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INTRODUCTION:Molecular and particulate nano-
devices such as carbon nanotubes and semi-
conductor nanowires exhibit properties that
are difficult to achieve with conventional sili-
conmicrofabrication.Unfortunately,most such
devices must be synthesized or processed in
solution. To combine nanodevices into larger
circuits, or simply to connect them with the
macroscopic world, scientists use a range of
directed self-assembly techniques to deposit
them at specific locations on microfabricated
chips. Many such methods work well with

spherical devices for which orientation is ir-
relevant. For linear wire-like devices, flow or
field alignment works for applications involv-
ing a single global orientation. However, a
general solution for multiple orientations or
less symmetric devices (e.g., diodes or tran-
sistors) has remained elusive.

RATIONALE: Single-moleculeDNAorigami shapes
can simultaneously act as templates to create
nanodevices and as adaptors to integrate them
onto chips. With 200 attachment sites just

5 nm apart, origami can organize any ma-
terial that can be linked to DNA; for example,
carbon nanotube crosses have been templated
to yield field-effect transistors. With ~100-nm
outlines, origami are large enough that shape-
matched binding sites can be written at ar-
bitrary positions on chips using electron-beam
lithography. Our prior work used equilateral
triangles that stuck to binding sites in six
degenerate orientations. Here, we askedwhether
origami shapes could provide both absolute
orientation (to uniquely orient asymmetric
devices) and arbitrary orientation (to inde-
pendently orient eachdevice). Success depended
on finding a suitably asymmetric shape.

RESULTS: To break up-down symmetry and to
ensure that each shape was deposited right-
side up, we added adhesion-decreasing single-
stranded DNAs to one side of each origami.
The binding of asymmetric right triangles to
shape-matched sites gave orientation distribu-
tions consistent with strong kinetic trapping,
as predicted by the volumes of basins of attrac-
tion around local minima. This motivated the
design of a “small moon” shape whose energy
landscape has a single minimum. Fluorescent
molecular dipoles fixed to small moons served
as model nanodevices and allowed us to mea-
sure variability in orientation (±3.2°) by polari-
zationmicroscopy. Large-scale integration was
demonstrated by an array of 3456 smallmoons
in 12 orientations, which we used as a fluores-
cence polarimeter to indicate excitation polar-
ization. The utility of orientation for optimizing
device performance was shown by aligning
fluorescent dipoles within microfabricated
optical cavities, which showed a factor of
4.5 increase in emission.

CONCLUSION: Control over optical dipole orien-
tationmay enablemetal nanorodmetasurfaces
at visible wavelengths, optimized coupling of
emitters to nanoantennas, lumped nanocircuits,
and coherence effects between small numbers
of emitters. Still, these applications and the
devices we present do not demonstrate the full
power of the small moons: Dipolar devices
can rotate 180° and still function. Completely
asymmetric nanodevices requiring absolute
orientation (e.g., molecular bipolar junction
transistors) have yet to be developed; now
that orientation can be controlled, there is
motivation to invent them. In the meantime,
the wiring of existing devices into circuits
may be greatly simplified.▪
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Directed self-assembly of asymmetric DNA origami shapes enables orientation-controlled integration of
chemically synthesized nanodevices with conventionally fabricated microdevices. Top: How can one transfer
thousands of nanodevices to a surface and fix each with its own orientation independent of the others? Middle left:
Naïvely, an asymmetric right triangle (dark purple) carrying a device could orient the device by sticking to a surface
binding site (green) of the same shape. But such triangles often bind incorrectly because there are multiple
minima in the energy landscape (E). Middle right: The landscape for a disk with an offset hole (small moon,
light purple) has a single minimum; thus, a small moon binds its site with a unique orientation. Bottom: The
intensity of light emitted by a photonic crystal cavity microdevice (left) can be optimized (right) when small moons
are used to align fluorescent molecule nanodevices (red arrow) with the polarization of the cavity mode.
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DNA origami is a modular platform for the combination of molecular and colloidal components to create
optical, electronic, and biological devices. Integration of such nanoscale devices with microfabricated
connectors and circuits is challenging: Large numbers of freely diffusing devices must be fixed at desired
locations with desired alignment. We present a DNA origami molecule whose energy landscape on
lithographic binding sites has a unique maximum. This property enabled device alignment within 3.2° on
silica surfaces. Orientation was absolute (all degrees of freedom were specified) and arbitrary (the
orientation of every molecule was independently specified). The use of orientation to optimize device
performance was shown by aligning fluorescent emission dipoles within microfabricated optical cavities.
Large-scale integration was demonstrated with an array of 3456 DNA origami with 12 distinct
orientations that indicated the polarization of excitation light.

T
he sequential combination of solution-
phase self-assembly (SPSA) and directed
self-assembly (DSA) provides a general
paradigm for the synthesis of nanoscale
devices and their large-scale integration

with control circuitry, microfluidics, or other
conventionally fabricated structures. SPSA for
the creation of sublithographic devices via struc-
tural DNA nanotechnology (1) is relatively
mature. In particular, typical DNA origami
(2) allow up to 200 nanoscale components,
including carbon nanotubes (3), metal nano-
particles, fluorescent molecules, and quantum
dots (4), to be simultaneously juxtaposed at
3 to 5 nm resolution within a 100 nm× 70 nm
DNA rectangle. DSA uses topographic (5) or
chemical (6–11) patterning, flow (12), or fields
(13–15) to control the higher-order structure
ofmolecules andparticles. AlthoughDSA iswell
developed for continuous block copolymer
films (6), spherical nanoparticles (5), and linear
nanostructures (10–14), it is less developed for
origami-templated devices for which shape
and symmetry play an important role in device
function and integration.
Two challenges arise in DSA of origami-

