
PAREDES ET AL. VOL. 7 ’ NO. 5 ’ 3953–3961 ’ 2013

www.acsnano.org

3953

April 19, 2013

C 2013 American Chemical Society

Backbone-Branched DNA Building
Blocks for Facile Angular Control
in Nanostructures
Eduardo Paredes,† Xiaojuan Zhang,‡ Harshad Ghodke,§ Vamsi K. Yadavalli,‡,* and Subha R. Das†,*

†Department of Chemistry and Center for Nucleic Acids Science and Technology, Carnegie Mellon University. 4400 Fifth Avenue, Pittsburgh, Pennsylvania 15213,
United States, ‡Department of Chemical & Life Science Engineering. Virginia Commonwealth University, 601 West Main Street, Richmond, Virginia 23284,
United States, and §Department of Pharmacology & Chemical Biology. University of Pittsburgh Medical Center, 5117 Centre Avenue, Pittsburgh,
Pennsylvania 15213, United States

T
he crux of DNA nanotechnology lies
in the precise control and self-assem-
bly of DNA into organized functional

materials. Pioneering work on immobile
Holliday junctions,1,2 the basis of more ela-
borate assemblies, established DNA not
only as a functional biomacromolecule, but
a versatile material for nanoconstruction.3�7

Since then, DNA origami8 andmethods that
facilitate twists and bends have provided
routes to assembling complex 2D and 3D
structures.9�25 Such nano-objects are now

being exploited for applications in imaging
and biological delivery.26�29 Although such
successes are prominent, they have also
underscored the limitations in angular con-
trol in DNA assemblies leading to complex
shapes and patterns.
The Holliday junction, three way junction

(3WJ) and related antiparallel double cross-
over motifs that typically form the basis of
DNA nanostructures tend to be inherently
unstructured. Recent high resolution struc-
tural analyses have shown that even in a
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ABSTRACT

Nanotechnology based on the highly specific pairing of nucleobases in DNA has been used to generate a wide variety of well-defined two- and three-

dimensional assemblies, both static and dynamic. However, control over the junction angles to achieve them has been limited. To achieve higher order

assemblies, the strands of the DNA duplex are typically made to deviate at junctions with configurations based on crossovers or non-DNA moieties. Such

strand crossovers tend to be intrinsically unstructured with the overall structural rigidity determined by the architecture of the nanoassembly, rather than

the junction itself. Specific approaches to define nanoassembly junction angles are based either on the cooperative twist- and strain-promoted tuning of

DNA persistence length leading to bent DNA rods for fairly large nano-objects, or de novo synthesis of individual junction inserts that are typically non-DNA

and based on small organic molecules or metal-coordinating ligand moieties. Here, we describe a general strategy for direct control of junction angles in

DNA nanostructures that are completely tunable about the DNA helix. This approach is used to define angular vertices through readily accessible backbone-

branched DNAs (bbDNAs). We demonstrate how such bbDNAs can be used as a new building block in DNA nanoconstruction to obtain well-defined

nanostructures. Angular control through readily accessible bbDNA building block provides a general and versatile approach for incorporating well-defined

junctions in nanoconstructs and expands the toolkit toward achieving strain free, highly size- and shape-tunable DNA based architectures.
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fully complementary 3WJ, the bases adjacent to the
crossover branchpoint remain unpaired with a nano-
cavity at the junction center.30 Therefore, the overall
stability of a nanostructure that includes these junc-
tions depends more on the formation of the nano-

structure, rather than the stability of the junction itself.
While significant research has gone into developing
more structured nanoassemblies, efforts to gain great-
er control over the angle of the assembly junctions
remain limited.
A significant and recent development to control the

angles of nanoassembly junctions was through DNA
duplexes strained both in twist and curvature.7,31

Given that B-form DNA contains about 10.5 base pairs
(bp) per turn,32 DNA sequences designed with more or
less bp per turn within a group of helices can alter the
pitch/twist and the persistence angle of DNA. However,
since the effect arises from single basemismatches, the
global structure can only be altered in the long-range.
This gives rise to nanostructures that, although bent at
the desired angle, are in the order of hundreds of
nanometers in length. Such tunable bending of junc-
tions can enable fundamental studies of DNA-binding
proteins to bind precisely angled DNA for transcrip-
tional regulation.31,33 The possibility of angular control
within shorter ranges could provide an advantage to
build smaller, well-defined architectures. Further, the
ability to directly dial in desired angles within a nano-
structure would enhance the toolkit for bottom-up
designs provided appropriate building blocks were
available. Ready angular control of junctions would
therefore permit strain free approaches to size- and
shape-tunable architectures.
One approach to control junction angles has been

through augmenting DNA with synthetic inserts that
serve as vertices to orient conjugated DNA strands.22

