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Abstract

Our ability to synthesize nanometer-scale particles with desired shapes and compositions offers
the exciting prospect of generating new functional materials and devices by combining the
particles in a controlled fashion into larger structures. Self-assembly can achieve this task
efficiently, but may be subject to thermodynamic and kinetic limitations: Reactants, intermediates
and products may collide with each other throughout the assembly timecourse to produce non-
target instead of target species. An alternative approach to nanoscale assembly uses information-
containing molecules such as DNAL to control interactions and thereby minimize unwanted
crosstalk between different components. In principle, this method should allow the stepwise and
programmed construction of target products by fastening individually selected nanoscale
components — much as an automobile is built on an assembly line. Here, we demonstrate that a
nanoscale assembly line can indeed be realized by the judicious combination of three known
DNA-based modules: a DNA origami2 tile that provides a framework and track for the assembly
process, cassettes containing three distinct two-state DNA machines that serve as programmable
cargo-donating devices3,4 and are attached4,5 in series to the tile, and a DNA walker that can
move on the track from device to device and collect cargo. As the walker traverses the pathway
prescribed by the origami tile track, it encounters sequentially the three DNA devices that can be
independently switched between an *ON’ state allowing its cargo to be transferred to the walker,
and an ‘OFF’ state where no transfer occurs. We use three different types of gold nanoparticles as
cargo and show that the experimental system does indeed allow the controlled fabrication of the
eight different products that can be obtained with three two-state devices.
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Figure 1a sketches the three basic components of our ‘molecular assembly line’: a DNA
origami tile that serves as framework and track, three cassettes attached in series to the tile
and containing independently-controlled two-state DNA machines that serve as
programmable cargo-donating devices, and a DNA walker that traverses the origami tile and
picks up cargo when it passes devices that are programmed to allow cargo transfer. The
DNA machines each carry a different type of cargo: a 5 nm gold particle, a coupled pair of 5
nm particles, and a 10 nm particle. In addition to the two-state devices, the cassettes contain
a double DNA domain6,7 for insertion into the origami and a robot arm that can position the
cargoes into proximity to the walker if so programmed. (Full details of the origami design
are provided in Figure S1, cassette sequences are given Figures S2-S4, and walker sequence
and movement are shown in Figure S5.)

Previously described DNA walkers have been largely bipedal,8-11 whereas the walker used
here is based on a tensegrity triangle organization.12 Figure 2a shows the molecular
structure that gives it three ‘hands’ and four ‘feet’, all consisting of single-stranded DNA
segments. The hands accept and bind the cargo species that are appropriately placed for
pick-up. The feet bind to single strands on the origami surface and enable locomotion. To
ensure that the walker is properly oriented towards the cargo sources, its fourth foot is bound
at all stations where cargo is to be transferred. Each step of the walker entails a 120°
rotation; two steps are needed to move the walker from one cargo-donating station to the
next. All positional transitions of the walker and all cargo transfers from cargo-bearing
device arms to the walker are performed using toehold-binding/branch migration methods,
13 for which both the cargoes and the 2-state devices are endowed with appropriate DNA
sequences. Figure 2b illustrates the mode of walking, and Figure 2¢ shows the proximity-
based cargo attachment process for cassette 1. (For non-denaturing gels of the cassettes and
the walker, and non-denaturing gels of Au-DNA conjugates see Figure S6 and Figure S7,
respectively.)

The three DNA machines are independently programmed either to donate cargo or not, so
the assembly line can produce eight distinct products. The example in Figure 1 is for all
machines donating cargo to the walker, with the 11 separate processing steps sketched in
panel (a). The state of the system on the right side of this panel is visualized by AFM in
panel (b). (Note that the gold nanoparticle cargoes and the origami are the only features
visible in the images, and that the nanoparticles attached to the walker are not resolved from
each other.) Steps 1, 5 and 9 involve the transitions of the first, second and third two-state
device from the JX, (‘OFF’) state to the PX (‘ON’) state that allows cargo donation, while
the actual transfer of the cargo particles to the walker occurs in steps 2, 6 and 10. Steps 3
and 7 involve the movement of the walker from a cargo-donating station to an intermediate
position, and steps 4 and 8 entail the completion of the walker movement from the
intermediate position to the next cargo-donating station. Step 11 removes the walker from
the origami. The mation of a cargo particle associated with switching its DNA device from
the JX5 state to the PX state that allows particle transfer is evident from the changes in the
AFM images when going from panel i to panel ii. The movement of the walker and the first
cargo-particle from the first particle-donating station to the second station is evident from
the changes in the AFM images shown in panels ii to panel iii. The analogous changes
involving the second particle-donating station can be seen in the transition from panel iii to
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iv (the particle has been moved to the walker track), and in the transition from panel iv to v
(the walker has moved its two cargoes to the third cargo-donating station). Finally, the
changes in AFM images shown in panels v to vi visualize the addition of the third cargo to
the walker. (For AFM images of the walker in all positions, including intermediate steps, see
Figure S8.)