templated devices. The first is analogous to

the problemof absolute orientation (16) (Fig. 1A)
in computational geometry: Given two Carte-
sian coordinate systems, what translation and
rotation can transform the first to the second?
Such transformations are key in computer
vision and robotics, where they can be used
to plan the motion of a virtual camera or a
robot arm. For DSA, the analogous question
arises: How can an asymmetric device in
solution be positioned and aligned relative
to a global laboratory reference frame? The
second challenge is to achieve absolute orien-
tation for many devices at once, such that the
position and alignment of each device is
arbitrary (i.e., independent of other devices)
(Fig. 1B).
DNA origami placement (DOP) (9, 17) is a

potential solution to both challenges. In DOP,
the match between the overall shape of an
origami and lithographically patterned bind-
ing sites is used both to position the origami
in x and y and to control its in-plane rotation
q. The strength of DOP is that thousands of
origami can be oriented with high yield and
fidelity: ∼95% of sites have single origami
aligned within ±10° (±1 SD) of a desired value
of q. The weakness of DOP has been the ex-
clusive use of equilateral triangles, which can
attach to their binding sites in one of six
orientations (at any of three equivalent rota-
tions, flipped right-side up or upside down).
Thus, DOP of equilateral triangles does not
achieve absolute orientation, and its use is
limited to devices with compatible symmetry
[e.g., pointlike (18), three-fold, or six-fold].
Consideration of fully asymmetric (C1 sym-

metric) devices, such as bipolar junction tran-
sistors, motivated the development of absolute
and arbitrary DSA (Fig. 1C) and clarifies con-
ditions for which DOP of high-symmetry

shapes (such as equilateral triangles and
rectangles) or other DSA methods (fig. S1)
are insufficient. If DOP of rectangular origami
were used for the three-device circuit pictured,
the origami’s symmetry would allow it to bind
in four orientations relative to each binding
site: one (Fig. 1D) desired and three (Fig. 1, E to
G) undesired. Random binding at each site
would result in exponentially low yield: Only
(0.25)3 = 1.6% of circuits would have all three
transistors in the desired orientation.
Flow or field alignment of induced dipoles

would allow the same four orientations. Field
alignment of origami bearing fixed dipoles
could break in-plane rotational symmetry but
would still allow two orientations (Fig. 1, D
and F) related by a horizontal flip. Further,
such purely global methods cannot simulta-
neously specify distinct rotations or trans-
lations for multiple devices and could not
fabricate the given circuit in a single step;
arbitrary orientation promises independent
alignment of an unlimited number of devices
in a single step. Approaches that fix the ends
of linear nanostructures onmetal bars or dots
(10, 11), or align them to chemical stripes (7),
can add arbitrary control of position and in-
plane rotation but still cannot distinguish among
the orientations in Fig. 1, D to G. Nor can
methods that fix the corners of rectangles (8).
We show that absolute orientation can be

achieved by DOP with suitably asymmetric
DNA origami shapes and demonstrate two
applications in which absolute and arbitrary
orientation work together to optimize or in-
tegrate optical devices. DOP could be performed
on any planar substrate, such as silica, quartz,
silicon nitride (SiN), and diamond-like carbon,
and its surface could be differentiated into
negatively charged binding sites (green fea-
tures throughout this paper) that bound neg-
atively charged DNA origami strongly in the
presence of bridging Mg2+ ions, and a neutral
background that boundorigamiweakly (shown
as gray backgrounds). Here, binding sites pat-
terned by electron-beam lithography (EBL) (19)
were made negative with silanols that were
ionized at the pH (8.3) of the origami binding
buffer, and the neutral background was a
trimethylsilyl monolayer generated through
silanization.
DOP is a complex adsorption process that

involves both three-dimensional (3D) diffusion
to the surface and 2D diffusion of weakly
bound origami on the background. Obser-
vations of lateral jamming, binding ofmultiple
origami to a single site, and reorientation of
origami already bound to sites suggested that
DOP is both a nonequilibrium and a non-
Langmuir process (17). Thus, to simplify
development of absolute orientation, we sep-
arated the problem into two parts: (i) breaking
up-down symmetry on unpatterned SiO2 (e.g.,
differentiating between the purple pair of
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orientations in Fig. 1, D and E, and the orange
pair in Fig. 1, F andG) and (ii) breaking rotational
symmetry in the context of DOP (e.g., differen-
tiating among the purple pair in Fig. 1, D andE).

Breaking up-down symmetry
We explored the breaking of up-down sym-
metry using asymmetric right triangles (Fig. 2A).
These triangles, synthesized via SPSA of 200

short DNA staple strands with a long scaffold
strand, have left (orange) and right (purple)
faces that were easily distinguished by atomic
force microscopy (AFM) (Fig. 2A). Our idea
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Fig. 1. Challenges for directed self-assembly of origami-templated devices.
(A) The mathematical problem of absolute orientation. Bold arrows show in-plane
axes; dashed arrows point into page; ordinary arrows point out. (B) The physical
problem of absolutely orienting solution-phase (blue) devices on planar substrates
(gray) so that each device has an arbitrary, user-specifiable orientation. (C) DNA
origami placement (DOP) scheme for an asymmetric device (here, a bipolar junction
transistor) shows the problem of using high-symmetry origami. Rectangles would

attach to binding sites (green) with four orientations (D to G), two right-side up
(purple) and two upside down (orange). Electrodes c, e, and b can only connect to
the transistor collector, emitter, and base, respectively, in a single (desired)
orientation. Global methods are ruled out: Coordinate systems attached to origami
indicate symmetries that prevent fields or flow from distinguishing among (D) to (G);
the intended circuit contains three sites and two orientations (gray arrows) requiring
arbitrary orientation.

