scheme. 

Figure 5.6. Raw and sub-di˙raction images of a DZ-7 enzyme walker 
operation in 1× PBS with 10 mM Mg2+ and 20 mM DTT. The walker 
travels approximately 200 nm in 10 min. The images are taken at a 5 s 
interval and localized using the scheme shown in Figure 5.5. The walking 
trajectory is plotted in a 400 nm × 400 nm grid for better visualization 
of the distance. The scale bar is 500 nm. 

5.3.2 Displacement and Velocity Distribution 

Position information is extracted from raw image to produce the displacement 

shown in Figure 5.7a. Representative result of the displacement of 10-23 walker 

moving under 10 mM Mg2+ condition (blue scatter) and 10-23 walker under 0 mM 

Mg2+ (black scatter) are shown. The positions from successive 10 frames are averaged 

using the previously discussed scheme to produce the smoothed curve (blue and black 

lines). Additional displacement curves under similar experimental conditions are 

shown in Figure 5.8. Walker velocity is obtained by ftting the displacement curve for 
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every 500 s segment. The velocity distribution is ftted to a Gaussian function and a 

mean velocity of ∼7.8 nm nm s−1 is obtained. 

Further details on the walkers’ translocation mode can be investigated from MSD. 

The walker strand binds to an intact fuel strand with a faster rate and higher probabil-

ity, thus the walker is biased to move away from random di˙usive motion to a directed 

translocation. The nature of such walking scheme is refected in the power-law form 

of MSD [195, 196]: hd(δt)2i = Atα . Di˙erent mode of motion can be categorized by 

the MSD scaling exponent α: for confned motion such as proteins crossing cell mem-

brane [197], 0 ≤ α ≤ 1 (sub-di˙usive); for random di˙usion, α = 1; for active process 

such as transport by intracellular motor proteins [198], 1 ≤ α ≤ 2 (super-di˙usive). 

Figure 5.7c shows the time averaged MSD (black lines) and ensemble averaged MSD 

(black scatter) constructed from the smoothed curve from the displacement plot. A 

power function (red line) is ftted to the experimental data which gives α = 1.72. A 

linear ftting of the frst 10 scatter points (blue line) is also included to better visual-

ize the clear curl-up shape of the walker MSD. We performed numerical simulations 

based on the proposed walking mechanism with kinetic rates similar to the experi-

mentally obtained values (see subsection 5.2.8). The power law dependency of the 

MSD shown in Figure 5.7c is consistent with that generated by simulations. 

5.4 Discussion 

A walker system turns biochemical reactions into processive operations, accumu-

lating the individual single turnovers to produce net results that can be measured 

by experimental techniques. In our DNA walker system, displacement and velocity 

provide good measure on processivity and motility. Assuming the mean step length 

exists, the displacement gives the average number of single turnover events, while the 

velocity gives the average single turnover reaction rate [182]. 

Further understanding on the nature of such walking process, however, requires 

more detailed information beyond averaged kinetics. A typical value used to char-
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Figure 5.7. Quantitative evaluation of a 10-23 enzyme walker. (a) Dis-
placement of the 3 walkers (blue scatter) as compared to control exper-
iment (black scatter). The smoothed displacement from averaging suc-
cessive 10 localizations is plotted as a solid curve. Control experiment 
is conducted without any Mg2+ . (b) Velocity distribution of DNAzyme 
walkers generated from data shown in Figure 5.8. The histogram is ftted 
to a Gaussian distribution with mean value ∼7.8 nm min−1 . (c) Walker 
MSD. Black lines are the time averaged MSD from a single walker tra-
jectory. Black scatters are ensemble averaged data. The MSD is ftted 
to a power-law function with a scaling exponent α = 1.72. The frst 10 
scatter points are linear ftted (blue line) and extended for better visualiz-
ing the deviation of walker MSD from di˙usive motion. (d) Displacement 
variance of experimental (black scatter) and simulated data (line). 3 cases 
with di˙erent intermediate reaction numbers, n=1 (black), n=2 (red), n=3 
(blue), are presented. Linear ftted (blue line) line was used to determine 
the slope of ∼0.34. 
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Figure 5.8. Displacement plots of all datasets used in this study. All the 
traces are obtained from experiments of 10-23 DNA enzyme decorated 
QD moving along a carbon nanotube in 1× PBS, 10 mM Mg2+ and 20 
mM DTT. Localizations from a single frame is plotted as scatter points 
and the average position from 10 localizations are plotted as a smoothed 
curve. (a) Displacements showing processive walking. These datasets 
are used in the analysis for displacement variance, velocity distribution, 
and MSD. (b) Displacements showing stalling and back-stepping due to 
possible assembly defects on the nanotube surface. These datasets are 
excluded from our analysis. 
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acterize enzymatic reaction is the single turnover waiting time τ and its statistical 

distribution P (τ). For example, the knowledge of such distribution helps determine 

kinetic intermediates in one single turnover reaction [191], or uncover the dynamic 

disorder of an enzyme’s catalytic rate [154,199]. For DNA walkers, these insights shed 

light on detailed walking mechanisms that help to answer questions such as whether 

the presence of nanomaterials interfere with walking process, or whether the cargo 

rolls over the track instead of walking. We analyzed the fuctuations of the walker 

displacement as a starting point to address such questions. Instead of using P (τ) 

directly, Schnitzer and Block [155, 179] proposed using the moments of P (N, t) to 

study the fuctuation of a processive enzyme. Here P (N, t) denotes the probability 

of N single turnover events happened in time t. In more details, the displacement of 

a DNA walker follows Equation (5.9): 

d(t) = Nl + σ (5.9) 

where l is the step length and σ is the noise term due to Brownian motion. At 

single molecule level, the random variable N and its statistical distribution P (N, t) 

determine all the characteristics of walker behavior. When only one rate-limiting 

reaction is present in a single turnover event, P (N, t) follows Poisson distribution. The 

distribution becomes complicated when n rate-limiting reactions with similar reaction 

rate ki are present. Despite the complexity of P (N, t), its moments can be deduced 

without the knowledge of the exact distribution. The moments of P (N, t) reveals 

important kinetic information. For example, the average displacement hd(t)i = hN(t)i 

can be obtained by having the frst moment of P (N, t): hN(t)i = t/T0 = kitl/n. 