Such inserts range from two- and three-armed spacer
vertices and transition metal based vertices with diverse
coordination geometries, to higher order branched

junctions with appropriate building blocks.12,13,34�42

These require specific de novo synthesis of the indivi-
dual insert for each junction angle thereby posing a
high barrier to widespread adoption.
We envision that a more general and versatile alter-

native to angular control withminimal synthetic inserts
can be achieved directly through the incorporation
of a branch at a specific residue within the sugar�
phosphate backbone of duplex B-form DNA. In B-form
DNA that has a regular helical twist, the generally
accepted pitch arises from 10.5 residues per full turn32

or 21 residues/base-pairs for two turns of the helix
where the 21st residue is directly in line with the first
residue. Thus, if branches arose from the helical axis,
then the number of residues (N) or distance between

two branches from the backbone would be propor-
tional to the dihedral angle, Θ, between the branches
(Figure 1). As the branching junction is on the sugar�
phosphate backbone, the branch nucleobases remain
free to hybridize into duplexes and the branch can be
incorporated directly into sequences within nano-
structures. Here, angular control through backbone
branching takes advantage of a fundamental feature,
the periodicity of the DNA double helix; thus, this is a
general and versatile approach that can provide highly
tunable control over junction angles.

RESULTS AND DISCUSSION

As proof of this concept, we report the construction
of two backbone branched DNA (bbDNA) based nano-
structures in which the branches have a dihedral
angle of 0� (co-planar branches) and approximately 90�
(perpendicular branches). To access such bbDNAs, the
synthesis of bbDNAwith phosphate linkages directly in
the solid-phase43,44 was initially considered. However,
this method would require the specific synthesis
of each desired bbDNA individually in the solid-
phase with synthetic and yield limitations that
hinder practical applications. A more versatile and

Figure 1. A general schematic for direct angular control inDNAnanoassemblies. Given theperiodic helicity of theB-formDNA
duplex, the dihedral angle (Θ) between branches emanating from the sugar�phosphate backbone (inset) is proportional to
the number of residues (N) between the branches. As the branchpoint is on the backbone, the bases of the branch can
hybridize in duplexes. DNA structure adapted from B-form DNA duplex PDBID: 1BDNA.
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facile post-synthetic branching approach using “click-
chemistry” was developed such that these click-
bbDNA building blocks are readily accessible in high
yield. The bbDNAs form self-assembled nanostructures
with expected ladder-like and square tube-like features
that were confirmed by gel electrophoresis and visua-
lized by atomic force microscopy (AFM).
The ability to form more structured nanoassemblies

with increased angular control through direct back-
bone modifications within DNA represents an advance
over the conventional double crossover and strain
promoted junctions and bends used in DNA nano-
assemblies. Through control over nanoassembly archi-
tecture within such small ranges (20 nt), bbDNAs
represent a new building block that significantly ex-
pands the design elements and armamentarium for
DNA nanotechnology.

Backbone-Branched DNA through “Click-Chemistry”. The
copper(I)-catalyzed azide�alkyne cycloaddition (CuAAC)
reaction, near-synonymous with the term “click-
chemistry”,45�48 enjoys widespread use in biomolecu-
lar conjugations with proteins, glycans49�51 and more
recently with DNA52�54 and RNA55�61 due to its high

efficiency. Click-chemistry based DNA building blocks
for junctions or assemblies such as circles or hexagons
are already enhancing the toolkit for nanoconstruc-
tion.53,62�64 Commercially available 20-O-propargyl
phosphoramidites were therefore used to introduce
an internal 20-O-propargyl (alkyne) within a DNA
sequence (such modified 20-O-alkynyl DNA sequences
are also commercially available). With the alkyne in the
DNA backbone, it is possible to access bbDNAs by a
simple CuAAC reaction with a branch DNA sequence that
includes a 50-terminal azide (Figure 2). The 50-azide on the
DNA is readily installed in the final steps of otherwise
standard automated solid-phaseDNAsynthesis (and such
50-terminal modification is also commercially available).65

Direct CuAAC reactions in aqueous buffer using
conditions optimal for terminal nucleic acid con-
jugation66,67 were performed betweenDNA1 (contain-
ing a single internal alkyne) or DNA7 (containing two
internal alkynes) (40 μM) and a 50-deoxy-50-azido-
DNA2 (100 μM) to generate triazole-linked bbDNA3
(that contains a single backbone branch) or bbDNA8
(that includes two backbone branches) (Figure 2A).
To increase theefficiencyof the internal click conjugations,