Fig. 2. DOP of asymmetric right triangles. (A) Before DOP, up-down
symmetry was broken by extending staples on either the right face (purple)
or left face (orange) with ssDNA [20 nt, poly(T)] at nicks in the phosphate
backbone. From zero (0%) to 200 staples (100%) were extended. AFM shows
that 100% extension caused nearly 100% bias on unpatterned SiO2, with
extensions facing up; outline color reflects bias. Extensions interfere with
binding of negatively charged phosphate groups to Mg2+ ions (red)

immobilized on ionized silanols (green). (B) Summary of AFM data from (A).
(C) AFM data (blue bars, N = 367 sites) compared with kinetic (red) and
thermodynamic (green) predictions for the percentage of right triangles
bound at a given angle (within a 9° macrostate) on a shape-matched
binding site. Insets show models of the highest-abundance microstate within
a macrostate (purple triangles on green sites) and an AFM image of an
example microstate.
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was to make one side of the origami non-
sticky and hence bias binding through the
addition of single-stranded (ss)DNAextensions
to the 5′ ends of staples. To control for geo-
metric details of the right triangle design, and
to isolate intrinsic bias that might arise from
these details instead of ssDNA extensions, we
created two versions. In one version, the ends
of all staple strands and hence all nicks in the
phosphate backbone fell on the origami’s right
face; in the other, vice versa. Extensionless right
triangles of both types, designed to be flat via
twist correction (20), exhibited a weak prefer-
ence to bind unpatterned SiO2 with their right
face up (∼60:40 right:left, Fig. 2A); thus, in-
trinsic bias did not arise from asymmetric
flexibility caused by nick position.
Bias has been observed in curved single-

sheet structures elsewhere (21), which suggests
that residual curvature caused by imperfect
twist correction of the right triangle designs
might be responsible for the observed bias.
Strong bias (nearly 100%) was attained by
adding 20-nucleotide (nt) poly(T) ssDNA
extensions to the ends of all 200 staples;
origami whose left face was extended bound
left-face up, and vice versa (Fig. 1B). Adding
poly(A) ssDNA tomake all extensions double-
stranded and rigid abolished the bias, support-
ing the idea that on SiO2, ssDNA extensions
created bias by acting as entropic brushes that
interfere with origami-SiO2 binding: Floppy
ssDNA extensions may incur a greater entropic
penalty than do rigid dsDNA extensions when
sandwiched between the origami and the
surface.However, the symmetry-breaking effect
of ssDNA extensions on SiO2 did not generalize
to other surfaces. On mica, where DNA-mica
interactions are much stronger than DNA-
SiO2 interactions for the same Mg2+ con-
centration (17), no bias was observed. On
graphene, where p-p interactions between the
unpaired bases and graphene are attractive,
the bias inverted.

Breaking rotational symmetry

To break rotational symmetry, we began with
the DOP of right-face extended triangles (Fig.
2C), used the results to develop a model of
binding, and then used the model to design
an origami shape that achieved absolute
orientation. AFM images of sites binding a
single right triangle (61% ofN = 600 sites; fig.
S2) were analyzed, and the angle q between
origami and binding site wasmeasured to the
nearest multiple of 0.5°. Only 40% of origami
bound with the desired alignment (q = 0°, 9°
wide macrostate), too few for reliable abso-
lute orientation. Major peaks for undesired
orientations were observed at q = –150° (8.7%)
and 150° (10.6%). Similar results were ob-
tained for DOP of left-face extended triangles
(figs. S3 and S4). We next considered whether
the distribution of states better fit a kinetic or

equilibrium model, under the assumption
that the binding energy of a given state is
linearly proportional to the area of overlap
between the origami and binding site; q = 0°,
with its total overlap of origami and binding
site, has the highest possible binding energy.
The state space was discretized in both x and
y (1-nm increments) as well as q (1° incre-
ments), encompassing more than 19 million
states with positive overlap.
For thermodynamic predictions (Fig. 2C,

green), we calculated expected equilibrium
abundances from the partition function, using
an energy per unit area overlap derived by
constraining the abundance at the q = 0 ±
4° macrostate to match the experiment (Fig.
2C, blue). Except where constrained to match
experiment, thermodynamic abundances under-
estimated peak experimental abundances by
large factors (e.g., from 5.1× for q = –150° to
5.9× for 150°). Thermodynamic abundances
failed to predict minority states at q = –122°
or 90°. Calculations using smaller macro-
states (3° or 1°) gave larger discrepancies.
For kinetic predictions (Fig. 2C, red), we per-
formed steepest-ascent hill climbing using all
possible states as initial configurations, and
found (neglecting variations in x and y) that
the state space had three basins of attraction
whose maxima (q = 0°, –150°, 150°) corre-
sponded to the three most common experi-
mental states. Kinetic abundances predicted
bymeasuring and normalizing basin volumes
closely matched the experimental abundance
at q = 0° (0.95×) without constraint, and
matched better than thermodynamic pre-
dictions for q = –150° (3.6×) and 150° (2.9×).
Small changes to details of the kinetic model
(fig. S5, A and B) predicted the existence but
not the quantitative abundance of minority
states (e.g., q = –122° or 90°). Thus, our data
were most consistent with a strongly kineti-
cally trapped regime in which origami en-
tered the state space at random (when they
collide with a binding site) and simply pro-
ceeded to a local maximum (fig. S6A) in bind-
ing energy.
The strong kinetic trapping exhibited by