Similarly, the variance of the walker displacement can be obtained by the second 

moment of P (N, t): 

V ar[d(t)] = hd(t)2i − hd(t)i2 (5.10) 

d2 

=
1 
t + hσ2i (5.11)

T0 n 
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It can be seen that variance of the displacement contains information on the number 

of rate limiting steps. Non-dimensionalize Equation (5.11) gives the randomness 

parameter r, which is a measure of the kinetic fuctuation of the walker [200]: 

hd(t)2i − hd(t)i2 1 1 
r = = (5.12)

t lhvi n 

Thus, measurement of the walker displacement variance and velocity provides an 

estimation on the number of rate-limiting steps n [155]. 

To confrm the robustness of the fuctuation analysis on walker kinetics, we per-

formed numerical simulations to test the robustness of the fuctuation analysis method 

(see subsection 5.2.8). When multiple rate limiting steps with similar reaction rate 

are present in a single turnover, the waiting time follows a gamma distribution [191]. 

We used gamma distributions with di˙erent shape and scale parameters but same 

mean value to generate waiting time distributions in simulated walking. Displace-

ments variance from 100 runs for each case are presented in Figure 5.7 (thin lines 

in di˙erent colors). As back-stepping, stalling and sudden hopping refect defects 

in particular samples rather than the nature of the walking process, we selected 

short walking distance (∼400 s) and processive walker trajectories for the analysis of 

displacement variance. The scatter points in Figure 5.7d shows the experimentally 

obtained displacement variance. A linear ftting of the experimental data yields ran-

domness parameter r = 0.34 and n ≈ 3. This result is consistent with the proposed 

mechanism as shown in Figure 5.1b, which indicates that the DNAzyme decorated 

QD indeed walks processively along the nanotube. 

5.5 Conclusions 

The DNAzyme walker benefts from the specifcity and programmability of nu-

cleotide molecules. Design improvements on such systems require characterization 

methods capable of probing detailed walking mechanisms. A multi-color subdi˙rac-

tion imaging platform for optically tracking slow motion of DNA walkers have been 

presented in this chapter. We obtained walker displacements, MSD, velocity, and 
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the randomness parameter using the imaging platform. Three rate-limiting reaction 

steps are identifed from the tracking data. These quantities provides useful insights 

on walker kinetics and help design more eÿcient walking mechanisms. In the next 

chapter, we demonstrate a new walker design by speeding up the rate-limiting re-

actions identifed in this chapter and incorporating multi-valency into the walking 

mechanism. 
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6. PROGRAMMING 2-D MOLECULAR TRANSPORT 

6.1 Introduction 

Natural molecular motors play vital roles in various biological processes. At sin-

gle molecule level, they transform random molecular fuctuations into directed motion 

with high energy eÿciency. At system level, they self-assemble and operate collec-

tively to accomplish highly diversifed biological functions. For example, the axonal 

transport by kinesin towards synapse [201], the contraction of muscle by coordinated 

motion of myosin [202] and the transcription of RNA by RNA polymerase along a 

DNA track [203]. The ability to create synthetic versions of similar molecular motors 

will expand the design space for complex molecular systems with desired functions, 

thus providing novel tools for various applications. 

In previous chapters, we developed a nanoscopic characterization system to study 

the mechanisms and kinetics of DNA walkers. The obtained insights allow us to e˙ec-

tively design and fabricate single DNA walkers with desired motility. In this chapter, 

we use enzymatic DNA walkers to realize 2-D super-di˙usive molecular transport 

powered by collective operation of multiple DNA walkers. The e˙ects of enzymatic 

cleavage rate, multi-valence, and sequence length on transport kinetics are explored 

to determine rate-limiting steps and extract design guidelines. We also devised a reg-

ulation scheme on walker activity so that more complex behaviors could be embedded 

into the system. 

6.2 Scheme 

The system consists of a DNA walker decorated fuorescent particle conjugated to 

RNA fuels immobilized onto a 2-D surface (Figure 6.1). The fuel strands immobilized 

onto the surface has a 15-nt RNA “fuel” portion (blue) and 20-nt DNA “anchor” (red). 
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Multiple walker strands with upper (complementary to RNA) and lower (complemen-

tary to DNA) arms associate with the surface bound fuel. We use the notation n/m to 

indicate n-nt upper arm and m-nt lower arm walker confguration. Active transloca-

tion is achieved by hydrolysis of the RNA fuel using enzymatic nuclease, thus driving 

the system away from an equilibrium state. 

Figure 6.1. Scheme for 2-D DNA transport system. Multiple walker 
strands (red) are attached to a fuorescent particle. The particle is im-
mobilized onto the imaging surface through the complementary binding 
of DNA walker legs with RNA fuels (blue) on surface. Multiple legs on 
the particle can bind to surface fuel simultaneously. The RNA fuels are 
grafted onto the surface through biotin-streptavidin interaction (orange-
blue). The surface is passivated by BSA and DDS/Tween 20 as described 
in Chapter 5. Nuclease (green) cleaves the formed walker/fuel duplex, 
driving the walker legs to associate with intact fuel strands. 

The walking mechanism using a single walker as is shown in Figure 6.2. We 

have shown in previous chapters that DNAzyme could achieve enzymatic cleavage at 
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specifc position. In this chapter, we use ribonuclease (RNAse) H to cleave the surface 

bound RNA so that the upper arm of the DNA walker strand on the particle surface 

becomes available for association with the next intact fuel (Figure 6.2a state (i) to 

(ii)). After association with the next available fuel (iii), the walker migrates gradually 

from the consumed fuel to the intact fuel through branch migration (Figure 6.2 state 

(iii) to (iv)). 

Figure 6.2. 2-D transport mechanism. (a) Mechanism for enzymatic 
DNA walker. Fluorescent particles decorated with DNA walker strands 
associate with RNA fuel strands on particle surface. RNAse H then cleaves 
the RNA strands and frees part of the walker leg (state (i) to (ii)) for bind-
ing with the next available fuel (state (ii) to (iii)). After association with 
the next fuel, the walker detaches from the consumed fuel and gradually 
migrates to the intact fuel (state (iii) to (iv)). (b) Schematic and scaling 
feature of a 2-D self-avoiding walking. The walker avoids its own path, 
thus is biased away from random di˙usion (dashed line), demonstrating 
super-di˙usive behavior. The scaling of the walker MSD follows t ∗ log(t) 
(green line). 

