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Abstract
Recent improvements in methods of single-particle fluorescence tracking have

permitted detailed studies of molecular motion on the nanometer scale. In a

quest to introduce these tools to the burgeoning field of DNA nanotechnology,

we have exploited fluorescence imaging with one-nanometer accuracy (FIONA)

and single-molecule high-resolution colocalization (SHREC) to monitor the

diffusive behavior of synthetic molecular walkers, dubbed ‘‘spiders,’’ at the

single-molecule level. Here we discuss the imaging methods used, results from

tracking individual spiders on pseudo-one-dimensional surfaces, and some of

the unique experimental challenges presented by the low velocities (�3 nm/

min) of these nanowalkers. These experiments demonstrate the promise of

fluorescent particle tracking as a tool for the detailed characterization of

synthetic molecular nanosystems at the single-molecule level.
1. Introduction

During the last few decades, there has been remarkable growth in the
use of fluorescence spectroscopy in biophysical studies. Fluorescence-based
tools are now being employed to understand the properties and dynamics of
proteins (Giepmans et al., 2006; Min et al., 2005; Schuler and Eaton, 2008;
Shi et al., 2008) and nucleic acids (Ditzler et al., 2007; Joo et al., 2008;
Pljevaljcic and Millar, 2008; Zhao and Rueda, 2009). They are implemen-
ted in cutting-edge applications in medical and clinical chemistry for high-
throughput screening and detection (Gribbon et al., 2004; Hintersteiner and
Auer, 2008), as well as in cellular imaging for characterizing the localization
and movement of intracellular components (Lippincott-Schwartz et al.,
2003; Michalet et al., 2005; Moerner, 2007; Walter et al., 2008). Continued
advances in fluorescence techniques and instrumentation have fueled appli-
cations of fluorescence spectroscopy to more detailed characterization of
biomolecules. For example, there has been rapid expansion in the use of
nucleotide analogs as fluorescent probes (Rist and Marino, 2002) to detect
and characterize single nucleic acid molecules in real-time. Fluorescence
resonance energy transfer (FRET) has emerged as a particularly powerful
tool to probe distances (Deniz et al., 1999; Ha et al., 1996; Stryer and
Haugland, 1967), conformational changes (Kim et al., 2002; Truong and
Ikura, 2001; Weiss, 2000), and dynamics (Al-Hashimi and Walter, 2008;
Zhuang et al., 2002) of macromolecules on the order of 1–10 nm. To
measure larger distances of typically 10 nm or more, single-particle fluores-
cence tracking has proven useful (Barak andWebb, 1982; Churchman et al.,
2005; Gordon et al., 2004; Yildiz et al., 2003).

The accuracy of particle tracking techniques is determined in part by the
finite resolution of light microscopy. When light passes through a lens with
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a circular aperture as it does in a single-molecule fluorescence microscope,
the focused light emitted from a point-like source forms a diffraction pattern
known as an Airy pattern. The radius of the bright central region, called the
Airy disk, can be approximated as l/(2 � NA), where l is the wavelength
of the light source and NA is the numerical aperture of the lens. Within this
radius, according to Rayleigh’s criterion, no features may be resolved
(Hecht, 2002). When imaging in the visible spectrum with a typical NA
of 1.2, the radius of the Airy disk, and therefore the optical resolution limit,
is �250 nm. However, so-termed super-resolution (or super-accuracy)
methods have been developed in the last few years that overcome this
optical resolution barrier and bring the localization accuracy of a single
particle down to the low nanometer range (Betzig and Chichester, 1993;
Heintzmann et al., 2002; Hess et al., 2006; Hofmann et al., 2005; Huang
et al., 2009; Moerner, 2007; Qu et al., 2004; Rust et al., 2006). It should be
noted that we are using the term ‘‘super-resolution’’ here in its broader
sense for all techniques that localize (and track over time) one or more
single-molecule emitters at higher than the diffraction limit of accuracy
(Moerner, 2007), while the more narrow sense of the term refers only to
imaging techniques that resolve many closely spaced emitters by observing
only few of them at a time over a time series of images (Huang et al., 2009).

Low-nanometer localization accuracy can allow for tracking slowly
moving molecular devices in real-time. Several years ago, we suggested
applying modern single-molecule fluorescence microscopy tools to nano-
technology as a way of monitoring and ultimately enabling control of the
assembly and function of the desired structures and devices (Rueda and
Walter, 2005). Here, we present in detail the implementation of nanome-
ter-scale tracking of a novel type of autonomously walking DNA nano-
assembly termed a ‘‘spider’’ (Lund et al., 2010).
1.1. History of fluorescent single-particle tracking

Fluorescent single-particle tracking entails using the fluorescence emission
from a point-like source to accurately determine the emitting particle’s
location, typically over a span of time ranging from milliseconds to minutes
that depends on the speed of particle motion. One of the first examples of
fluorescent particle tracking was accomplished by Barak and Webb in their
study of the diffusion of intensely fluorescent (�45 fluorophores) low
density lipoprotein (LDL)–receptor complexes along human fibroblasts in
which they were able to observe the movement of as few as one to three
‘‘molecules’’ in a given region (Barak and Webb, 1982). By using low
temperatures, single chromophores were first optically detected in solids
by Moerner and Kador (1989). Advancements in single-molecule fluores-
cence techniques allowed for single-molecule detection in more biologi-
cally relevant conditions with ever-improving localization accuracy.
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For example, near-field scanning optical microscopy (NSOM) brought the
tracking error down to �14 nm in solution at room temperature (Betzig
and Chichester, 1993). The high temporal as well as spatial resolution often
required for single-particle tracking was accomplished by Schmidt et al.
(1996) who successfully combined a low localization error of �30 nm with
a high time resolution of 40 ms, enabling them to study the diffusion of
single phospholipids in a phospholipid membrane (Schmidt et al., 1996).