DOP constrains the energy landscapes that
can robustly break rotational symmetry: The
volume of a single basin of attraction must
comprise most of the state space. In the best
case, the landscape would have a unique global
maximum. Exact analysis (22) and general yet
simple geometric arguments (23) have shown
the existence of a unique globalmaximum for a
disk with an offset hole (Fig. 3A), a shape we
call a “smallmoon.”Experimentswithmillimeter-
scale models on hydrophobic binding sites
(24) confirmed that smallmoons translate and
rotate to a unique orientation from initial con-
figurations created by hand using tweezers.
Here, we approximated the small moon shape
by a DNA origami (Fig. 3B and fig. S7A) with

an offset square hole (circumscribed by the
ideal hole).
To predict the performance of the approx-

imate small moon, we began by analyzing the
discretized energy landscape of a circle with a
square hole; it had a unique global maximum
in its energy landscape, although the hole
slightly flattened the landscape in some re-
gions (compare Fig. 3C with Fig. 3D and fig.
S6, B and C). However, the exact jagged out-
line and aspect ratio of the DNA origami
small moon (fig. S7A) gives more complex
results depending on the inner and outer
diameters of the circles of its cognate binding
site: For a wide range of diameters, more than
90% of origami bind within a single degree of
the correct orientation (fig. S8, blue histo-
grams), but for some diameters, a few percent
of origami get trapped in maxima that are
rotated ~180° from the correct orientation (fig.
S8, blue and red histograms); for other diam-
eters, no origami are flipped but the quality of
orientation is not as high (fig. S8, black histo-
grams). DOP of small moon origami with
ssDNA extensions to break up-down symmetry
(fig. S7D) was performed on both disk-shaped
control sites (Fig. 3E and fig. S9) and shape-
matched sites (Fig. 3F and fig. S10). The average
of 498 AFM images of control sites with single
origami (83%of 600 total sites) gave an annular
shape indicating random orientation; the aver-
age of 592 images on shape-matched sites (98.7%
of 600 total sites) reconstructed the small moon
shape, confirming unique alignment.

Orientation of fluorescent dipoles

By fitting the small moon shape to AFM of
small moon origami on shape-matched sites,
we found that alignment varied by ±6.7°
(±1 SD). This variability included real var-
iabilities caused by fabrication error or im-
perfect assembly, as well as spurious variability
caused by the fitting of amodel shape to poorly
resolved origami; the latter error was difficult
to estimate. To get a better estimate of align-
ment precision, we imaged small moons inter-
calated post-DOP with the fluorescent dye
TOTO-3 (Fig. 3, G to J, and figs. S11 and 12).
For 600-site arrays of small moons on disk-
shaped control and shape-matched sites,
we measured emission intensity for exci-
tation polarization b in 10° steps (sampling
each b twice by rotating the stage from 0°
to 350°) and fit the emission to derive dis-
tributions for the origami orientation b. The
reported angle between the molecular ab-
sorption dipole of TOTO-3 analogs and the
DNA helix axis (f) ranged from 61° to 90°
(25–28), but the exact angle was unimportant
for measuring variability: It was close enough
to 90° that averaging over multiple dyes (in-
tercalated at varying rotations as caused by
twist; Fig. 3B) resulted in a strongly anisotropic
net dipole strength in the plane of the origami.
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Emission peaked for b perpendicular to the
helix axes (28), coincident with q. The strength
of a molecular dipole m excited by an electric
field E along the direction of unit vector
ê ¼ E=jEj is D(E) = jm � êj2 = |m|2 cos2(b – q),
where b is the polarization of E and q is the
in-plane dipole angle. According to the dipole
approximation (29, 30), emission is propor-
tional to absorption, which is proportional to
|E|2D(E). The experimental intensity could
be fit to I0 cos2(b – q) + c, where I0 is the
maximum emission and c is the background
(camera noise and reflection). Emission from
a collection of n molecular dipoles mk bound
to an origami was proportional to |E|2Dnet

(E), where the net dipole strength (31) is
given by Dnet(E) =

Xn

k¼1
jmk � êj

2
.

Thus, the experimental intensity of n mo-
lecular dipoles with an anisotropic net in-
plane dipole strength could be fit to the cos2

expression above: If E‖ and q are defined to

lie along the direction ofmaximumnet dipole
strength, then I0 is proportional to the dif-
ference Dnet(E‖) – Dnet(E⊥) and c is the back-
ground plus a contribution proportional to
Dnet(E⊥) from the direction of smallest net
dipole strength. Emission from control sites
(Fig. 3I and fig. S13, A and B) individually fit
this expression, but individual values of q
were uniformly distributed (fig. S13C), both
confirming random origami orientation and
ruling out polarization anisotropy in our
setup. As expected, aggregate data could not
be fit. In contrast, aggregate data for shape-
matched sites (Fig. 3J) fit q = 0°, and fits to
individual sites (fig. S13D) varied by ±3.2° (±1 SD),
our best estimate of alignment precision.