As discussed in previous chapters, such an enzymatic reaction based walker could 

achieve 1-D active walking through a “Burnt-bridge” mechanism. For a 2-D sys-

tem, such mechanism allow realization of a so-called “self-avoiding” walking (Fig-

ure 6.2a) [204]. This mechanism achieves active transport by prohibiting the walker 

from crossing its own path. As the randomness of walking is reduced due to the con-

straint of maintaining “self-avoiding” status, the walker demonstrates super-di˙usive 
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behavior and explore larger area as compared to a typical 2-D random walk. The 

MSD scaling feature of the walker is theoretically computed to follow t ∗ log(t) [205]. 

6.3 Methods 

6.3.1 Walker System Synthesis 

Materials All nucleotides are purchased from IDT and used without further 

purifcations. The detailed sequence information can be found in Table Table 6.1. 

RNAse H and EXO III and their corresponding reaction bu˙ers are purchased from 

New England Biolabs. Fluorescent polystyrene (fPS) particles (680 nm emission) and 

streptavidin coated quantum dots (SA-QD, 705 nm emission) are purchased from 

ThermoFisher. PEG-500 is purchased from Layson Bio Inc. All other reagents are 

purchased from Sigma-Aldrich. All solution samples and bu˙ers (MES: 50mM, pH 

6.0; PBS: 50mM phosphate, pH 7.4) are prepared in deionized water. 

Particle functionalization DNA walker strands modifed with amine groups 

are grafted onto fPS particles through surface carboxyl groups. The particle con-

centration is kept at 0.02 g ml−1 in pH 6.0 MES bu˙er to avoid aggregation. DNA 

concentration is 100-folds (20 nm particle) or 100000-folds (200 nm particle) higher 

to PS particle concentration during synthesis. 5 mM EDC is added to the solution to 

activate carboxyl groups for direct reaction with primary amine on DNA strands. The 

mixture is incubated in dark for 2 hr. The solution is then washed by centrifugation 

at 20000×g for 30 mins. The supernatant is then discarded and the functionalized 

PS particles in the pellets are redispersed in 1× PBS bu˙er. The washing process is 

repeated 3 times. The surface DNA density on a fPS particle is converted from the 

concentration ratio from the purifed solution. DNA and particle concentrations are 

measured by their respective absorption peaks at 260 nm and 660 nm using Perkin 

Elmer Lambda 950 UV-VIS spectrometer. 

Fuel immobilization RNA fuels are immobilized onto glass coverslip surface 

through either biotin-avidin interaction or cross-linking with epoxy-silane. Coverslips 
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Table 6.1. 
Sequence information for DNA walkers and RNA fuels. 

Item sequencea 

13/0 Walker 5’- /5AmMC6/TTT TTT ATC GGT CAG GCT T -3’ 

13/7 Walker 5’- /5AmMC6/ TTT TTT ATC GGT CAG GCT TAG TCG TG 

-3’ 

8/0 Walker 5’- /5AmMC6/TTT TTT TCA GGC TT -3’ 

8/7 Walker 5’- /5AmMC6/TTT TTT TCA GGC TTA GTC GTG-3’ 

15/15 Walker 5’- /5AmMC6/TT TTT GCA TCG GTC AGG CTT A GTC 

GTG GGA GTT AA -3’ 

RNA fuel 5’- /5Biosg/TTT TTT TTT TGC CCC TTA ACT CCC ACG 

ACT rArArG rCrCrU rGrArC rCrGrA rUrGrC -3’ 

EXO III fuel 5’- /5Biosg/ TTT TTT AAG CCT GAC CGA T -3’ 

Inhibitor 5’- TTT TAG CAT CTT TGG GGG C -3’ 

Activator 5’- TGA CCG ATG CTA AAA -3’ 

RNAse FRET 5’ ATC GGT CAG GCT TAG TCG TGT T /3IABkFQ/ -3’ 

5’- /56-FAM/ TTC ACG ACT rArArG rCrCrU rGrArC rCrGrA 

rU -3’ 

EXO III FRET 5’- /5IABkFQ/ AAG CCT GAC CGA T -3’ 

5’- ATC CGG TCA GGC TT /iFluorT/TTT TTT TT -3’ 
arN represents RNA base. 
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are frst cleaned by the same procedure as described in Chapter 5 and assembled into 

fuid channels. For immobilizing biotin modifed RNA fuel strands, coverslips were 

frst silanized with DDS. Biotinylated BSA (2 mg ml−1) was then deposited onto the 

silanized coverslip surface. After incubation for 5 min and washing by 1× PBS bu˙er, 

Tween20 (0.2 vol%) was then deposited to passivate the surface. Next, streptavidin 

(1 mg ml−1) was conjugated to surface bound BSA-biotin to serve as anchors for 

biotin-RNA fuels. 

Figure 6.3. Characterization of RNA fuel density. (a) Schematic of 
surface characterization method. All anchoring sites for RNA fuels are 
labeled with SA-QDs for fuorescence measurement. (b) Fluorescence in-
tensity of SA-QDs conjugated onto the surface over time. (c) The density 
increases as a function of time. 

The RNA fuel density on coverslip is characterized using streptavidin capped QD 

(SA-QD). After biotinylated BSA after Tween 20 passivation, SA-QD were directly 

conjugated onto the surface (Figure 6.3 a). To quantify the fuel density, fuorescence 

from a single SA-QD was frst estimated using sparsely labeled surface. The fuel sur-

face was then incubated with high concentration SA-QD solution and the fuorescence 

intensity was recorded over time (Figure 6.3 b). The fuel density is computed using 
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the number of SA-QDs divided by surface area (254 nm per pixel). The saturated 

density value is used as the fuel density (Figure 6.3 c). 

6.3.2 Imaging DNA Walking and Data Analysis 

The movement of DNA walkers were imaged using the same optical setup as 

described in Chapter 5. A solid state diode laser (658 nm, 150 mW, Laserglow Inc) 

is used to excite fPS particles at a power intensity of 45 W cm−2 . Typical images are 

acquired every 200 ms for 1 hr. The acquired images of a fPS walker particle can 

achieve > 10000 photons with a background noise level of ∼10 photons. 