Experimental fluorescent single-particle tracking called for the develop-
ment of its theoretical counterpart. Using a maximum likelihood estimation
analysis, Bobroff developed a quantitative method for analyzing the statisti-
cal error in position measurements made with light and particle signals,
taking into consideration the measurement signal, noise distribution, and
instrument resolution. This was done particularly for a Gaussian signal
(Bobroff, 1986). Based on Bobroff’s least-squares fitting approach, Webb
and coworkers derived a simple equation for calculating the standard error
of the mean of the position measurements (sm) that depends on the instru-
mentation parameters and features of the Gaussian fit:

smi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2i
N

þ a2=12

N
þ 8ps4i b2

a2N 2

� �s
; ð6:1Þ

where si is the standard deviation of the Gaussian distribution of the ith
index that indicates either the x- or y-direction, N is the number of
photons, a is the pixel size, and b is the standard deviation of the back-
ground. The first term (si

2/N) arises from photon noise, the second term
represents the effect of the finite pixel size of the camera, and the third term
arises from the background signal of the sample (Thompson et al., 2002;
Yildiz et al., 2003). Webb and coworkers were able to determine, according
to this equation, the position of stationary beads with �2 nm localization
precision (Thompson et al., 2002).

These advances in single-molecule fluorescence imaging and analysis
laid a firm foundation for the development of fluorescence imaging with
one-nanometer accuracy (FIONA) and related techniques. Developed by
Selvin and coworkers, FIONA enabled the localization of singly fluoro-
phore-labeled myosin V motor proteins along microtubules with typically
3 nm precision (<1.5 nm precision for the brighter molecules) and 0.5 s
temporal resolution, using a total internal reflection fluorescence (TIRF)
microscope at room temperature. This accomplishment was achieved by
maximizing the number of photons collected (to �5000–10,000 photons)
while optimizing the camera pixel size (to 86 nm) and minimizing the
background noise (to a standard deviation of �11 photons) (Yildiz et al.,
2003). Complementing FIONA, Spudich and coworkers developed a tech-
nique, termed single-molecule high-resolution colocalization (SHREC),
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which utilizes two fluorophores of differing emission spectra mapped onto
the same space and measures interfluorophore distances with 1-nm preci-
sion (based on 482 molecules). To demonstrate this technique, they verified
the expected �36 nm distance between the two heads of myosin V
(Churchman et al., 2005).

We adapted FIONA and SHREC, both of which have previously been
used to study ATP-fueled biological motor proteins (Churchman et al.,
2005; Yildiz et al., 2003), to study synthetic DNA-fueled nanowalkers
termed spiders (Lund et al., 2010).
2. DNA-Based Nanowalkers

DNA nanotechnology, the study of constructing programmable
nanometer-scale structures and devices based on the Watson–Crick base-
pairing rules and catalytic properties of DNA, has continuously accelerated
in pace since its conception in the early 1980s (Douglas et al., 2009;
Rothemund, 2006; Seeman, 2007). DNA nanotechnology has recently
yielded synthetic molecular machines that mimic naturally occurring
bipedal nanowalkers (Bath et al., 2009; Green et al., 2008; Omabegho
et al., 2009; Sherman and Seeman, 2004; Shin and Pierce, 2004; Yin et al.,
2004). These DNA-based nanowalkers, consisting of two single-stranded
DNA (ssDNA) ‘‘legs,’’ traverse tracks composed of ssDNA strands comple-
mentary to the legs in an experimentally controlled direction using thermo-
dynamically favored strand displacement (or exchange) by an ssDNA fuel
strand as an energy source (Fig. 6.1A).
2.1. The molecular ‘‘spider’’

Due to slow kinetics, strand displacement is not an ideal source of energy for
molecular walkers. Biological motor proteins have velocities on the order of
�1 mm/s in vitro under saturating ATP conditions (King and Schroer, 2000;
Kural et al., 2005; Nishiura et al., 2004), while these synthetic nanowalkers are
limited by the kinetics of unwinding one DNA duplex and forming another,
both �15–50 base pairs in length (Bath et al., 2009; Green et al., 2008;
Omabegho et al., 2009; Sherman and Seeman, 2004; Shin and Pierce, 2004;
Yin et al., 2004), leading to estimated velocities of�10 nm/h (Shin and Pierce,
2004). In addition, while it has been predicted that they have the ability to
traverse longer tracks, as yet they have only been shown to accomplish a
few successive steps along short tracks approximated to be typically on the
lower end of tens of nanometers (Green et al., 2008; Omabegho et al., 2009).

The catalytic power of deoxyribozymes, or DNAzymes, offers an attrac-
tive alternative to strand displacement for driving locomotion. DNAzymes
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Figure 6.1 Example mechanisms for processive movement of DNA-based nanowalk-
ers. (A) Biped nanowalker from Green et al. (2008) that utilizes fuel consisting of
two complementary DNA hairpins. Colors (gray scales) represent complementary
sequences. (i) The competition between identical feet to bind to the track permits the
exposure of a toehold region in the left foot (ii). A hairpin hybridizes to the toehold
region (iii), displacing the left foot from the track. A second, complementary hairpin
hybridizes to the first hairpin (iv) to form a waste product, allowing the foot to rebind to
the track with equal probability to the left or right. (B) Single-stranded deoxyribozyme-
based nanowalker from Tian et al. (2005). (i) The 10–23 deoxyribozyme (red with
orange active site) is able to cleave its substrate (green) at a specific site (purple) in the
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are DNA sequences with the ability to site-specifically cleave chimeric
DNA–RNA substrates in the presence of an appropriate divalent metal
ion cofactor. Tian et al. (2005) were the first to incorporate DNAzymes
into their nanowalker in the form of the 10–23 DNAzyme (Santoro and
Joyce, 1997). As it cleaves an oligonucleotide on its track, the DNAzyme
dissociates from the shorter cleavage product and is able to progress along
the track via displacement of the still bound longer product portion by an
adjacent substrate strand (Fig. 6.1B) (Tian et al., 2005). The speed of
movement may still be limited by the kinetics of strand displacement despite
the shorter cleavage product, and the processivity limited by the risk of
complete dissociation of the single leg from its track.