Figure 2. Synthesis of backbone branched DNAs by click chemistry. (A) Click ligation of a 20-O-propargyl DNAwith a 50-azide
DNA yields a triazole-linked backbone-branched DNA. (B) MALDI traces of (i) bbDNA3 (with one branch,Mcalc = 11 413.3) and
(ii) bbDNA8 (that includes two branches, Mcalc = 16 245.5) which show a single mass peak for each respective bbDNA that
corresponds closely to the calculated values.
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the click branching reaction was performed over long-
er times. The reaction yield was found to be max-
imal at 3 hwith∼80%yield (see Supporting Information).
The desired bbDNAs (Figure 2 and Supporting Table S1
for specific sequences) could then be obtained for use
in nanostructure assemblies.

Nanoladder Assembly with Co-planar (0�) Branches. The
assembly of a nanostructure with a co-planar backbone
branch design includes self-complementary branches
that are 20 nt apart.WithN= 20 (whereN is the number
of residues between branches), the 21st residue that
includes the second branch will be directly two full
helical turns after the first branch and thereby co-planar
with a dihedral angle of 0� between the branches.
Annealing of bbDNA3with sequencesDNA4 orDNA6
that are complementary to the `stem' (and hybridize
with one or twobbDNA3 stems, respectively) gives rise
to higher order structures as observed by (nondenaturing)

polyacrylamide gel-shift assays (Figure 3A,B). Regard-
less of the location of the radioisotopic marker within
eitherbbDNA3 or the complementaryDNA4 orDNA6,
bands with similar gel-shift were observed (Figure 2B,
lanes 2,3 and 4,5) strongly suggesting that similar
complexes were being formed. Annealing of bbDNA3
with a DNA5 that is complementary to the stem of
bbBDNA3 but designed to bridge two sequences
leaving overhangs, gives rise to larger nanoassemblies
confirmed by atomic force microscopy (AFM) imaging.
In these images, ladder-like structures are observed
(Figure 3C). These ladder-like bbDNA nanostructures
have rungs that correspond to the branches that are
spaced 6.8 nm on average (from line profiles of n > 10
randomly selected visible structures), as may be
expected from the design (Table 1).

Square-Tubular Assemblies with Perpendicular (90�) Branches.
We next sought nanostructures with two perpendicular

Figure 3. DNA nanoassembly based on co-planar branches. (A) Schematic of annealing of bbDNA3 and DNA6 in 1� PBS to
yield a ladder-like nanoassembly in which the number of residues between branches is 20 nts corresponding to a dihedral
angle of 0�. (B) Nondenaturing polyacrylamide gel used to resolve annealedbuildingblocks for the ladder-like nanoassembly.
Radioactive symbol denotes a trace amount of a 50-32P-labeled DNA strand that was included. Lane 1: bbDNA3 (the branch is
self-complementary). Lanes 2 and 3: Annealed bbDNA3 and DNA4 with the 50-radiolabel (trace) on either of these DNAs,
respectively. Lanes 4 and 5: Annealed bbDNA3 and DNA6 with the 50-radiolabel (trace) on either of these DNAs, respectively.
(C) AFM scan for an assembly of bbDNA3 and DNA5 (that bridges and overhangs) (i) 1 μm� 1 μmsquare and (ii) zoomed area
showing ladder-like nanoassemblies with the line�profile below. See also Supporting Information Figure S3.
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(and identical) branches in which the two self-
complementary branches are 20 and 7 nt apart and are
expected to have periodic dihedral angles of 0� and
approximately 90�, respectively. With N = 7, this would
correspond to just over three-quarters of a turn or a

quarter turn (in the other direction; see Supporting
Information Table S2 for dihedral angles between
branches). Two crossovers within such short distances
(7 nt; a three-quarter turn of the helix) would be strained
or frayed and thus the ability of these bbDNAs to form
assemblies would represent a demonstrable advantage
over crossover and 3WJ based nanoassemblies. A dual-
bbDNA is readily achieved by simultaneous click reac-
tions of the branches with a stem that incuded two
alkynyl reaction sites at appropriate residues as described
above. We tested the ability of this bbDNA8 with two
close branches in assemblies. Annealing of the `stem' of
bbDNA8 with sequences DNA9 and DNA11 that are
complementary (to one or two strands of bbDNA8,
respectively) gives rise to higher order structures as
observed by gel-shift assays (Figure 4A,B). Annealing of