The recorded images are processed in ImageJ. The centroids of each fPS were 

frst localized and the localization accuracy is estimated to be around 1.5 nm [192]. 

Microscope stage drift was corrected by computing the translocation of stationary 

fPSs and translate each image with this distance. The centroids of a fPS in consecutive 

frames were linked and clustered into one trajectory, which were then used to compute 

the MSD. The MSD from all individual trajectories were averaged to produce the 

ensemble averaged MSD, which was then ftted to the power law form MSD = Atα . 

The particle velocity distribution was obtained from its displacement in every 20 

s. Walking yields are computed by categorizing the trajectories based on the rules 

presented in Table 6.2. 

6.3.3 Simulation of 2-D DNA Walking 

The simulation for 2-D DNA walking is based on the same mechanism as discussed 

in Chapter 5. However, since multiple DNA walkers could be attached on the fPS and 

compete for available fuels on a 2-D surface, additional simulation mechanisms were 

developed to account for this e˙ect. When a simulation is initiated, the walker is frst 

subjected to generate the length for the current step on a 2-D grid (Figure 6.4) based 

on a pre-defned probability distribution. After the stepping length is determined, the 

walker generates stepping time τ for all the four directions. The stochastic stepping 
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time τ is generated by assuming the three reaction steps depicted in Figure 6.2a have 

similar rate, which follows a Gamma distribution (See Chapter 5 for details). The 

rate k for each direction depends on whether the next grid position has an intact 

or consumed fuel. If the next position has been visited by the walker before, the 

stepping time for this direction will be much slower due to a 100-folds slower rate k. 

The walker proceeds to the direction which has the smallest stepping time τ , thus 

biasing away from its own path and travels in a “self-avoiding” fashion. 

Simulation for multi-legged walker was performed by grouping single legs together 

and keeping them close to a centroid (Figure 6.4 b). Each leg will step based on the 

previously described mechanism. However, a prescribed number of “lead” legs are 

randomly assigned to the group of legs which were allowed to step fst based on 

their surrounding fuel density. After stepping of the lead legs, the centroid position 

was updated and the experienced rate value k for the remaining legs were adjusted 

to refect both the fuel density and centroid position. A higher k value is assigned 

towards the direction of centroid. After the stepping of the follower legs, the centroid 

position will be updated again and refected in the k value for the surrounding grid 

positions. The MSD of the multi-legged walker as shown in Figure 6.4 has a initial 

di˙usive walking phase followed by a transition region to the t ∗ log(t) scaling. 

6.3.4 Regulation of 2-D DNA Walking 

For the inhibition of DNA motor function, walker decorated fPS are frst fown into 

the channel as in regular walking experiments. Before the addition of RNAse H, a 30 

µL aliquot of 100 µM inhibitor strands was added in the channel and incubated for 15 

min. The inhibitor strands were then thoroughly washed by 200 µL 1× PBS bu˙er. 

Walking experiments were then performed and imaged with the same procedure as 

regular walking tests. For the activation of DNA motor function after inhibition, 

30 µL of 100 µM activator strands were added to the channel after inhibitor strands 

were washed out by 1× PBS. The activator induced strand displacement reaction was 
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Figure 6.4. 2-D DNA walker simulation. (a) Simulation of a single-legged 
walker. The walker determines length l and time τ during a single step 
based on a user defned probability distribution. The direction of walker 
stepping is determined by the smallest stepping time τ . The MSD of such 
single legged walker shows super-di˙usive feature and follows the scaling 
of t ∗ log(t). (b) simulation of a 4-legged walker. The four legs are shown 
in red and the centroid of the walker is shown in blue. Two types of leg 
behaviors (lead or follow) are randomly assigned to the four legs. If two 
legs are assigned as lead legs (L1 and L2), they step based on the same 
scheme as described in (a) and centroid position is recomputed based on 
the current positions of the four legs. The two remaining legs (L3 and L4) 
will be assigned a biased rate towards the position of the centroid when 
stepping, thus will have the tendency to follow the centroid. The centroid 
position will be updated again after all the legs are moved. The MSD of 
4-legged walker shows di˙usive behaviors but ultimately converges to the 
scaling feature of t ∗ log(t). 
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allowed to continue for 30 min before washing with 200 µM 1× PBS. Regular walking 

measurement was then performed. 

6.4 Results 

6.4.1 Nuclease Powered 2-D DNA Walking 

The DNA walker decorated fPS particles are conjugated onto 2-D surface through 

complementary binding with RNA fuels immobilized onto the surface. The DNA 

walker has a length of 13-nt that are complementary to RNA fuels. The surface 

bound fPS particles are stable and do not show signifcant movement in the absence 

of nuclease is present. Upon addition of RNAse H into the channel, the DNA walkers 

on fPS particles are activated and starts traveling on the surface. Time-lapse imaging 

of the fPS particle movement and high-accuracy localization of the particle centroid 

reveal its trajectory with a temporal resolution of 200 ms (Figure 6.5 a). The walking 

mechanism behind such movement is studied by obtaining MSD from the particle 

moving trajectory. As described in previous chapters, the MSD can be ftted to a 

power law form Atα with its exponent α containing information about underlying 

walking mechanism. Briefy, for α smaller than 1, the motion is typically restricted 

in a confned space. If the α is close to 1, the motion is di˙usive and its MSD 

scales linearly with time. For α larger than 1, the motion is super-di˙usive and the 

MSD scales faster than random di˙usion. When α is close to 2, the motion is typically 

driven by active force and has a constant velocity. In the case of DNA walker powered 

2-D “self-avoiding” walking, the walker MSD is super-di˙usion and should scale with 

t ∗ log(t) (Figure 6.5b, green curve) [205]. The experimental data in Figure 6.5b 

shows a MSD that follows di˙usive scaling at short time scales and only converges to 

t ∗ log(t) scaling at longer time scales with scaling exponent α ∼ 1.3. The observed 

initial di˙usive motion is a result of multi-valency in the walker system [204]. For a 