To overcome these limitations, Stojanovic and coworkers recently
developed a polypedal DNAzyme-based nanowalker dubbed a ‘‘spider’’
(Pei et al., 2006). Spiders consist of a streptavidin ‘‘body’’ bound to multiple
biotinylated 8–17-based DNAzyme (Li et al., 2000) ‘‘legs.’’ The spider’s
multivalent binding allows it to remain securely bound to the surface even
as individual DNAzymes cleave their substrate and detach, and therefore
allows a large number of substrate sites to be visited and cleaved by a single
spider before it dissociates from the surface (Pei et al., 2006). Once a leg
cleaves its bound substrate, it can more rapidly dissociate from the 10-
nucleotide long products and bind another 18 nucleotide-long substrate in
the vicinity. Mathematical modeling of this system suggests that these
properties will result in spiders undergoing biased movement on a sub-
strate-field, avoiding sites they have previously visited (Fig. 6.1C) (Antal
and Krapivsky, 2007; Samaii et al., 2010).
2.2. Behavior-based molecular robots: Programming tasks
into the walker’s environment

Due to their ability to sense and respond to stimuli (for instance, leg substrates),
nano-assemblies such as spiders can be considered behavior-based molecular
robots (Brooks, 1991). Although they cannot themselves store complex pro-
grams or instructions, one can influence their behavior by exposing them to
presence of Mg2þ. The shorter end dissociates from its product (ii) and hybridizes to a
neighboring strand (iii). Via displacement of the cleavage product by neighboring
substrates, the deoxyribozyme progresses along the track (iv). (C) Spider moving
along a three-substrate-wide origami track (Lund et al., 2010). The spider is composed
of a streptavidin body, a capture leg, spacers, all shown in blue, and three 8–17
deoxyribozyme legs (red binding arms with orange active site). (i) The deoxyribozyme
spider legs hybridize to substrates (green) that are attached to the origami scaffold via
hybridization to staple overhangs (black). In the presence of Zn2þ, each leg of the
spider cleaves its substrate, dissociates from its products (ii) and hybridizes to a neigh-
boring strand (iii). The greater affinity of the leg for the substrate than the cleavage
products makes it energetically favorable for the strand to bind to the full substrate,
generating a biased-random walk from the cleaved toward the uncleaved substrate (iv).
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controlled environmental cues. It is possible to, for example, direct a spider to
complete simple tasks such as ‘‘start,’’ ‘‘stop,’’ and ‘‘turn’’ by precisely
controlling the position and sequence of the substrates to which the spider
has access (Lund et al., 2010). Hence, tracks of substrate can define a program
of movement consisting of local environmental cues (e.g., bends in the
track, tight binding sites acting as ‘‘fly paper’’) which are executed by the
spider, and represent an initial step toward a world of useful molecular robots.

To assess the capability of spiders to execute such programs, tracks with a
feature resolution of 6 nm were engineered using DNA origami technology
(Rothemund, 2006). A rectangular origami scaffold was constructed using the
7-kilobase single-stranded M13mp18 genomic DNA, which was shaped and
held in place with the aid of 202 oligodeoxynucleotide staple strands that
hybridize to complementary regions of the M13mp18 DNA. Specific staple
strands in the array were extended on their 50 end with specific sequences to
position three types of surface features on the scaffold. First, a single staple near
one corner of the origami tile was extended to contain the START sequence
that is partially complementary to the noncatalytic, ssDNA ‘‘capture’’ leg of
the spider, which positions the spider at the start of the track. In assembling the
spider–origami complex, the spider was first allowed to bind to the START
position before any other substrates were added in order to ensure specific
binding at the START site. Second, the trackwas laid by hybridizing cleavable
substrate to a specific overhang sequence that had been incorporated into
particular staples. These substrates contain a single ribonucleotide (rA)
upstream of G at the cleavage site to permit cleavage by the three DNAzyme
legs (Fig. 6.1C). Six staples at the end of the trackwere extendedwith a unique
sequence to similarly attach noncleavable all-DNA substrate analogs (STOP)
intended to trap the spider once it reaches the end of the track (‘‘fly paper’’).
The STOP strands and spiderswere labeledwith the cyanine fluorophoresCy5
and Cy3, respectively, to allow the spider to be tracked by super-resolution
fluorescence microscopy relative to the STOP position. For purposes of
immobilizing the origami–spider complexes on avidin-coated quartz slides
for TIRF microscopy, four staples near the corners of the origami tile were
biotinylated.

To initiate motion of the spider by displacement from the START, a
TRIGGER DNA strand that is fully complementary to the START
sequence was added (‘‘start’’ command). Zinc(II) ions were then added to
promote cleavage of bound substrates by the DNAzyme legs and thus
walking (‘‘walk’’ command). Spiders were predicted to graze the surface
until they reach and become trapped at the STOP position (‘‘stop’’ com-
mand). Scaffolded tracks were designed with either a linear shape or incor-
porating one left- or right-handed turn, resulting in a program of motion for
the spider. All of the tracks were three substrates wide and at least 14
substrates long, thus actualizing a pseudo-one-dimensional path or program
of motion for the spiders to follow.
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2.3. Methods for characterizing nanowalker behavior

Surface plasmon resonance (SPR) was previously employed to detect
movement of spiders with two to six legs in a polymer matrix containing
a high density of DNAzyme substrate, yielding ensemble estimates of
cleavage rate and processivity for spiders (Pei et al., 2006). Native polyacryl-
amide gel electrophoresis (PAGE) is commonly used to detect procession of
DNA-based nanowalkers along tracks, since the site at which the walker is
bound to the track will influence the overall topology of the complex and,
hence, its electrophoretic mobility (Omabegho et al., 2009). While useful,
these ensemble-averaging techniques do not directly report on movement
and provide limited information concerning the distribution of possible
behaviors for individual nano-assemblies.