Large-scale integration

TOTO-3 intercalation of small moons further
enabled us to demonstrate arbitrary orienta-
tion, prototype the large-scale integration of

orientation-dependent devices, and explore
variables that could affect the quality of
polarization-based devices. An important pa-
rameter for such orientation-dependent devices
is the bleed-through of emission signal from
orthogonal polarization channels. We quan-
tified bleed-through for the data in Fig. 3J;
after background subtraction, we found that
emission from origami perpendicular to b
was 30% of that from origami parallel to b.
In interpreting the source of bleed-through,
we considered only the effect of dye align-
ment and neglected small polarization mixing
effects of high numerical aperture on excita-
tion polarization (29). In an ideal device, all
dye molecules would align perfectly with E‖:
Dnet(E⊥) and hence bleed-through would be
zero. Dnet(E⊥) combines contributions from
both placement variability in q with in-
coherence of dye angle relative to the origami.
The contribution from placement variability
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Fig. 3. Breaking rotational symmetry. (A) Ideal ring with offset hole. (B) DNA
origami approximation of (A) comprising 34 parallel helix axes (gray cylinders).
Inset shows rotation of the fluorescent dye TOTO-3’s absorption dipole along the
length of a TOTO-3 intercalated helix. Coordinate system shows relations among
helix axes, excitation polarization (b), and origami rotation (q). (C) Section of
energy landscape for ideal shape (A) on binding site, q = 180°. Colors run from high

binding energy (red) to low (blue). (D) Same as (C), for experimental shape (B).
(E and F) AFM and averaged AFM (N = 600) of DOP on arrays of disk-shaped
and shape-matched sites. (G and H) Fluorescence microscopy of TOTO-3
intercalated into DOP arrays on disk-shaped and shape-matched sites (excitation
642 nm; emission 660 nm). (I and J) Intensity (red dots) of N = 600 sites in (G) and
(H) as a function of excitation polarization b. Blue line denotes the best fit.
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was small, as bleed-through would be only
0.3% were the ±3.2° variability the only source;
±39° variability would be required to explain
30% bleed-through.
The contribution from incoherent dye align-

ment within an origami is itself complex: It
combines the deterministic rotation of f by
DNA twist, random wobble (32, 33) from
rotational diffusion (reduced here by inter-
calation and drying), potential alternative
binding modes (34), and substantial (∼10.6°,
fig. S14) back-and-forth bending of each helix
axis in a DNA origami (2). Here we explain
bleed-through simply by a combination of f
and helix bending, which are the most rele-
vant variables for devices based on intercalators.
Attributing all bleed-through to the dipole-helix
angle yielded f = 69°, and adding helix bending
increased our estimate of f to 70°; both values
are consistent with f previously measured for
TOTO-3 analogs. As with the addition of helix
bending, adding other sources of dye alignment
incoherence or excitation polarizationmixing to
the model would increase our estimate of f;
thus, given our data, 69° was a lower bound for
f. However, even if f = 90° were achieved and
all other sources of alignment incoherence were
removed, helix bending would still cause ∼3.5%
bleed-through, an unavoidable consequence
of randomly intercalating dyes binding to both
+10.6° and –10.6° bent helices. Devices with

better-defined alignment relative to DNA
origami, such as gold rods (35) or single
site-specific rigidly linked chromophores
(36), would exhibit much stronger polar-
ization effects, limited only by the place-
ment variability (i.e., 0.3% bleed-through
might be attained).
Despite the limitations of intercalating dyes,

Fig. 4, A to C, shows that arbitrary orientation
could integrate 3456 TOTO-3–labeled small
moons with 12 different q values into a
microscopic fluorescent polarimeter, a 100-mm
device that glows most strongly along the
polarization axis of incident light. Microscopic
polarimeters constructed with plasmonic an-
tennas have been created in the near-infrared
(near-IR) (37), and arrays of oriented gold rods
have been used for metasurface polarimeters
at telecommunication wavelengths (38). Such
on-chip instruments could replace multiple
bulky and expensive optical components and
would enable in situ measurements within
devices or transmission lines. Because our
polarimeter reports polarization directly, it
could be fabricated on microscope slides and
used in situ to aid polarized fluorescence
microscopy (39); specifically, it could be used
to align excitation polarization grossly by eye
without requiring analyzers, to check for
polarization bias, or as a calibration standard
for fluorescence anisotropy of biomolecules.

The operating wavelength could be tuned by
intercalation of different dyes (e.g., YOYO-1,
491 nm excitation; TOTO-1, 514 nm; YOYO-3,
612 nm; TOTO-3, 642 nm) or made broad-
band by using a mixture.
On the basis of the ±3.2° variability we ob-

served, fitting the orientation of 3456 origami
would allow the angle between excitation
polarization and surface features to be mea-
sured with a precision of 0.05° (standard error
of the mean). Our polarimeter was unable to
measure z-polarization, but DOP of 3D origami
could add this capability. Although our polar-
imeter was not a metasurface, it provides a
roadmap for how DOP could push metal-rod
metasurfaces from the near-IR, where the rods
are fabricated lithographically, to the visible, by
means of oriented arrays of smaller colloidal
gold rods (35).