TABLE 1. Summary of Nanostructure Feature Dimensions

As Determined from AFM Images

structure

feature co-planar (ladders) perpendicular (square-tubes)

Width ∼9.7 nm ∼20�22.5 nm
Length 50�150 nm 400�1000 nm
Height 1.5 nm 1.5 nm
Inter-rung gap 6.8 ( 0.5 nm 6.4 ( 1 nm

Figure 4. DNA nanoassembly based on dual and perpendicular branches. (A) Schematic of annealing of bbDNA8 and DNA11
in 1� PBS to yield a square prism-like nanoassembly in which the number of residues between branches is 7 and 20 nts
corresponding to periodic dihedral angles of nearly 90� and 0�, respectively. (B) Nondenaturing polyacrylamide gel used to
resolve annealed building blocks for the square-tube-like nanoassembly. The radioactive symbol denotes a trace amount of a
50-32P-labeledDNA strand thatwas included. Lane 1: bbDNA8 (the branches are self-complementary) Lanes 2 and 3: Annealed
bbDNA8 and DNA9 with (trace) 50-radiolabel on one or the other DNA sequence, respectively. Lanes 4 and 5: Annealed
bbDNA8 and DNA11 with (trace) 50-radiolabel on one or the other DNA sequence, respectively. (C) AFM scan for an assembly
of bbDNA8 and DNA10 (that includes overhangs) (i) 1 μm � 1 μm square and (ii) zoomed area showing fibrils of square-like
tubes with the line�profile below. See also Supporting Information Figure S4.
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bbDNA8 with a complementary DNA10 that bridges
two `stems' leaving overhangs gives rise to nanoassem-
blies confirmed by AFM images in which long fibrils of
square tube-like structures are observed (Figure 4C and
Table 1). Although the branches were not precisely
perpendicular (the theoretical angle is 85.68; seeSupport-
ing Information Table S2), the small degree of local
flexibility inherent in nucleic acid structure likely com-
pensates. This local flexibility and twisting angles without
perfect matches and the length of the interacting helical
region is well described and exploited for control of
extended angles in multiple array formations.68 Further,
in the bbDNAs here, the oxymethyl-triazole bridge
(see Figure 2A) at the branch point may alleviate minor
local strain, without sacrificing base-pairing.

To generate useful nanoparticles, it is important
that they are thermostable.69 The consequence of
direct extension of a branch sequence from the
sugar�phosphate backbone of the helix is mild,
having an effect on the melting temperature similar
to that of a 20-O-propargyl group (data not shown).
While a detailed thermodynamic analysis is forthcom-
ing, the visualization of the bbDNA based structures
here and the known stability of base-paired structures
in cell lysate70 suggest that designed structures that
incorporate bbDNAwould be thermostable. The larger
assemblies visualized through AFM rely on overhangs
and the thermodynamics of helical stability and over-
hangs is well described.69

CONCLUSIONS

While tremendous advances have been made in the
field of DNA nanotechnology, there remain challenges
to the design and application of DNA nanostructures,
specifically relating to the development of precisely
bent architectures.70 In this report, the highly efficient
click-chemistry based synthesis of backbone branched

DNAs (bbDNAs) is described. These bbDNAs are
building blocks for facile angular control in DNA archi-
tectures. Nanostructures with tuned junction angles in
the DNA can be obtained readily in high yield
(3 h click-branching produces bbDNA in ∼80% yield).
These bbDNAs can be designed to self-assemble into
two-dimensional ladder-like structures and three-
dimensional square tubular nanostructures. In these
nanostructures that demonstrate the angular control,
the junctions are intrinsically preorganized and the
dihedral angles of the assembly arewell-defined.While
we have demonstrated the use of bbDNAs with
the branches on one strand, one can easily envision
and design structures where bbDNAs are on both
strands of the duplex. Interestingly, as the branch is
connected to the 20-oxygen in a ribosyl residue in the
strand, the use of branched nucleic acid building
blocks could prove to be useful even within the A-form
duplex of RNA. Indeed, recent initiatives take advan-
tage of the diverse folds, structures and thermody-
namic stability of RNA for complex and biologically
useful architectures.71�78 The direct angles and twists
through bbRNA could form a useful and complementary
accessory to the reported strategy. This opens the pos-
sibility of exploiting a wide range of angles for branching
in the design of three-dimensional nanoconstructs.
Thus click-chemistry based bbNAs represent a new

building block for nucleic acids nanotechnology, offer-
ing a new and versatile ability to control nanoassembly
architecture within small ranges (20 nt). Such bbNAs
can directly dial in the required angle in junctions
without resorting to crossovers, thereby tremendously
simplifying the bottom-up design, size range and access
to nanostructures. Internal click reactions on the sugar
residue, as shown here with branches, could also be
performedonawidevariety of readily availablemolecules
to decorate and functionalize nanostructures.54,67,79�82