200 nm particle, multiple DNA walker legs bind to the surface RNAs. The dissociation 

and association of each leg with consumed or intact fuels happen stochastically, thus 
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Figure 6.5. DNA powered walking in 2-D surface. (a) Time-lapse images 
of a fPS particle powered by DNA walkers. The trajectories of the walker 
is plotted in red. The total time for the movement is 20 min. The scale 
bar is 1 µm. (b) Ensemble averaged MSD of 2-D walkers. The MSD 
(red) follows the expected behavior of a multi-legged walker traveling in a 
“self-avoiding” fashion. MSD of simulated 2-D walkers are also plotted in 
blue for comparison. Dashed lines represents di˙usive (bottom) or drift 
(top) motions. (c) Velocity distribution of the walker shown in (a). The 
average velocity of the walker is approximately 15 nm s−1 . 

creating random di˙usion of the fPS at short time scale. This multi-valency e˙ect 

reduces the e˙ective fuel concentration locally for any single leg, thus reduces the 

e˙ect of “self-avoiding” di˙usion. However, at longer time scales, all the legs will 

ultimately di˙use away from its previous locations as all the fuels are consumed, 

thus giving rise to the expected t ∗ log(t) scaling of MSD. To confrm this analysis, 

we performed a multi-valency simulation based on the proposed walking mechanism. 

The behavior of a 4-legged walker is simulated with similar kinetics. The simulation 
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clearly shows the observed di˙usive motion at short time scale and the transition to 

the “self-avoiding”scaling. 

Figure 6.6. Characteristics of di˙erent walking modes. (a) Time-lapse 
images of a 200 nm moving fPS particle. (b) The trajectory of the walker 
shown in (a). Regions showing distinctly di˙erent motility characteristics 
from typical walking are labeled. (c). Scheme of di˙erent walking modes. 
Tethered walkers have typically less than 100 nm total displacement. Ac-
tive walkers follow the expected “self-avoiding” behavior and travel proces-
sively over long distance. Di˙usive walkers are less processive compared 
to active walkers, thus traveling randomly. (d) The velocity distribution 
and walking yield of active and di˙usive walkers. Di˙usive walkers have 
a much wider distribution as compared to the processive active walkers. 
The yield of a DNA walker with 13/0 confguration is shown in the pie 
chart. 

The velocity of the walker is determined by computing the fPS centroid displace-

ment in every 20 s. This time scale falls into the transition region of the walker to 

self-avoiding motion, thus allowing us to estimate the instantaneous velocity without 

being signifcantly biased by the tethered di˙usive motion and experimental uncer-

tainties at short time scale. Figure 6.5c shows the velocity distribution of a typical 

walker moving in “self-avoiding” fashion. The average velocity of the walker is ∼ 15 

nm s−1 . However, the distribution of walker velocity has a large tail extending to 50 

nm s−1 , which is more than three times faster than the average velocity. This heavy 
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tail in the velocity distribution is not a result of localization error as fPS has ex-

tremely stable fuorescence and can be localized to ≤ 10 nm accuracy. Thus, di˙erent 

walking mechanisms may have contributed to the fPS translocation which results in 

di˙erent walker motility. Figure 6.6a shows the time-lapse images and trajectory of a 

typical walker. The trajectory of the motion is analyzed in detail and di˙erent walk-

ing modes are identifed from the trajectory (Figure 6.6). Three distinctive walking 

modes, tethered, active and di˙usive walking, are observed. For tethered motion, the 

fPS spent signifcantly extended period of time attached to a small region (< 100 nm) 

along its trajectory. The MSD scaling exponent for the walker in this region drops 

well below 0.4 and the walker velocity is greatly reduced to ≤ 2 nm s−1 . This state 

of motion is a result of the walker being trapped in a region where no available fuels 

are present. The walker performs tethered di˙usion until it reaches to the edge of 

such a region and fnds intact fuel. In contrast to the slow motion in a trapped state, 

the walker also demonstrates long distance stepping, showing a signifcantly increased 

velocity. The MSD of the walker in this state shows di˙usive scaling and the velocity 

of the walker are widely dispersed, ranging from several nanometer to hundreds of 

nanometers per second (Figure 6.6d). We postulate that this di˙usive behavior is 

a result of the walker temporarily dissociates from the surface RNA and randomly 

re-attach to the surface again. To quantify the fractions of particles moving in each 

mode, we categorized the walkers in di˙erent walking modes based on its travel dis-

tance, velocity and MSD scaling exponent α (See Table 6.2). The percentage of active 

walkers are computed and used as the walking yield (Figure 6.6). Based on the ve-

locity distribution and active walker fraction, we then explored di˙erent parameters’ 

impact on walker motility, processivity and yields. 

Control experiments were also performed to confrm that the walker is indeed 

driven by RNAse H (Figure 6.7). The e˙ects of Tween 20, RNA fuel and RNAse 

H on the walking activity were tested. Tween 20 passivates the surface inhibition 

e˙ect on RNAse H. Without the Tween 20 layer on the RNA surface, the fPS particle 

adsorbed non-specifcally and no walking was observed. The translocation of the 
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Table 6.2. 
Criteria for categorizing di˙erent walking modes using MSD. 

Mode Criteria 

Tethered root MSD < 100 nm or α < 0.4 

Di˙usive root MSD > 100 nm and 0.4 < α <1.1 

Active root MSD > 100 nm and 1.1 < α<2 

fPS also requires both RNA fuel and RNAse H. When RNA portion in the fuel was 

replaced by DNA, no active walking was observed. Similarly, when RNAse H was not 

added to the imaging channel, all fPS particles formed stable linkage onto the surface 

through base-pairing without signifcant movement over time. 

Figure 6.7. Negative control for enzymatic walking process. The E˙ects 
of Tween 20, RNA fuel and RNAse H were examined. The plus and minus 
signs indicate whether certain molecules are present (+) or not (-). For 
the case of RNA fuel, the negative control was performed by replacing the 
RNA portion in the fuel to DNA with the same sequence. 