One technique Lund et al. (2010) have used to study individual molecu-
lar spiders is atomic force microscopy (AFM), which yields detailed, high-
resolution ‘‘snapshots’’ of trajectories followed by the nano-assemblies.
While AFM yields insight into the behavior of individual spiders, real-
time observation of the spider walk is not readily achieved. This is thought
to be due to the inhibition of walking caused by the mica surface necessary
for sample immobilization and the potential for mechanical disruption of
the sample associated with repeated scanning by the AFM probe.

A complementary single-molecule technique is TIRF microscopy, which
permits the visualization of individual fluorescent molecules on a microscope
slide by limiting the excitation volume to a thin (�100–200 nm) sheet near
the surface of the slide, thereby suppressing background noise. By fluores-
cently labeling the spider and origami track, we have used this technique to
monitor the motion of spiders along prescriptive DNA origami tracks.
3. Considerations for Fluorescence Imaging

of Slowly Moving Particles

While spiders have experimentally been shown to be faster and more
processive than previous DNA-based nanowalkers, traversing a 100 nm
track with speeds on the order of several nm/min, they are still significantly
slower than myosin V, resulting in heightened challenges for fluorescence
imaging due to fluorophore photobleaching and stage drift.
3.1. Prolonging fluorophore lifetime

Fluorophores are subject to permanent photobleaching: After a limited num-
ber of excitation events (�106) (Willets et al., 2003), they will remain in a
permanent dark state, often induced by reaction of the excited state with
molecular oxygen. Optimizing the fluorophore lifetime in order to track a
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specific fluorescently labeled particle for an extended period of time may be
accomplished in multiple ways. The first intuitive way is by illuminating the
sample only periodically, rather than continuously. However, this method has
theoftenundesired consequenceof reducing theexperimental time resolution.
The goal is, therefore, to strike a balance between the time resolution com-
mensurate with the velocity of the moving particle, the camera exposure (or
photon integration) time necessary to obtain super-resolution position accu-
racy, and fluorophore longevity. For our spider origami applications, the
photon integration time is typically 2.5 s with a 12.5-s dark period between
acquisitions of successive images, resulting in a time resolution of 15 s. With
velocities of�3 nm/min, the spider moves�1 nm/frame, which constitutes
sufficient time resolution considering the net travel distance of 100 nm.

A complementary means of extending fluorophore lifetime is to introduce
an oxygen scavenging system (OSS), which reduces the rate of oxygen-
dependent photobleaching by sequestering molecular oxygen from solution.
A widely used OSS is a coupled enzyme system consisting of glucose oxidase
and catalase that converts glucose andmolecular oxygen into gluconic acid and
water (Benesch and Benesch, 1953). However, Aitken et al. (2008) found an
improved OSS that consists of 25 nM protocatechuate dioxygenase (PCD),
2.5 mM protocatechuate (PCA), and 1 mM Trolox. The PCD employs a
nonheme iron center that catalyzes the conversion of PCA and molecular
oxygen into b-carboxy-cis,cis-muconic acid (Aitken et al., 2008), while the
antioxidant Trolox suppresses slow blinking and photobleaching of cyanine
dyes (Rasnik et al., 2006).We use as much as fivefold the concentrations of the
components specified above to further prolong fluorophore lifetime.

While sufficient fluorophore longevity is the primary concern for
lengthy single-molecule fluorescence tracking experiments, other fluoro-
phore properties should also be considered. The fluorophores should be
photostable to reduce excessive blinking (access to reversible dark states)
that will interrupt tracking. Also, it is preferable to choose fluorescent
probes with high brightness (molar extinction coefficient times quantum
yield) to maximize the number of photons emitted and, hence, position
determination accuracy. The fluorescent signal may also be increased by
multiply labeling a tracked particle, although it has been noted that Cy5 can
self-quench when closely clustered (Gruber et al., 2000). We label the spider
with two to three Cy3 molecules and each of the six STOP strands at the
end of the DNA origami track with one Cy5 molecule. We do not have a
detrimental self-quenching problem with these redundant probes.
3.2. Control for stage and focal drift

When imaging for long periods of time (several minutes to hours), stage and
focal drift due to thermal fluctuations and mechanical instability become
problematic. A practical approach to correct for such drift is to use a
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fiduciary marker(s) and determine the relative motion between the moving
particle and stationary marker by subtracting the trajectory of the marker
from that of the particle. We use the cluster of six Cy5 fluorescent probes on
the STOP strands as a fiduciary marker for spider motion on the
corresponding origami track. Controls should be performed in which the
essential divalent metal ion cofactor is omitted to verify that the spider is
stationary in its absence. In addition, since determination of spider move-
ment is based on only its corresponding fiduciary marker, it is important to
control for possible aberrant movement of the marker by comparing its
trajectory with those of neighboring markers to ensure that the trajectories
exhibit the same drift pattern.
4. Single-Molecule Fluorescence Tracking

of Nanowalkers

The following super-resolution fluorescence imaging protocol per-
mits real-time tracking of fluorescently labeled, slowly moving nanowalkers
along DNA origami paths.
4.1. Slide preparation

First, the origami tiles need to be immobilized so as to lie flat on the
microscope slide’s surface. This is accomplished via a strong noncovalent
bond between the avidin-coated slide and four biotinylated staples located
near the four corners of the underside of each origami tile. To maximize the
probability that all biotins bind securely to the surface, the avidin coating on
the slide surface must be dense, which we accomplish here by aminosilani-
zation followed by reaction with a bifunctional diisothiocyanate to cova-
lently anchor avidin (Fig. 6.2A).

1. Drill two 1-mm holes in each slide (Finkenbeiner, fused silica,
1 in.� 3 in. � 1 mm) to be used for buffer exchange. It is helpful to
have a template to follow when drilling the holes to ensure that the
coverslip will fit over both holes (Fig. 6.2B).