A key feature of the assembly line is the programmability of the cargo-donating DNA
machines, which allows the generation of eight different products, as illustrated in Figure 3a.
The system can be pre-programmed to produce a desired product, or designated DNA
machines can be switched dynamically from OFF to ON as the walker executes its trajectory
(Figure S9.) Schematics of the final state of the system, with the eight possible products on
the origami tiles, are shown in Figure 3b, while Figure 3c provides the corresponding
transmission electron micrograph images. The images clearly illustrate that all assembly
pathways function, with programming of the DNA machines as (X5, JXo, JX5) giving the
null product (panel I), while programming as (PX, JX5, JX5), (IX5, PX, JX5) or (JX5, IX»,
PX), adds cargo to the walker at the first, second or third station (panels ii, iii, iv,
respectively). When the DNA machines are set to be in states (PX, PX, JX5), (PX, JX5, PX)
or (JXy, PX, PX), cargo is added to the walker twice so that it contains the 5 nm particle +
coupled particles, the 5 nm particle + the 10 nm particle or the coupled particles + the 10 nm
particle (shown in panels v, vi and vii, respectively). If the system is in a (PX, PX, PX) state,
the walker collects cargo at all three stations as was also shown in Figure 1 (panel viii).

The yield of the assembly process depends directly on the number of additions that are made
to the walker. For the triple addition we obtain a yield of 43%, or an average step yield of
~75%; the failure products are made up of 20% double-addition products and 37% single-
addition products. For double additions, the yield is ~70%; for example, for the 5 nm + 10
nm double product we obtain a 72% vyield (step yield ~85%), with 2% incorrect products
and 26% single-addition products. Programmed single products are obtained at >90%, with
an error rate of ~1%. The low level of incorrect products (as opposed to failure products)
suggests that there is no addition to the walker from the OFF state, and that the assembly
lines work intramolecularly and with minimal crosstalk between different assembly lines
present in the reaction medium; thus, the strategy adopted here to sequester reactants has
proved successful. The decrease in step yield for more complex products suggests that there
may be steric interference between individually added components, possibly owing to small
size of the walker (which is required due to the limited size of the origami tile we have
used). The structural integrity of the tensegrity triangle walker seems unlikely to be a
problem as it appears to be quite good: The estimated separation of the 5 nm particle and the
10 nm particle is 27.5 £ 13 nm, and the observed separation is 25.9 £7.3 nm. (See Figures
S10-S12 and Table S1 for sampling images and statistical details.)

Numerous writers on nanotechnology have commented on the possibility of building
assembly lines on the nanometer and chemical scales, analogous to those used on the
macroscopic scale.15,16 The basic operation of such assembly lines would differ from that
of their macroscopic counterparts because different forces and effects dominate at the
different scales, but the basic notion is still that one might be able to build products difficult
to realize by more conventional techniques. We have shown in this work that it is indeed
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possible to use nanometer-scale DNA devices to put together, in a controlled fashion, a
series of complex non-covalent constructs with acceptable yields. And although we have not
yet tried reloading the device for a second round of construction, there are no fundamental
obstacles to taking this step with our non-covalent system. In closing, we note that DNA has
been used to promote chemical reactions between attached moieties via proximity (e.g., ref.
17); our system adds elements of both programmability and temporal control to DNA-
assisted assembly and might therefore, with some alterations, even enable the construction
of new species that are not readily synthesized by other means.