Optimizing device performance

The variability in orientation demonstrated
here, together with the previously demon-
strated (18) positional variability [±28 nm
(±1 SD)], may render origami placement insuffi-
cient for the construction of nanoelectronics
deviceswith single-nanometer critical distances,
but placement is particularly appropriate for the
construction of optical nanodevices where its
precision and accuracy are sufficient to observe
subwavelength effects. Hybrid nanophotonic
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Fig. 4. Applications of orientation. (A) 2D polarimeter composed of 3456
origami divided into 12 rhomboidal arrays, with q graduated in 30° steps. (B and
C) Fluorescence images of the polarimeter at two different polarizations;
for all polarizations, see fig. S15. (D) Schema, simulation, and AFM for coupling
between TOTO-3 emitters and PCCs as a function of origami rotation q. Ey

(purple) and Ex (blue) label polarization for FDTD simulation (8) of the electric
field. Red axes show polarization of peak TOTO-3 emission. (E) Fluorescence of a
PCC array with varying q, excited by unpolarized light b. Maximum coupling is
observed when origami align TOTO-3 emission dipoles with Ey. (F) Data (red)
from (E) and simulation (blue). Error bars, ±1 SD; N = 6.
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devices (40) combine light emitters or scat-
terers with microfabricated optical resona-
tors to obtain devices as various as biosensors
(41) and light sources for on-chip quantum
information processing (42). The perform-
ance (e.g., sensitivity of a detector, or inten-
sity of a light source) of such devices hinges
on the strength of the coupling between the
emitter and resonator. In particular, emission
intensity is proportional to the cavity Purcell
enhancement Fcav º |m · E(r)|2, which is
typically a sensitive function of the position
of the emitter r and the orientation of the
emission dipole m relative to the cavity electric
fieldE (43). Tomaximize coupling, the emitter
should be positioned in a peak of a resonant
mode, with m aligned to the polarization of E
at r. Fabrication of resonators with simulta-
neously positioned and aligned emitters has
been a difficult challenge (44).
Most approaches for positioning involve

randomly growing or depositing emitters on
a surface, selecting emitters by microscopy,
and tediously fabricating resonators around
them (42, 43). Some emitters can be grown at
predetermined sites within resonators (45),
but in general, deterministic approaches for
positioning emitters rely on scanning probe
microscopy (46, 47). Neither select-and-
postprocess nor scanning probe approaches
can scale to large numbers of devices, or
provide deterministic alignment. Conversely,
methods for achieving deterministic align-
ment of molecular or vacancy-based emitters
(48–50) do not address positioning. Previously
(18), we used DOP to achieve the large-scale
positioning of molecular emitters within L3
photonic crystal cavities (PCCs); TOTO-3 inter-
calated small moons allowed us to extend that
work to control the alignment q of m in the
cavity (Fig. 4, D to F). To optimize emission
from the PCCs, we created a 13×6 array of
identical resonators (figs. S16 and S17) with
small moons positioned in the center of a y-
polarized peak in E, and varied q in 13 steps
from 90° to –90° across the width of the array.
Emission intensity roughly followed the

expected cos2(q) relationship, and a factor of
4.5 increase was observed for the q value that
maximally aligned TOTO-3 dipoles with Ey.
Potential reasons for disagreement between
experimental intensity at 0° with finite dif-
ference time domain (FDTD) simulation of a
single dipole are similar to those for bleed-
through above: TOTO-3 dyes could be spread
out over the 100-nm-diameter disk of the
small moons rather than in the exact center
of the cavity, f ≠ 90 could contribute to a net
dipole strength parallel to Ex, and alignment
error could occur. Beyond emitter-in-cavity
devices, our ability to simultaneously posi-
tion and orient molecular and nanoparticle
components should find wide use in nano-
photonics. The collective behavior of multiple

emitter systems is highly sensitive to inter-
emitter distance and relative dipole orienta-
tion, which implies that our technique will be
ideal for studying and engineering funda-
mental phenomena such as superradiance (51)
and other coherence effects (52). Positioning
and orientation of molecular emitters within
optical nanoantennas would allow antenna
performance to be optimized (53); similar con-
trol over metal nanoparticle dipoles would
enable optical nanocircuit elements to be
programmed with series, parallel, or inter-
mediate behavior (54).

Discussion

We have engineered the energy landscape
of DNA origami shapes on binding sites to
realize absolute and arbitrary orientation,
enabling DSA to independently specify all
degrees of freedom and thus break all trans-
lational and rotational symmetries for arbi-
trary numbers of C1-symmetric molecular
devices. Perhaps surprisingly, we achieved
this by combining broken up-down symmetry
with a mirror symmetric (D1, bilateral) shape:
the small moon. [A fully asymmetric (C1)
shape was neither necessary nor sufficient;
the C1-symmetric right triangle suffered from
kinetic trapping (55, 56).] Yet the devices we
have presented did not demonstrate the full
power of the small moons; the twofold de-
generacy of transition dipoles means that D2

symmetric shapes (e.g., an elongate rectangle
or oval) could have been used.
No isolated optical device, nor any coupled

array of optical devices, designed to date seem
to require full symmetry-breaking: 2D chiral
scatterers (57) (C4) require up-down symmetry
to be broken, but not rotational symmetry;
U-shaped resonators (D1) for certain non-
linear metasurface holograms (58) require
that complete rotational symmetry be broken
but not up-down. Within electronics, no mo-
lecular device with the C1 symmetry of a
bipolar junction transistor has been achieved:
Molecular diodes (59) (D1) can tolerate flips
about their mirror plane, and crossed-carbon
nanotube field-effect transistors (3) (D2) can
tolerate two flips and 180° rotation. On the other
hand, proposed planar optical and electronic
circuits (60) of even just a few symmetric
components can almost invariably take advan-
tage of absolute and arbitrary orientation to
avoid tortuous paths for interconnect. In part,
applications forDSA ofmolecular components
have been constrained by what has been pos-
sible. Now that molecular orientation can be
controlled, we anticipate that new asymmetric
devices and architectures will be explored.