2. Fluorescent and other impurities must be removed from the slide surface
prior to imaging. Submerge the slides in a boiling ‘‘piranha’’ solution
(5% (v/v) ammonium hydroxide (Aldrich, 231-704-8) and 14% (v/v)
hydrogen peroxide (Acros, 202465000)) for 20 min. Rinse well with
deionized water, flame sides with a propane torch for 1 min each.
Sonicate slides in 1 M potassium hydroxide (KOH; Aldrich, 215813)
for 30 min. Rinse again thoroughly with deionized water, then rinse
with acetone (Fisher, A949-4) and sonicate for �15–20 min in acetone.
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Figure 6.2 Microscope slide preparation. (A) The slide is densely coated with avidin
(tetrahedron) covalently bound via a PDTIC linker (light gray) to an aminosilanized
quartz slide surface. (B) A fluidic channel is created between the two 1-mm holes in the
quartz slide by sandwiching two pieces of double-sided sticky tape between the slide
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in microscope slide by using pipette tips. Epoxy resin is added to generate a tight seal
between the tubing and pipette tips as well as between the pipette tips and holes. Note
that, when placed on the microscope stage, the coverslip is face-down, allowing the
tubing on the microscope slide to be face-up.
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3. To aminosilanize the slides, immerse clean slides in a 5% (v/v) 3-
aminopropyltriethoxysilane (APTES; Sigma-Aldrich, A3648-100ML)
acetone solution for 1 h. Rinse aminosilanized slides thoroughly with
acetone. Dry at 80 �C for 1 h.

4. para-Diisothiocyanatobenzene (PDTIC; Acros, 417510050) covalently
couples to the aminosilanized surface based on the approach developed
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by Guo et al. (1994). Incubate the slides in 0.2% (w/v) PDTIC and 10%
(v/v) pyridine (Fisher, P368-500) in dimethylformamide (Acros, spec-
troscopic grade, 40832-5000) for 2 h. Rinse thoroughly with acetone
and methanol (Fisher, A452-4), and allow to dry.

5. Coat the slides with avidin. Pipette 70 ml of 0.5 mg/ml avidin (Sigma-
Aldrich, A9275-2MG) on the center of each slide. Cover each slide with
a glass coverslip (VWR, 48404-466) and incubate at room temperature
for 2 h in a closed container above a water bath to maintain a humid
environment. Remove the coverslips. Thoroughly rinse slides with
deionized water. To quench the PDTIC not bound to avidin, apply
1MNaCl in 40 mMNaOH to each slide for a few minutes. Thoroughly
rinse the slides with deionized water. Dry with nitrogen.

6. Construct a flow channel between the drilled holes on each slide using
two pieces of double-sided tape (Scotch, permanent, 1/2 in.) spaced
2–3 mm apart (Fig. 6.2B). Securely place a coverslip over the tape
to cover the channel. Use epoxy glue (Hardman Adhesives 04001)
along the edges of the coverslip to seal the channel. These avidin-coated
slides may be stored at 4 �C in an evacuated desiccator for up to 4 weeks
until mounting them on the microscope (Fig. 6.2C).
4.2. Experimental procedure

When choosing an appropriate imaging buffer, it is important to perform
control experiments to ensure that the nano-assemblies are active under the
buffer conditions. If a divalent transition metal cation such as Zn2þ is
required to catalyze the reaction, be aware of possible chelation by buffering
agents such as citrate in buffers such as saline–sodium citrate (SSC; 150 mM
NaCl, 15 mM sodium citrate, pH 7.0). The imaging buffer used in our
protocol is HEPES-buffered saline (HBS) (10 mM HEPES, 150 mMNaCl,
pH 7.4). This protocol assumes that the origami–spider complex, with a
Cy3-labeled spider and Cy5-labeled STOP position on the origami, has
already been assembled as described in Lund et al. (2010).

1. Let 1 �l of 10 nM origami–spider complex incubate with 1 ml of 1–
100 mM TRIGGER strand for at least 30 min to allow adequate time for
the TRIGGER to hybridize to the START strand.

2. For a volume of 200 �l (the recommended minimum volume for any
solution that will be flushed through the fluidic channel to ensure that
the solution makes it all the way through the �10 cm of tubing and to
minimize the formation of air pockets), 1 � OSS is created by combin-
ing 5 �l 100 mM protocatechuate acid (PCA; Sigma, P5630-10G), 5 �l
1 mM protocatechuate-3,4-dioxygenase (PCD; Sigma, P8279-25UN),
and 2 �l 100 mM Trolox (Acros, 218940050). We use concentrations as
high as 5� OSS.



134 Nicole Michelotti et al.
3. Add 1–5� OSS and 1� HBS to the sample to result in a final concen-
tration of 100 pM spider–origami complex. This solution will hence-
forth be referred to as the sample.

4. Prepare the OSS buffer (1�HBS supplemented with OSS) as well as the
reaction buffer (1�HBS supplemented with OSS and 1 mM ZnSO4). If
the zinc precipitates (the solution turns opaque), lower the concentra-
tion of ZnSO4 or buffer pH accordingly.

5. Attach tubing (Tygon, 0.020 ID, 63018-044) on both sides of the fluidic
channel using pipette tips and epoxy. Plastic tubing should be just wide
enough for a syringe needle (Fig. 6.2C).

6. Using a syringe with needle, flow 200 ml imaging buffer in the absence of
OSS through the channel. Using excitation from the 532 and 638-nm
lasers, image the slide with a TIRF microscope (described in detail in
Section 5.3) prior to adding the sample. Inspect the slide to see if there is
any fluorescent debris that may interfere with the signal emitted by the
fluorophores. If so, photobleach these spots by exciting the location at a
high laser intensity for several minutes until the background fluorescence
has stabilized. If there are still many contaminants, use a new slide.

7. Flow the sample onto the slide in the dark and incubate for 2–10 min.
To optimize the incubation time for an optimal density of nano-assem-
blies on the surface, excite the sample every few minutes with the lasers
to see how many nano-assemblies have bound to the surface. Ideally, the
nano-assemblies are dense enough to have a large number of point
spread functions (PSFs) to analyze, but sparse enough that Gaussian
functions may reliably be fit to the individual PSFs. We normally
work with densities of �0.03 molecules/�m2.