Methods Summary

Methods

DNA strands were designed by SEQUIN, 18 synthesized by routine phorphoramidite
chemistry19 and gel purified. Hydrogen-bonded DNA devices were formed from
stoichiometric mixtures of the strands and were cooled from 70 °C to room temperature.
DNA origami tiles were formed by combining 7:1 ratios of staple strands to 5pL of 30 nM
(= 0.15 pmol) single stranded M13 genomic DNA (New England Biolabs); the system was
cooled from 90 °C to 60 °C on a thermo-cycling machine over 30 min, and then cooled
further to 16 °C over 90 min. The procedure of Ke et al.20 was used to remove excess
helper strands from the origami solution. The origami tiles were purified with Micro-con
centrifugal filter device [MWCO 50,000 (Millipore, Bedford, MA)]. We adjusted the final
concentration of the origami tiles to 1 nM, estimated by ODygq. The three cassettes and the
walker were added to the origami by mixing 200 uL of a solution containing 1 nM origami
tiles was mixed with 4 pL each of 50 nM solutions containing the cassettes and the walker.
Walking was done be releasing the left foot of the walker with unsetting (fuel) strands, by
treating for 2 hours at room temperature; strands corresponding to the new position were
added and equilibrated for another two hours. To switch the state of a cassette, in the
origami, it was treated for two hours with fuel strand solutions to ~1 nM, followed by
addition of the set strands for six hours. Nanoparticles were prepared conjugated with a
single strand of DNA by methods described previously.21 Standard methods were used for
transmission electron microscopy, tapping-mode atomic force microscopy in buffer,
tapping-mode atomic force microscopy in air and for gel electrophoresis and elution.

Design, Synthesis and Purification of DNA

Strands for the cassettes and walker molecules have been designed using the program
SEQUIN.18 Oligonucleotides have been synthesized on an Applied Biosystems 394
synthesizer using routine phosphoramidite chemistry, or have been purchased from
Integrated DNA Technologies (www.idtDNA.com). DNA strands have been purified by gel
electrophoresis: bands are cut out of 10-20% denaturing gels and eluted in a solution
containing 500 mM ammonium acetate, 10 mM magnesium acetate, and 1 mM EDTA.

Formation of Hydrogen-Bonded DNA Devices

Stoichiometric mixtures of the strands (estimated by OD,gq) were prepared separately for
each molecule to a concentration of 50 nM in a solution containing 40 mM Tris-HCI, PH
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8.0, 20 mM acetic acid, 2.5 mM EDTA, and 12.5 mM magnesium acetate. Note that the
unmodified cargo strands were replaced by 1:1 Au-DNA conjugates for each cassette and
those cargo strands on the cassettes were protected by shield strands. The mixture was
cooled from 70 °C to room temperature in a 1 L water bath over 24 h.

Formation of the DNA Origami Tiles

5 uL of 30 nM (= 0.15 pmol) single stranded M13 genomic DNA (New England Biolabs)
was combined with the staple strands (1:7 molar ratio of plasmid to staple strands, 1:2 molar
ratio of plasmid to purified staple strands with extensions) to a buffer solution containing 40
mM Tris-HCI, pH 8.0, 20 mM acetic acid, 2.5 mM EDTA, and 12.5 mM magnesium
acetate. The final volume for the system was 100 pL. The system was cooled from 90 °C to
60 °C on a thermo-cycling machine over 30 min, and then cooled further to 16 °C over 90
min. The concentration of the DNA origami at this stage was 1.5 nM. Insofar as could be
estimated by AFM, the yield was virtually quantitative.

Preparation of Au-DNA Conjugates with Discrete Copies of DNA

40 mg Bis (p-sulfonatophenyl) phenylphosphine dehydrate dipotassium salt (BSPP, Strem
Chemicals Inc.) was mixed with 100 mL citrate ion stabilized AuNps (Ted Pella Inc.) and
the mixture was stirred overnight for ligand exchange. Phosphine ligands lead to enhanced
stability against higher electrolyte concentrations. The mixture was concentrated up to the
micromolar range after phosphine coating by measuring the optical absorbance at 520 nm
wavelength. Au-DNA conjugates were prepared by mixing gold nanoparticles with 5’ end-
thiolated (-SH) ssDNA (complementary strands were added to increase the DNA size if the
strands are shorter than 50 bases) with a molar ratio of 1:1 and incubated in 0.5xTBE buffer
(89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0) containing 50 mM NaCl overnight at
room temperature. Au-DNA conjugates carrying discrete numbers of copies of DNA strands
were separated by 3% agarose gel (running buffer 0.5xTBE, loading buffer 50% glycerol, 15
V/cm). The desired band, containing a 1:1 ratio of Au-DNA conjugates with a single DNA
strand, was collected and electroeluted into a pocket of dialysis membrane (MWCO 10000).
Au-DNA conjugates were recovered using Micro-con centrifugal filter device [MWCO
50,000 (Millipore, Bedford, MA)] and quantified using optical absorbance at 520 nm. The
1:1 Au-DNA conjugates were further stabilized with short thiolated (-SH) oligonucleotides
Ts-ssDNA ([HS-Ts]/[Au] = 30, in 0.5XTBE, 50 mM NaCl) and incubated overnight at room
temperature. Short DNA components provide additional stability against the higher
electrolyte concentrations necessary for DNA self-assembly. Au-DNA conjugates with
different sized Au were prepared using the same method.