109 

6.4.2 E˙ect of Walker Valence 

The frst parameter we tested is the valence of walkers decorated on the fPS. The 

walking of 20 nm and 200 nm diameter particles are compared in Figure 6.8. To 

estimate the valence of the 200 nm fPS, we quantifed the concentration ratio of DNA 

strands and fPS particle in stock solution. Based on a ratio of 2000 to DNA strands 

per fPS, we obtained the particle surface walker density of ∼1 walker per 10 × 10 

nm2 . Since surface fuels have a lower density compared to walker, the density of 

fuel and the walker trajectory path eventually determines the valence of a particular 

walker. Analysis of typical walker path reveals a path width of approximately 200 

nm. With the surface RNA fuel density, we can calculate the valence of the particles 

to be close to 30. Based on the same calculation method, a 20 nm fPS particle has 

a valence of only one or two. Figure 6.8a shows the velocity distribution of the two 

di˙erent walkers. 20 nm fPS has a much higher number of moving steps (refected 

in the total counts) and a wider distribution compared to 200 nm fPS due to less 

valence. This result is consistent with our expectation as the low valence should 

render 20 nm particles less processive during walking. On the other hand, the 20 nm 

particles’ low valence allows RNAse H to activate the walkers with less turnovers, 

thus increasing the total fraction of moving particles and achieving a higher yield 

(Figure 6.8b). Except for their di˙erence in processivity and yields, both 20 nm and 

200 nm particles travel in “self-avoiding” motion with similar motility. 

6.4.3 E˙ect of Walker Strand Length 

Besides the valence e˙ect, we also explored the e˙ect of DNA walker strand length. 

The walker results presented so far are based on strand with 13/0-nt confguration, 

which has 13-nt upper arm that binds to the RNA fuel but no lower arm for binding 

to the DNA. To examine processivity improvements, we designed sequence with a 

longer lower arm of 7-nt (13/7). A longer lower arm will serve as a “cleat” that 

prevents complete dissociation of the walker from surface fuels, thus increasing its 
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Figure 6.8. Valence e˙ect on DNA walking. (a) The velocity distribution 
(counts) of walkers with di˙erent valences. For low valence 20 nm walkers 
there is a much wider distribution as compared to 200 nm walkers. The 
velocity at the peak of the distribution is similar to that of the 200 nm 
walkers at ∼15 nm s−1 . (b) The same distribution plotted in frequency 
and corresponding walker yields (pie chart). Low-valence 20 nm parti-
cles show a smaller portion of tethered walking, although they are less 
processive compared to high-valence 200-nm particle. 

processivity. However, the inclusion of such lower arm could impact walker velocity 

as additional double strands need to be opened before particle migration. To test 

improvements on walker velocity, walker with a shorter upper arm (8/0-nt) is used. 

Figure 6.9a shows the velocity distribution of 13/7-nt walker as compared to 13/0-nt 

walker. As expected, the processivity of the walker is indeed improved as shown in 

the absence of the heavy tail in the distribution. The impact of the additional lower 
−1 −1arm strand decreased the average walker velocity from ∼15 nm s to ∼10 nm s . 

The yield of the walker is not signifcantly a˙ected by the inclusion of the lower arm. 

Figure 6.9b shows the result of the 8/0-nt confgured walkers. No signifcant impact 

on velocity and processivity is observed in these two cases. Due to the shorter length 

of complementary arm, higher portion of fPS indeed gets activated by the RNAse H, 

which results in a higher walking yield. Based on the result of the 13/7-nt and 8/0-nt 
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armed walkers, we conclude that the inclusion of a lower arm and a shorter upper 

arm could potentially achieve high yield, high processivity 2-D walking. 

Figure 6.9. Walker length e˙ect on 200 nm fPS. (a) Velocity distribution 
comparison of 13/7 and 13/0 confgurations. Longer lower arm will en-
sure the walker travel more processively, thus having a narrower traveling 
velocity distribution. Both confgurations have similar average velocity 
and yields. (b) Velocity distribution comparison of 8/0 and 13/0 confg-
urations. Shorter upper arm increased the walking yield, but maintains a 
similar average velocity and processivity. 

The length e˙ects are less prominent in low-valence 20-nm fPS particles as shown 

in Figure 6.10. The velocity distributions of both 13/0 and 13/7 walkers show a heavy 

tail towards large displacement and a velocity peak at ∼ 15 nm s−1 . The 7-nt lower 

arm has little e˙ect on stabilizing the 20-nm particles on the surface for processive 

walking, which indicates factors other than walker strand length, such as fuel density 

and valence, play a more important role in determining walker processivity. We 

further extracted an even longer lower arm with 15/15 confguration. Similar results in 

walker velocity distribution is observed in terms of processivity and average motility. 

However, this type of strand confguration signifcantly decreased the walking yield 

as the 15-nt binding onto surface DNA anchor is stable enough to slow down the 

migration after RNAse H cleavage. Based on this observation, we can conclude that 
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the lower arm dissociation from the cleaved fuel does not a˙ect the walker motility, 

but impacts the overall yield of walking. In fact, we discover that the fuel density on 

the surface, instead of the walker length, ultimately limits the walker motility and 

processivity. More detailed discussion will be provided in the Discussion section. 

Figure 6.10. Walker length e˙ect on 20 nm fPS. (a) Velocity distribution 
and yields of 13/7 and 13/0 confgured walkers. Both walkers have sim-
ilar motility and processivity, although the 13/7 walker appears to have 
a higher yield. (b) Velocity distribution and yields of 13/0 and 15/15 
confgured walkers. The 15/15 walker has a signifcantly lower yield com-
pared to that of 13/0 walker, but the average velocity and distribution 
remain similar. 

6.4.4 Inhibition and Activation of Walking 

The on/o˙ switch of walker motility is achieved using hairpin structured fuel and 

signaling oligonucleotides. As shown in Figure 6.11a, part of the fuel strand is used for 

the regulation (green) of motor functions (blue). A short oligonucleotide regulation 

strand functioning as a “glue” connects the upper and lower regulation strand, thus 

shielding RNA fuel which is initially exposed for walker consumption (Figure 6.11b 

frst step). The short oligonucleotide strand turns o˙ the walker strands’ motor 

function, thus is termed “inhibitor”. A 5-nt toehold on the inhibitor strand allows 
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strand displacement by an “activator” strand which fully complements the inhibitor 

strand. The removal of “inhibitor” strand thus recovers the motor function of the 

walker strand (Figure 6.11b second step). Figure 6.11c shows the walking yields of 

the system under di˙erent regulation states. When inhibitor signals are introduced, 

the DNA driven self-avoiding motion is signifcantly reduced from ∼ 30% to only 

1%. On the contrary, when the activators are added to remove inhibitor strands, the 

walking fraction recovers back to its typical value. 