8. Once the optimal density is achieved, flush out the extra unbound sample
using the OSS buffer. Image the origami at room temperature using a
2.5-s camera integration time and 12.5-s delay during which a shutter is
used to protect the fluorophores from excessive photobleaching.

9. Add the reaction buffer after imaging for 20 min. Omitting the divalent
metal cofactor for the first several minutes provides an important control
for movement in the absence of catalysis. Continue imaging for at least
60 min to allow ample time for the spider to reach the STOP position.
4.3. Instrumentation for imaging

We use a Newport ST-UT2 vibration isolation table in a temperature
controlled room to minimize disturbances from vibrations and temperature
fluctuations in the microscope’s external environment. The table holds a
home-built prism-based TIRF microscope equipped with a 1.2 NA 60�
water objective (Olympus Uplanapo) for imaging (Fig. 6.3). A 532-nm
ultracompact diode-pumped Nd:YAG laser (GCL-025-S, CrystaLaser) is
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These separated images are projected side-by-side onto an intensified charge-coupled
device (ICCD) camera.
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used to excite Cy3, while a 638-nm red diode laser (Coherent CUBE 635-
25C, Coherent Inc.) is used to excite Cy5.

The linearly polarized light from the red diode laser passes through a
638 � 10 nm clean-up filter (Chroma, z640/20) before reflecting off a
dichroic that the 532 nm light from the Nd:YAG laser passes through. The
light from both lasers passes through an iris diaphragm that blocks excess stray
light, followed by a neutral density filter to help regulate the laser power
exciting the sample (Fig. 6.3). It continues through a l/2-wave plate for
532-nm light and a shutter that is used to limit exposure time. As an extra
measure for avoiding unwanted scattered light, a second iris diaphragm is
used followed by a series of mirrors to redirect the light to the microscope
where it passes through a focusing lens before entering the TIR prism and
exciting the fluorescently labeled sample. The emitted light enters the 60�
objective and passes through a 1.6� magnifier along with additional filters,
mirrors, and image transferring lenses, resulting in an effective pixel size of
133 nm.The emission from theCy3 andCy5 fluorophores are then separated
with a dichroic mirror with 610-nm cutoff (Chroma, 610DCXR). The Cy3
emission additionally passes through a band-pass filter (HQ580/60m,
Chroma), while the Cy5 emission passes through a long pass filter
(HQ655LP, Chroma). These spectrally separated images are projected side-
by-side onto an intensified charge-coupled device (ICCD) camera (IPenta-
max HQ Gen III, Roper Scientific, Inc.). An aperture constructed of two
razor blades and positioned at the microscope sideport image is used to adjust
the size of the spectrally separated images on each half of the CCD chip.
WinView32 software (Roper Scientific, Inc.) or suitable home-programmed
software is used to immediately visualize and store the signal received from
the camera. Camera gain values, or conversion values for converting the
camera signals from arbitrary digital numbers (DN) to collected photoelec-
trons, are determined using the photon transfer method ( Janesick, 1997).
5. Extracting Super-Resolution

Position Information

After collection, the raw particle tracking data must be subjected to a
series of analysis steps to yield and interpret super-resolution tracking data. A
number of software routines custom-written in our laboratory implement
these steps (Lund et al., 2010) and are available upon request.
5.1. Mapping the two emission channels onto one another

Since images of the Cy3 and Cy5 PSFs are projected onto separate halves of
the ICCD camera and passed through different sets of optics, careful
mapping of one channel onto the other is needed to determine which
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spider resides on a given origami. For this purpose we use a SHREC
approach (Churchman et al., 2005) wherein fluorescent beads (FluoSpheres,
F8810) visible in both channels are used as fiduciary markers to establish a
locally weighted mean transformation between the channels in MATLAB
(Mathworks, Natick, MA). Unlike global mapping routines, which attempt
to establish a valid single transformation over the entire field, a locally
weighted mean transformation accounts for local variations and distortions
in the image due to, for example, aberrations in the optical path. Mapping
the Cy5 channel onto the Cy3 channel enables us to pair each Cy3-labeled
spider with its (most likely) Cy5-labeled STOP. Once this is performed, the
motion of each spider relative to its STOP is determined by first applying a
Gaussian fitting routine (Rust et al., 2006; Yildiz et al., 2003) to the
individual Cy3 and Cy5 PSFs in MATLAB, followed by subtracting the
Cy5 trajectory from that of the Cy3 (Fig. 6.4).
5.2. Quality control

In single-molecule microscopy, it is generally necessary to identify and
reject traces that, due to poor tracking accuracy, fluorescent contamination,
or failed assembly of the complexes, do not accurately represent the molec-
ular behavior of interest. Suitable selection criteria are, however, challeng-
ing to implement without introducing some form of bias. To record spider
motion along origami tracks, we employ a minimal yet essential set of
selection criteria to analyze the data based on the following parameters
(Lund et al., 2010):

1. Intensity. The signal-to-noise ratio must be sufficient to obtain high-
resolution results from the Gaussian fitting routine (Thompson et al.,
2002). In our current experiments, the minimum number of photons
required for the peak intensity of a PSF is 1000.

2. Ellipticity.Theellipticity is calculatedusing theequatione ¼ 1 � smin/smax,
where smin and smax are the standard deviations along the major and minor
axes of the ellipse (Gordon et al., 2004) in a fixed plane. We demand that
the maximum ellipticity be 0.3 for the included data points. Note that this
cutoff may be dependent on the fluorophore distribution on the surface and
maybemodified to ensure that reliable data arenotunintentionally removed.
This approach filters out immobiledyeswhose fixedpolarizationorientations
result in elliptical PSFs and provides reassurance that we are tracking single
molecules and not aggregates that rarely accumulate to form a perfectly
circular PSF.