Materials and methods
Origami design

Origami were designed with caDNAno (61) so
that single-stranded 20-T polythymidine exten-

sions to 5′ staple ends would all project from
the same face of the origami. Staple strands
(Integrated DNA Technologies, 100 mMeach in
water) and the scaffold strand (single-stranded
M13mp18 from Bayou Biolabs for right trian-
gles; p8064 from Tilibit for small moons) were
mixed together to target concentrations of
100 nM (each staple) and 40 nM, respectively
(a 2.5:1 staple:scaffold ratio) in 10 mM Tris
Base, 1 mMEDTA buffer (adjusted to pH 8.35
with HCl; acetic acid was avoided to prevent
high background in AFM)with 12.5 mMmag-
nesium chloride. We heated 50-ml volumes of
staple/scaffold mixture to 90°C for 5 min and
annealed them from90° to 20°C at –0.2°C/min
in a PCR machine. We used 0.5-ml DNA
LoBind tubes (Eppendorf) to minimize loss
of origami to the sides of the tube.
A high concentration of excess staples pre-

vents origami placement. Thus, origami were
purified away from excess staples using 100-kD
molecular weight cutoff spin filters (Millipore).
To maintain consistency for each series of ex-
periments, a single high-concentration stock
solution (15 to 20 nM origami) from a single
purification was maintained for each shape
and was diluted to a nominal concentration
of 100 pM immediately before use.

Fabrication of binding sites and PCC arrays

Fabrication of binding sites was similar to
that described in (17, 18). For non-PCC ex-
periments, fabrication began with a thermally
grown SiO2 layer (on a silicon wafer), which
was cleaned and passivated via vapor deposi-
tion of HMDS (hexamethyldisilazane). A thin
(80 nm) layer of PMMA 950 A2 (MicroChem)
was spin-coated on the substrate as a resist.
After binding sites were defined via EBL, they
were activated via selective removal of the
passivation layer using an anisotropic O2-
plasma etch. Finally, the residual PMMA resist
was removed to reveal a substrate that was
composed of two chemically distinct regions:
(i) origami-shaped features covered with ion-
izable surface silanols (-OH) and (ii) a neutrally-
charged background covered with trimethylsilyl
groups. This procedure enabled good placement
in 35mMMg2+. For PCC experiments on silicon
nitride, the complex geometry of the holes and
membranes prevented the passivation of some
surfaces. To avoid nonspecific binding to these
surfaces, we performed DOP at a lower Mg2+

concentration of 12.5 mM. To achieve strong
adhesion to binding sites under this condition,
we silanized activated sites with 0.1% carbox-
yethylsilanetriol (CTES, Gelest) before the resist
was stripped.
Fabrication of PCC arrays was similar to

that described (18) for “isolated PCCs,” rather
than the process for “close-packed arrays,”
because the small PCC arrays described do
not justify the more complex process used
to fabricate large suspended arrays of PCCs. A
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schematic of the fabrication process is shown
in fig. S16 and SEM of the result in fig. S17.
Fabrication began with double-side polished
silicon wafers (University Wafers or Rogue
Valley Microdevices) with 275-nm layers
of LPCVD-grown SiN on both sides. Each
wafer was cleaned and alignment markers
were defined in the SiN layer by EBL and
modified-Bosch ICP etching. The substrate
was then cleaned and passivated as above.
Next, binding sites were defined using EBL
using thepreviously defined alignmentmarkers,
activated, and CTES-silanized. After resist strip-
ping, new resist was spun on, and PCCs were
defined around binding sites by EBL and
modified-Bosch ICP etching of the SiN layer.
Finally, PCCs were suspended using a XeF2
isotropic etch of the underlying silicon.

FDTD simulations of PCCs

Three-dimensional FDTD simulation (FDTD
Solutions, Lumerical) was used both for PCC
design and to generate simulated LDOS for
comparison with experimental maps of the
resonant cavity modes. To design the photonic
crystal, we fixed the refractive index of SiN at
2.05, the thickness of the SiN membrane at
275 nm, and adjusted r, r/a, r1, r2, and s (fig.
S17A, inset) to maximize quality factor within
the wavelength range of 655 to 660 nm.
Photonic crystal size was set to 20a in the x
direction and 34.64a in the y direction. Bound-
ary conditions were implemented by intro-
ducing a perfect matching layer around the
structure. The simulation discretization was
set to a/R in the x-direction, 0.866a/R in the
y-direction, and a/R in the z-direction, where
the variableRwas set to 10 for PCC design (so
that PCC parameter could be quickly opti-
mized), and set to 20 to generate simulated
LDOS of higher resolution for comparisonwith
experimental mode maps. The simulation mod-
eled emission from a single dipole with polar-
ization P(x, y, z) = (1, 1, 0), located at a weak
symmetry point close to the cavity surface.

Origami placement experiments

DOP proceeded in four steps: binding, a series
of initial washes, a series of surfactant washes,
and a series of final washes. See troubleshooting
guide in the supplementary materials for an
enumeration of problems and suggestions,
and previous work (17) for images of substrates
during the placement process.
For binding, a 50-mm petri dish was pre-

pared with a moistened lint-free wipe to limit
evaporation. For non-PCC samples, solution
with 100 pM origami was prepared in “place-
ment buffer” (10mMTris, 35mMMg2+, pH8.3).
A 20-ml drop was deposited in the middle of
the chip and incubated for 1 hour. For PCC
arrays, 12.5 mM Mg2+ was used instead. After
incubation, excess solution-phase origami were
removed with at least 8 buffer washes, each

performed by pipetting 60 ml of fresh place-
ment buffer on and off the chip two to three
times. Next, to remove origami that were non-
specifically bound to the passivated background,
the chip was buffer-washed five times using
20 to 40 ml of “Tween washing buffer” (place-
ment buffer with 0.1% Tween 20 surfactant)
and left to incubate for 30 min. Lastly, the
chip was buffer-washed 8 times back into
either a higher pH “stabilizing buffer” for
wet AFM imaging (10 mM Tris, 35 mMMg2+,
pH 8.9; this preventedmovement during AFM)
or placement buffer for subsequent drying.
These final high-volume washes (60 ml) were
performed to completely remove Tween 20.
After the last wash, the chip was left with
roughly 20 ml of buffer and was ready for
AFM imaging or drying. Binding sites were
prevented from drying at any point during
binding or subsequent washes to avoid dewet-
ting artifacts.