Figure 6.11. Scheme for motor function regulation. (a) Scheme showing 
the additional regulation region on the fuel strand. Green represents reg-
ulation region, blue represents motor function part and black represents 
anchor region. (b) Scheme showing the regulation of motor function us-
ing hairpin structured fuel and oligonucleotide signals. First step: the 
RNA fuel is sequestered in the hairpin conformation induced by the in-
hibitor strand, which turns o˙ motor function; Second step: the addition 
of activator strand leads to the complete displacement of the inhibitor 
from the fuel strand, thus recovering the DNA walkers’ motor function. 
(c) Summary of walking yields when motor functions are inhibited and 
activated. 
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6.5 Discussion 

6.5.1 Energy Eÿciency of DNA based Transport 

Motor proteins are highly eÿcient molecular machines that convert chemical en-

ergy into mechanical output [206]. To determine how eÿcient synthetic motors could 

utilize chemical energy, we computed the power eÿciency of the DNA walker based 

transport system. The power eÿciency of a walker can be defned as [207]: 

Mechanical P ower Output Pmech
η = = (6.1)

Chemical Power Input Pchem 

For fPS particle driven by DNA walkers, only the drag force by its surrounding viscous 

medium is applied. Thus, the mechanical power output can be calculated by [9]: 

Pmech = Fdragv = Cdv 2 (6.2) 

Here v is the velocity of the particle, Fdrag is the drag force and Cd is the drag 

coeÿcient. For a spherical particle, the Stokes-Einstein equation gives: 

kB T 
D = (6.3)

Cd 

where D is the di˙usion coeÿcient, kB is the Boltzmann constant, and T is the 

temperature. The di˙usion coeÿcient D can be experimentally determined from dif-

fusing particles on the imaging surface without RNAse H. For 2-D Brownian motion, 

MSD = 4Dt. We measured the D value experimentally (D ∼ 5000 nm2s−1) and 

computed the mechanical power on a single to be Pmech ∼ 8 × 10−23 W. 

The chemical power input into the system is determined by multiple parameters, 

including the walker velocity v, trajectory width d, surface fuel density ρ, the number 

of cleavage site N on RNA fuel and the free energy released by a single phosphodiester 

bond �: 

vdρN� 
Pchem = (6.4)

Nav 

here Nav is the Avogadro’s number. Using experimentally determined value of v = 10 

−1 1 −2nm s , d = 200 nm, ρ = 
402 nm , � = 5.3 kcal kmol−1 [208] and assuming N = 
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5, the value of chemical power input could be estimated as Pchem ∼ 2.1 × 10−19 W. 

The walker eÿciency can thus be determined to be approximately 3.8 × 10−4 . This 

eÿciency value falls into the same range as other synthetic nanomotors [207], but is 

much lower when compared to estimated values (60%) for protein motors [209]. 

6.5.2 Rate-limiting Step in Walker Translocation 

We explored multiple parameters that could a˙ect walker motility, processivity 

and yields. This allows us to extract the rate-limiting reaction steps for the cur-

rent system. For the walking mechanism depicted in Figure 6.2, three reaction steps 

(cleavage, association and dissociation) are proposed. However, walker valence should 

also be considered for the accurate prediction of reaction rates. The rate of RNAse H 

enabled cleavage of RNA fuels and the subsequent dissociation of fragmented RNAs 

(k1) depends on the RNAse concentration, reaction conditions such as pH, and the 

minimum number of fuels to by hydrolyzed for movement. We experimentally deter-

mined the cleavage rate of RNAse H in our experimental condition to be 0.6 s−1, which 

is an order of magnitude faster than the reaction constant of strand migration and 

dissociation obtained from previous chapters (See Chapter 4 for detail). The rate of 

particle association with the next available fuel (k2) depends on both the association 

rate (106 ∼ 107 M−1 s−1), minimum number of newly associated legs for the particle 

to move and the fuel density. The rate of the dissociation or branch migration (k3) 

depends on the dissociation strand length and the minimum number of legs to be 

dissociated for the walker to move. The relative ratio of the corresponding reaction 

rates determines what modes are dominant during fPS particle translocation. For 

example, when the cleavage and dissociation rate is larger than the association rate, 

more long distance di˙usive walking and a large velocity distribution will be observed. 

To identify the rate-limiting reaction steps, we analyzed the e˙ect of di˙erent 

parameters on the walker motility. To test if the enzymatic cleavage and the dis-

sociation of the upper arm is the rate-limiting step, we performed experiments with 
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higher RNAse H concentration and used faster exonuclease (EXO III) [210]. However, 

even with a 10-fold higher RNAse H concentration and 100-fold faster cleavage rate 

of EXO III, no signifcant increase in velocity is observed. Moreover, a shorter upper 

arm in 8/0 confgured walker also has no improvement on walker motility. Thus the 

enzymatic cleavage is unlikely to be the rate-limiting step. On the other hand, inclu-

sion of a longer lower arm also does not slow down the walker as shown in the 13/0 vs. 

13/7 case in Figure 6.9. These observations suggest that the association of the walker 

strand with the next available fuels is the rate limiting step. This conclusion indicates 

that the high reaction constant of complementary nucleotide strands association is 

a˙ected by the low density of available fuels on the surface. 

Figure 6.12. Increased walker motility in high density fuel surface. (a) 
Velocity distribution of 13/0 confgured walkers traveling on two surfaces 
with di˙erent fuel density. Walkers moving on a high density surface 

−1 −1shows an average velocity of around 25 nm s as compared to 15 nm s 
of walkers on low fuel density surface. (b) Simulation results of walkers 
moving on a high density and low density surface. The scaling of walker 
MSD shows signifcant di˙erence for walkers in di˙erent density condi-
tions. The inset in (b) shows an enlarged image of the same medium and 
low density walker MSD. 
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Upon further analysis of the surface fuel density, we noticed that the passivation 

agent Tween 20 could signifcantly a˙ect the fnal fuel density. Tween 20 is used 

to prevent non-specifc adsorption of fPS particles onto the surface and inhibition 

of RNAse H. RNA fuels were grafted onto such surface through biotin-streptavidin 

interaction and could achieve a maximum density of roughly 1 fuel strand per 40×40 

nm2 (Figure 6.3). However, excessive Tween 20 incubation on RNA decorated surface 

could degrade the surface density to as low as ∼1 fuel per 200×200 nm2, thus lowering 

the reaction rate of walker association. To achieve a balance between good degree of 

surface passivation and fuel density, we minimized the content of Tween 20 on the 

surface so that the maximum number of fuel density could be achieved. DNA walkers 

(13/0) traveling on this surface has a signifcantly increased “self-avoiding” motion 

speed at ∼25 nm s−1 (Figure 6.12). The e˙ect of fuel density could also be simulated 

in our simulation platform. As shown in Figure 6.12b, the MSD of a multi-legged 

walker on high density fuel surface has a much faster scaling constant as compared to 

walkers on medium and low fuel density surfaces (Figure 6.12b inset). These results 

confrm that the association with the next available strand is indeed the rate-limiting 

step in our setup. 