3. Displacement. The origami tracks are 100 nm in length. Position mea-
surements that far exceed this net displacement do not likely represent a
single spider moving along an intact origami track. A typical displace-
ment cutoff is less than three standard deviations from the mean of all
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Figure 6.4 Extraction of trajectories from a single nanowalker on a linear origami
track imaged by TIRF microscopy (Lund et al., 2010). (A) Point spread functions (PSFs)
of Cy3-labeled spiders and Cy5-labeled origami are colocalized (inset, upper left) and
fit separately to two-dimensional Gaussian functions in each movie frame to determine
their coordinates over time. The fit has low residuals (inset, upper right). (B–E)
Centroids from Gaussian fitting are plotted as a function of time to yield nanowalker
trajectories. Even in the absence of the divalent metal ion cofactor, Cy3 and Cy5
coordinates show considerable drift (B), but when the trajectory of Cy5 is subtracted
from that of Cy3 it becomes clear that the nanowalker is stationary on its track (C). In
contrast, in the presence of 5 mM ZnSO4, subtraction of the raw Cy5 and Cy3
trajectories (D) yields net movement of about 90 nm. In (C) and (E), HBS buffer
containing either 0 or 5 mM ZnSO4 was added to the sample at time t ¼ 0 min.
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position measurements. However, to reduce the influence of extreme
outliers, such as those caused by aberrant Gaussian fitting of transiently
binding fluorescent contaminants, the median is used instead of the
mean. To further reduce the influence of aberrant fitting, we also discard
any position measurements greater than 500 nm from the spider’s initial
position.

4. Colocalization. SHREC analysis must confirm that each spider is within a
reasonable distance of its STOP partner. Considering the track length of
�100 nm, we discard any Cy3 PSF that is more than 150 nm away from
the nearest Cy5 PSF at any point in its trajectory.
5.3. Presentation

Single-molecule fluorescence experiments uniquely allow for a comparison
of individual molecular behaviors, while averaging information from indi-
vidual (diverse) traces is imperative to characterize the ensemble behavior
and ensure statistical significance of individual trajectories (Lund et al.,
2010).

5.3.1. Trajectory plots
Trajectory plots consist of the spider position values (x, y) as a function of
time, which are color-coded to ease visualization (Fig. 6.5A). We have also
found it useful to incorporate an origami track representation drawn to scale
into the background of these plots. Such plots provide intuitive insight
concerning the range of behaviors exhibited by individual walkers; features
such as start time, velocity, end time, total distance, and path traversed may
be approximated across the samples at a glance. However, quantitative
comparisons require additional representation tools.

5.3.2. Displacement plots
The displacement plot is generated by calculating the distance between the
initial position and each subsequent position and plotting these displace-
ments as a function of time (Fig. 6.5B). When determining the displacement
of a slowly moving object in the presence of significant noise, it is important
to carefully consider how to define the initial position since it will signifi-
cantly affect the overall displacement calculated. A Monte Carlo simulation
that compares the displacement calculated with and without the noise level
of a typical experiment may be helpful in making this decision. Currently,
we define the initial position as the arithmetic mean of the first 16 data
points. Because noise artificially increases these displacements, the data are
smoothed using a 16-point rolling average; this method is based on previous
observations about measuring distances only slightly above the noise level
(Churchman et al., 2005). A bin size of 16 (4 min at 4 frames/min) is
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Figure 6.5 Characterization of nanowalkermovement (Lund et al., 2010). (A) The two-
dimensional trajectory of an individual spider is plotted as a function of time and compares
reasonably well to a scale-drawn schematic of the origami track design (gray rectangle).
HBSbuffer containing 5mMZnSO4was added at time t ¼ 0min. (B)Displacement of the
spider in panel (A) measured with respect to its position at the time of adding 5 mM
ZnSO4. Displacement plots calculated from both the raw trajectory (green dots) and a
4-min rolling average of the raw trajectory (black line) are shown. (C) Ensemble mean-
square displacement (MSD) calculated from 16 spiders observed inHBS buffer containing
5 mM (green squares) or 0 mM (red diamonds) ZnSO4 added at time t ¼ 0 min. The
former plot is fit with a power law function (green solid line), and the latter with a straight
line (red line). To clearly illustrate the concave-up shape of the MSD in 5 mM ZnSO4, a
straight line is also fit to the first 15 min of this plot (green dotted line).
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appropriate because, with a typical velocity of 3 nm/min, a spider will move
only 12 nm, which is generally within the error of our position measure-
ments. The final or net displacement can be determined by heuristic or
direct quantitative methods, or by inspection, and will depend on the
system under study. Because many spiders on a 100-nm origami track will
reach and become trapped on the STOP, we define the net displacement as
the first local maximum in the rolling average to reach within 20 nm (a
typical error value for displacement, calculated as described in Section 5.4)
of the global maximum of the rolling average, and define the accompanying
time coordinate as the stopping time. The average velocity of the spider,
which provides a quantitative means for directly comparing individual
molecules, is estimated by dividing the final net displacement by the
stopping time.
5.3.3. Ensemble-averaged mean-square displacement plots
The characteristics of single particle motion can be determined from the
sequence of positions and corresponding times made accessible by single
particle tracking methods. The ability to observe the motions of individual
particles allows one to sort trajectories into various modes of motion, and
the stochastic nature of the particles call for statistical methods to be used for
analysis (Qian et al., 1991; Saxton and Jacobson, 1997) by finding distribu-
tions of quantities characterizing the motion, such as diffusion coefficients,
distances, velocities, anomalous diffusion exponents, corral sizes, etc.
(Kusumi et al., 1993; Qian et al., 1991; Saxton and Jacobson, 1997). The
mean-square displacement (MSD) is a particularly useful quantity for sorting
and characterizing diffusive particle trajectories (Kusumi et al., 1993; Qian
et al., 1991; Saxton and Jacobson, 1997), and can help uncover the spider
walking mechanism. As the name would suggest, the MSD is produced by
squaring the displacements between increasing time steps, averaging them
over single trajectories for time-averaged MSD (TA MSD) or averaging
over all the trajectories in a set (ensemble MSD), and plotting them as a
function of time (Fig. 6.5C). For a trajectory in two dimensions, the MSD
curve can be fit with the equation: MSD ¼ hr2i ¼ 4Dta, where the diffu-
sion coefficient D and the a parameter help characterize the motion of the
particle(s). A molecule exhibiting subdiffusive behavior, which is exempli-
fied, for example, by confined particles, corresponds to the condition 0 <
a < 1. Brownian diffusion corresponds to a ¼ 1. Superdiffusion corre-
sponds to the case for a > 1, where the MSD grows faster than it does in
normal (Brownian) diffusion. Such processes are characterized by broad
distributions of both waiting time and step size (with no meaningful mean),
as opposed to subdiffusion, which is characterized by a broad distribution of
only the waiting time but a narrow (Gaussian) step size distribution (Klafter
and Sokolov, 2005). Diffusive processes with a 6¼ 1 are generally referred to
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as anomalous diffusion and are commonplace in nature (Klafter and
Sokolov, 2005). Finally, there are various modifications that the MSD
fitting equation can have depending on the system under study, such as an
additive velocity term for particles exposed to a continuous drift (directed
transport) (Saxton and Jacobson, 1997).