Purification of the DNA origami

The procedure of Ke et al.20 was used to remove excess helper strands from the origami
solution. The origami tiles were purified with Micro-con centrifugal filter device [MWCO
50,000 (Millipore, Bedford, MA)]. We adjusted the final concentration of the origami tiles
to 1 nM, estimated by ODyg.
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Placing the Three Cassettes and the Walker onto the DNA Origami

200 pL of a solution containing 1 nM origami tiles was mixed with 4 uL each of 50 nM
solutions containing cassettes 1, 2, 3, and the walker (with the anchor strands which would
position the walker at the first transfer station, near cassette 1, the starting point of the
pathway). The system was heated to 40 °C and slowly cooled to 4 °C over 1 day ina2 L
water bath. The final solution contains 0.2 pmole of each of the five components in a
1:1:1:1:1 molar ratio. Note that all cargo strands on the cassettes were protected by the
shield strands, which means no cargo addition to the walker would happen during this
process. Insofar as could be estimated by AFM, the yield of capturing one cassette was
virtually quantitative and the yield of capturing all 3 cassettes was around 80-90%.

Walking and Assembling

The shield strands were removed by adding equimolar quantities fuel strands (which are
complementary to the entire lengths of shield strands, including their toeholds) at room
temperature for 2 hours before starting the walking. The cassettes were all set to the default
JXj state at the beginning. To perform the assembly line with different kinds of cargo
additions to the walker, the cassettes were preprogrammed to the desired state before
binding to the origami or were dynamically switched to the desired state during the walking
process. Both procedures have been performed and the two methods generated the same
results (see TEM images). The left foot of the walker was released by mixing equimolar
quantities of fuel strands (complementary to the entire length of the anchor strands) at room
temperature for 2 hours to remove its anchor strands. Equimolar quantities of new anchor
strands were added and mixed at room temperature for another 2 hours to rotate the walker
by 120°, and moving the walker one step forward by anchoring the third foot with the
corresponding extension of the origami helper strand. This was repeated 4 times until the
walker walked 4 steps to the end of the pathway. Note that anchor strands for the fourth foot
were added to position the walker body close to the cassette whenever the walker passed by
the transfer station near the cassette.

Operation of Cassettes on the Origami

The JX, state (OFF state) was the default state when the three cassettes were inserted into
the origami, so the system was initiated as with JX5(cassette 1)/JX,(cassette 2)/JX,(cassette
3). To switch to a different conformation, e.g., JX,(cassette 1)/JX,(cassette 2)/PX(cassette
3), 4 UL each of 50 nM solutions containing strands Fuel-J1 and Fuel-J2 for cassette 3 were
added to the 216 pL solution containing a 1:1:1:1:1 ratio of origami, cassette 1, cassette 2,
cassette 3, and the walker, each at a concentration of ~1 nM. The solution was stirred with a
pipette for 5 min, then left at room temperature for 2 hours. 4 uL each of 50 nM solutions
containing the Set-P1 and Set-P2 strands for cassette 3 were added to the solution. The
solution was stirred again with a pipette for 5 min then kept at room temperature for 6 hours
to establish the new JXy(cassette 1)/JX,(cassette 2)/PX(cassette 3) conformation. Note that
the two different ways of setting the conformation of the system, preprogramming the
cassettes before binding to the origami or inserting the cassettes in a default state into the
origami and then reprogramming, produced the same results.
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Elution of the Walker out of the Origami for TEM

After the walker arrived at the end of the pathway and all the addition of cargos were
accomplished, the mixture was first treated with the shield strands of the three cassettes for 2
hours to protect the untransferred cargoes, then the walker fuel strands for 2 hours, to
remove the anchor strands and release the walker from the origami. The mixture was then
treated with biotin modified anchor strands (complementary with the extension part of
strand 7 of the walker) at room temperature for 2 hours, followed by the treatment with
magnetic streptavidin beads at room temperature for 45 min. The tube with the mixture
solution was then put on a magnetic stand for another 45 min to allow the beads with the
walkers to gather at the bottom. The supernatant liquid was discarded and fuel strands
(completely complementary with the biotin modified anchor strands) were then added to the
tube to release the walker from the beads. The tube was again put on a magnetic stand for 45
min to allow the beads only to gather at the bottom. The supernatant liquid (the walker) was
transferred to another tube for TEM.