6.6 Conclusions 

In this work, we developed a DNA walker powered 2-D transport scheme that 

shows super-di˙usive behavior. Enzymatic cleavage of RNA fuels by RNAse H is 

used to power the movement. The DNA powered transport follows “self-avoiding” 

motion. We explored design parameters such as valence and walker strand length, and 

evaluated the walker based on its motility, processivity and walking yields. Di˙erent 

walking modes are discussed based on the underlying mechanisms. By comparing the 

e˙ects of di˙erent design parameters, we identifed the rate-limiting reaction step in 

the proposed walking scheme. 
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The ability to program microscopic motion systems for desired functions is essen-

tial for various applications. This work provides a DNA based solution and o˙ers 

useful insights on the design principles. More importantly, the ability to control dif-

ferent working modes serve as the basis for programming more complex functions 

and behaviors. For example, the activation of walker behavior upon the binding of 

signal molecules could potentially enable complex behaviors such as chemotaxis that 

are only observed in living systems. We will continue to improve this 2-D transport 

system to provide a robust system with excellent programmability. 
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7. CONCLUSIONS AND FUTURE WORKS 

7.1 Conclusions 

In this thesis, oligonucleotides and optical nanomaterials are used as building 

materials for synthetic nanosystems. The rich chemistry of DNA allows diverse inter-

face chemistry between nucleotides and nanomaterials. The π interactions between 

DNA nitrogenous bases and SWCNT sidewall are used to solubilize and functionalize 

carbon nanotubes. The phosphorothioation of DNA backbone is used to terminate 

particle growth and immobilize strands on nanocrystal surface. The programmability 

of DNA strands o˙er broad engineering space for creating functional nanosystems 

with novel properties. The molecular recognition capability of DNA aptamers and 

substrate hydrolysis property of DNAzymes are exploited for constructing optical 

molecular probes and DNA walkers. 

For DNA aptamer enabled molecular recognition, aptamer stands are used to 

control the interaction of SWCNT surface with porphyrins. The interaction between 

aptamer-SWCNT complex and di˙erent porphyrin species enable direct modulation 

of SWCNT optical signals. Based on the optical responses, two interaction mecha-

nisms between porphyrins and DNA aptamer functionalized SWCNT are identifed. 

A multiplexed optical detection scheme is developed for the quantifcation of four 

biologically important porphyrin species [13]. 

For molecular walker systems, a DNAzyme functionalized nanoparticle is demon-

strated to actively move along a RNA decorated nanotube tack powered by the hydrol-

ysis of RNA fuels and DNA strand displacement [35]. The integration of optical nano-

materials with the walker system enables real-time optical tracking of walker translo-

cation. Localization based sub-di˙raction imaging scheme on the walker system re-

veals the number of rate-limiting intermediate reactions during a single DNAzyme 
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turnover [182]. A detailed kinetic model that illustrates the impact of di˙erent design 

parameters on walker motility is proposed. Design principles based on walker kinet-

ics are extracted for the rational design of DNAzyme powered walkers with desired 

properties. A DNAzyme walker traveling with a speed of ∼1 nm s−1 and over ∼5 µm 

is demonstrated to show the e˙ectiveness of the design principles [182]. 

To achieve more versatile molecular transport, a multivalent DNA walker assembly 

is introduced using nuclease as power source. Multiple walker legs working collectively 

could transport a nanoparticle super-di˙usively in 2-D, following “self-avoiding” scal-

ing feature. The velocity distribution and MSD scaling reveals three 2-D motion 

components, tethered, di˙usive and self-avoiding. The transition between these mo-

tion types can be tuned by sequence design and valence. 

Besides the motor functions, various regulation mechanisms are explored to control 

DNA walker activities. Incorporation of photoisomerizable molecules such as azoben-

zene into the walker strand could e˙ectively perturb base-paring and cleavage rates. 

Using such molecules, UV/visible light illumination can be used as a remote signal 

to activate/inhibit walker activity. Chemical signals such as short oligonucleotides or 

small molecules can also serve as activator/inhibitor for DNA walker activity. Deacti-

vation of fuel strand by forming hairpin through a inhibitor strand prevents nuclease 

or DNAzyme from providing power for walking. 

7.2 Future Works 

Current researches in the DNA walker community are largely focused on how nu-

cleotides’ programmability could be exploited for walking mechanisms. The studies 

presented in this thesis provide novel tools and engineering methods to study walker 

systems integrated with nanomaterials. With such capabilities, several challenges can 

be addressed in future studies. At single molecule level, more eÿcient DNA walk-

ing mechanism with higher motility needs to be developed. Typical protein motors 

could achieve a power eÿciency of 60%, compared to the <0.1% power eÿciency of 
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synthetic motor systems [207]. A more eÿcient walking scheme could harvest more 

energy from both designed reactions and thermal fuctuation in the surrounding, thus 

potentially improving both walker eÿciency and motility. Moreover, mechanisms that 

are di˙erent from “Burnt-bridge” or “Self-avoiding” are desirable for more versatile ap-

plications. 

At system level, methods to coordinate the collective behaviors of large number of 

DNA walkers need to be developed. Natural molecular motors are built on similar bio-

chemical mechanisms, but evolve into various families and self-assemble into distinct 

structures to accomplish specifc tasks [211]. The mechanisms and understandings 

elucidated in this work could be used as a tool box for powering and controlling DNA 

based synthetic systems. The ability to integrate multiple motors and regulation 

mechanisms could enable coordination between walkers. With such engineering in-

sights, complex motion patterns and behaviors only observed in living systems, such 

as chemotaxis and swarming, can be encoded into synthetic nanosystems using DNA. 
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