A particle undergoing simple Brownian motion is an example of an
ergodic system (where the time average of a single particle equals the
ensemble average) and either TA MSD or ensemble MSD methods can
be applied (Qian et al., 1991). By contrast, if applied to nonstationary
systems (which implies nonergodicity), the TA MSD may yield mislead-
ing/incorrect results (Gross andWebb, 1988; He et al., 2008; Lubelski et al.,
2008). The modification (cleavage) of a pseudo-one-dimensional origami
track featuring START and STOP positions upon interaction with a spider
allows the system to have a memory of previously visited locations and a bias
to move toward new locations, which may be expected to result in the
spider MSD increasing faster than that of a simple Brownian diffusion
process (Antal and Krapivsky, 2007).

Complicated diffusion processes and noisy data can affect the MSD
curves by further adding to the complexity of the underlying MSD model
in various ways. For example, transitions between diffusive and nondiffusive
segments of a trajectory (Saxton and Jacobson, 1997), crossover between
anomalous dynamics on various time scales (Dieterich et al., 2008), and
either noise inherent to the system (e.g., ‘‘biological noise’’) (Dieterich
et al., 2008) or measurement noise can affect MSD curves at short time
scales (Martin et al., 2002; Qian et al., 1991). Even for ‘‘perfect data’’ with
no errors in the position measurements, the MSD and MSD-derived para-
meters will still have expected statistical variances due to the stochastic
nature of a random walk; an estimate of these statistical variances is impor-
tant to the analysis and should be assessed from the reproducibility of a series
of corresponding measurements (Qian et al., 1991; Saxton and Jacobson,
1997). In addition, computer (e.g., Monte Carlo) simulations can generate
random walks and provide a powerful tool to help assess the expected MSD
curve and the processes and properties underlying a random walker’s
behavior (Dix and Verkman, 2008; Qian et al., 1991; Ritchie et al., 2005;
Saxton and Jacobson, 1997). We use Monte Carlo simulations in MATLAB
for this purpose (Lund et al., 2010). Because the proposed biased-walk
mechanism is dependent on the difference in affinity of the spider’s legs
for the cleaved versus the intact substrate, a track composed completely of
cleaved substrates should not exhibit this bias and would be predicted to
undergo Brownian diffusion (Antal et al., 2007). To test for differences
between the walking mechanism on cleaved and noncleaved substrate
surfaces, a control origami track can be designed that contains cleaved
substrate; the walking mechanism on the cleaved substrate is expected to
be distinct from that on the intact substrate (Lund et al., 2010).
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5.4. Error analysis

The theoretical error in tracking single particles may be determined from
Eq. (6.1), which can be used to determine the accuracy of individual position
determinations. For measurements that represent an average of multiple
determinations for a stationary object over a span of time, a simple standard
error of the mean would suffice. However, for an object such as a spider with
a poorly defined velocity on short time scales, an alternative approach should
be used. For the displacement plots, since a 16-point rolling average is used
in smoothing the data, we use the following approach (Lund et al., 2010):

1. Define x- and y-errors, Dxi and Dyi, as the standard errors of the mean in
the x- and y-dimension of all raw position measurements going into each
averaged measurement; the resulting values for Dxi and Dyi can then be
averaged (arithmetic mean) across all 16-point bins within the trajectory
to get overall errors Dx and Dy as shown in Fig. 6.4, panels C and E.

2. Propagate these errors to the displacement measurement according to
the equation:

Ddi ¼ @d

@xi
Dxi þ @d

@x0

����
����Dx0 þ @d

@yi

����
����Dyiþ

����
���� @d@y0

����
����Dy0

¼ jxi � x0j
di

ðDxi þ Dx0Þ þ jyi � y0j
di

ðDyi þ Dy0Þ;
ð6:2Þ
wheredi,xi, andyi are thedisplacement andcoordinatemeasurements for an
individual point in the rolling average, and x0, y0,Dx0, andDy0 are coordi-
nate measurements and errors for the initial point defined as having d ¼ 0.
3. Calculate the arithmetic mean of all individual displacement errors Ddi to
obtain an overall displacement error Dd for the entire trajectory. The
result is a measure of the spread of individual displacement measure-
ments around the 16-frame rolling average in a trajectory. An alternative
approach is to sum the pixel intensities from individual images of a PSF
in rolling 16-frame bins, fit these to 2-D Gaussian functions, and then
calculate the error using Eq. (6.1). This may, however, underestimate
the error as it assumes that all position determinations in each bin report
on a single stationary object; that is, it ignores ‘‘biological noise.’’

6. Concluding Remarks

While autonomous deoxyribozyme-based walkers demonstrate the
promise of molecular robotics, it is even more exciting to imagine applica-
tions such robots may see in the future. It has previously been shown how
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deoxyribozymes may be utilized for programming purposes (Stojanovic and
Stefanovic, 2003). We now seek to expand the applications of the spider
world while incorporating other single-molecule fluorescence techniques
such as stochastic optical reconstruction microscopy (STORM) to monitor
and characterize differing types of behavior with high spatial accuracy.
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