Non-denaturing Polyacrylamide Gel Electrophoresis

Non-denaturing gels contain of 5% acrylamide (19:1, acrylamide: bisacrylamide) and the
running buffer contains of 40 mM Tris-HCI (pH 8.0), 20 mM acetate acid, 2 MM EDTA,
and 12.5 mM magnesium acetate (1XTAE/MQ). Tracking dye containing 1XTAE/Mg, 50%
glycerol, and 0.02% each of Bromophenol Blue and Xylene Cyanol FF is added to the
sample buffer. Gels were run on a Hoefer SE-600 gel electrophoresis unit at 4 V/cm at 4 °C
and were stained with 0.01% Stains-all dye (Sigma) in 45% formamide.

Atomic Force Microscopy (AFM) Imaging Tapping in Buffer

A 5 L sample was spotted on freshly cleaved mica (Ted Pella, Inc.), and the sample was
left to adsorb for 2 minutes. Additional fresh 1XTAE/Mg (12.5 mM) buffer was added to
both the mica and to the liquid cell. The AFM imaging was performed on a NanoScope 1V
(Digital Instruments) in buffer in tapping mode, using commercial cantilevers with SigNy4
tips (Veeco, Inc.) for buffer mode.

Atomic Force Microscopy (AFM) Imaging by Tapping in Air

A5 pL sample was spotted on freshly cleaved mica, and the sample was left to adsorb for 1
minute. The excess sample was wicked out from the mica with a piece of filter paper. The
mica was washed with double-distilled water 3 times by loading 30 pL H,0 on it and
wicking out the excess with filter paper. Then the mica was dried in air, while covered by a
Petri dish. The AFM imaging was performed on a NanoScope 1V (Digital Instruments) in air
in tapping mode, using commercial cantilevers with Si tips for air mode.

TEM Analysis

The TEM sample was prepared by dipping the carbon-coated grid (400 mesh, Ted Pella)
into DNA tubes for 30 sec. The grid was then taken out and excess liquid was wicked out
with filter paper. The grid was then placed on filter paper and covered by a Petri dish to dry.
TEM images were collected using a JEOL 1200 EXII electron microscope (Peabody, MA),
operated at 60 kV.
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Figure 1. The molecular assembly line and its operation
(a) The basic components of the system are the origami tile (shown as a tan outline),

programmable 2-state DNA machines inserted in series into the file (shown in blue, purple
and green), and the walker (shown as a trigonal arrangement of DNA double helices in red).
The cargo of the machines consists of a 5 nm gold particle, a coupled pair of 5 nm particles
or a 10 nm particle (indicated by brown dots), with their states labeled as PX (meaning ON
or ‘donate’ cargo) and JX, (meaning OFF or ‘do not donate’ cargo). In the example shown,
the walker collects cargo from each machine. (b) Atomic force micrographs of the system
corresponding to the process steps sketched in the right panels (a). AFM was performed by
tapping in air; this mode of AFM results in only the nanoparticles and the origami being
visible, and the individual nanoparticle components are not resolved from each other. Owing
to the washing procedures between steps, the AFM images are not of the same individual
assembly line. All scale bars are 50 nm.
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Figure 2. Details of the Walker, Movement, and Cargo Transfer
(a) Walker structure: The drawing at left is a stick figure indicating the three hands (H1-H3)

and four feet (F1-F4). The image at right shows the strand structure. (b) Movement: Walker
reactions are in panels i and ii, and movement on the origami is in panels iii and iv. Figure
S5 shows the complete walker transit. (¢) Cargo transfer: (i) The PX state brings the arm of
cassette 1 close to hand H1. (ii) The brown toehold binds its complement (red). (iii) Branch
migration transfers the cargo strand to hand H1.
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Figure 3. The Eight Products of the Assembly Line
The small Roman numerals indicate the different pathways illustrated in panels (a), (b) and

(c). (a) The eight possible products that can be generated through appropriate programming
of the state of the three DNA machines. The walker is shown at the left, without cargo. Each
DNA machine is shown twice: in the upper row in the OFF state where no cargo transfer
takes place, and in the lower row in the ON state where cargo can be transferred to the
walker. The different assembly trajectories are color coded as black, dark blue, rose, brown,
yellow, light blue, green, and magenta, giving products i-viii, respectively, shown
schematically at right. (b) Schematic of the final state the system reaches for each of the
eight assembly pathways. The states of the cassettes and the dispositions of the cargo species
(attached to the robot arms or attached to the walker) are visible. (c) TEM images of the

Nature. Author manuscript; available in PMC 2010 November 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Guetal.

products generated in each of the assembly pathways. (Note that TEM resolves the
individual gold Nanoparticles.) In each image, several products generated by the given
pathway are visible. All scale bars are 50 nm.
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