AFM characterization

AFM imageswere acquired using aDimension
Icon AFM (Bruker) using the “short and fat”
cantilever from a “sharp nitride lever” probe
(SNL, 2 nm tip radius, Bruker). Non-PCC sam-
ples were imaged in fluid tappingmode, using
a cantilever resonance between 8 and 10 kHz.
Phase imaging was used to achieve high con-
trast while minimizing tip-sample interaction.
PCC samples were imaged in air in contact
mode. AFM images were processed using
Gwyddion. Single andmultiple binding events
for placed origami were hand-annotated and
measurements of right triangle and small
moon orientation were made by hand, aided
by Matlab scripts. For example, in the case of
right triangles, an overlay of a green reference
image on top of a red test image was used to
allow a user to translate and rotate (in 0.5°
steps) the reference image relative to the test
image, until a maximum overlap was achieved.
The script automatically recorded x, y, and q
for that test image and presented the next test
image. To prevent user bias, the orientation of
the reference image was randomized for each
test image, and the orientation of the reference
image was obscured from the script user.

Optical experiments

For fluorescence experiments, surface-bound
origami were incubated in placement buffer
containing 1 nM TOTO-3 (Invitrogen; Thermo-
Fisher) for 10 min at room temperature and
dried via ethanol drying: 10 s in 50% ethanol,
30 s in 75% ethanol, and 120 s in 90% ethanol.
Remaining ethanol was removed by air drying.
Imaging was performed with an Olympus

BX-61 microscope with a xenon excitation
source and Hamamatsu EMCCD cooled to
–75°C. For fluorescence imaging of non-PCC
samples, excitation light was filtered with a
640-nm shortpass filter and emission light

was longpass-filtered via a 645-nm dichroic.
For the PCC array, an additional 655 ± 5 nm
bandpass filter was used to select the PCC’s
fundamental wavelength of 657.2 nm. For
non-PCC samples, excitation light was filtered
with an additional linear polarizer, mounted
on a rotatable adaptor to allow selection of the
desired excitation polarization b relative to the
sample axis. For non-PCC samples, fluorescence
emission was collected using a 50× objective
(1.0 NA oil, optimized for polarized light,
samples were simply immersed in oil without
coverglass); for the PCC array, a 50× (0.8 NA
air) objective was used.
Photoexposurewas limited to prevent photo-

bleaching. For both PCC and non-PCC samples,
complete bleaching took ~45 s under constant
illumination; exposure was limited to less than
10% of this time. For non-PCC samples, the
integration time for each polarization angle
was 100 ms, yielding 3.6 s of total for ori-
entation measurements, and 1.2 s for the
polarimeter. The final image of the PCC array
(Fig. 4E) was created by averaging images
from three separate samples, each imaged
with an integration time of 1 s.

Kinetic and thermodynamic predictions

For kinetic predictions, shapes were assumed
to land randomly in the energy landscape
when they first bind a site. To find the dis-
tribution of final states, we used steepest-
ascent hill climbing starting from all possible
nonzero-energy initial configurations (x, y, q)
of a shape on its binding site. From a par-
ticular configuration, the neighboring configu-
ration that most improved the energy (area of
overlap) was selected as the new state, and
simulation ended when no neighbor could
improve upon the current state. The distribu-
tion of final states was sensitive to the choice
of neighborhood, as determined by the types
of allowable moves. Thus, we explored simu-
lations (fig. S5) in which a single move was
limited (i) to independent x, y, or q move-
ment, (ii) to potentially simultaneous x and y
movement and independent qmovement, and
(iii) to potentially simultaneous x, y, and q
movement.
For thermodynamic predictions, a partition

function was constructed using again the area
of overlap as the energy. All possible nonzero
energy configurations (x, y, q) served asmicro-
states, and macrostates of interest were con-
structed by collapsing all microstates of a
particular q into a single state. Energy per
unit area overlap (Eoverlap) occurred as a free
parameter in this partition function. Thus,
we computed a plausible probability distribu-
tion for angle-basedmacrostates in two stages.
First, for a given angular bin size (Dq = 1°, 3°, or
9°), binary search was performed on Eoverlap
until the theoretical probability of the most
abundant macrostate (q = 0°) matched the
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experimental probability within e = 10–7.
Second, using the resulting Eoverlap and the
partition function, probabilities were calcu-
lated for all macrostates for –180° ≤ q < 180°.
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arranged in a single fabrication step in 12 different orientations to create a simple polarimeter.
position and orient a molecular dipole within the resonant mode of an optical cavity. More than 3000 DNA origami were
that binds to lithographically patterned sites on silica to within 3° of a target orientation angle. The authors were able to 

 designed an asymmetric DNA origami, a ''small moon'' shapeet al.surface but also in particular orientations. Gopinath 
Directing self-assembly for devices will require placing nanocomponents not only in the correct position on a
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