MATERIALS AND METHODS

Chemicals and General Experimental Information. Commercially
available compounds were used without further purification.
Phosphoramidites with labile PAC protecting groups and
appropriate reagents for standard solid phase synthesis of
DNA as well as the 20-O-propargyl phosphoramidite were pur-
chased from ChemGenes. DNA synthesis columns were pur-
chased from Biosearch. Copper sulfate pentahydrate (CuSO4 3
5H2O) was purchased from Sigma Aldrich. HPLC grade acetoni-
trile (ACN) was purchased from Fisher. Sodium ascorbate was
purchased from Alfa Aesar. Other solvents and reagents not
otherwise specified were purchased from Fisher. DNAs were
obtained from IDT or synthesized (see below). Matrix assisted
laser desorption ionization (MALDI) mass spectra were obtained
on an Applied Biosystems Voyager DE-STR MALDI-TOF mass
spectrometer.

Oligonucleotide Synthesis and Purification. Solid phase oligonu-
cleotide synthesis was performed on a MerMade 4 instrument
(Bioautomation). Synthesis of the oligonucleotideswas conducted
on commercially available solid support columns and performed
with standard commercially available phosphoramidites as

directed by the manufacturer. Cleavage from the solid support
and base deprotection of the oligonucleotides was performed
by using ammonium hydroxide at 65 �C for 2 h and standard
protocols for PAC protected amidites as recommended by the
manufacturer. Desalting and purification was conducted using
a C18 columns (Waters) using protocols recommended by the
manufacturer, with elution of the full length desired DNAs with
ACN and water. For short sequences as those used here, the
coupling efficiency of standard protocols is high and DMT-on
purification can remove truncation sequences. As sequences
would be gel-purified following the `click'-branching reaction
(see below), no prepurification such as HPLC that is recom-
mended was done.

DNA1 and DNA7 were synthesized using the commercially
available 20-O-propargyl phosphoramidite as directed by the
manufacturer. DNA2 was synthesized using standard protocols
and the 50-terminal azide installed on the solid phase by
treatment with (PhO)3PCH3I (0.5 M in DMF) for 10 min followed
by incubation with NaN3 (sat. in DMF) at 60 �C for 1 h.60 Where
necessary, 50-end radiolabeling was conducted with T4 PNK
using standard protocols. Following radiolabeling, DNAs were
purified by electrophoresis on 8 M urea polyacrylamide gels.
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The DNA bands were excised and eluted overnight at 4 �C in
10 mM Tris/0.1 mM EDTA (TE0.1) buffer (pH 7.5) and desalted
using C18 desalting columns (Waters). The DNA sequences
synthesized or purchased and used in this study are summar-
ized in Supporting Information Table S1.

Synthesis of Backbone-Branched DNA (bbDNA) via Click-Chemistry. A
click ligation reaction for branch synthesis was performed with
DNA1 or DNA7 (40 μM) in 1� PBS (pH 7.5), DNA2 (100 μM),
sodium ascorbate (5 mM) and ACN (0.6%). The reaction mixture
was degassed and the reaction was initiated by the addition of
CuSO4 (400 μM) and allowed to run for 1 h under argon at room
temperature with shaking. The reaction mixture was loaded on
a 10%polyacrylamide gel (8Murea) to stop the reaction, resolve
and visualize the DNAs (Supporting Information Figure S1). The
DNA bands were excised, eluted and desalted as before. Mass
spectra confirm the synthesis of the two desired branches with
corresponding masses of 11 412.8 (M) for bbDNA3 and
16 248.1(M) for bbDNA8 (Masses calculated are 11 413.3 and
16 245.5, respectively; see Figure 2B)

Optimizing Timing for the Backbone-Branching Click-Reaction. The
click reactions for bbDNA synthesis were performedwithDNA1
(3 μM) that included trace amounts of 50-32P radiolabel in
1� PBS (pH 7.5), DNA2 (10 μM), sodium ascorbate (150 μM)
and ACN (0.6%).66 The reactionmixture was degassed (by argon
displacement) and the reaction was initiated by the addition of
CuSO4 (30 μM) and allowed to run for 0, 0.25, 0.5, 1, 1.5, 2, 3, or
5 h under argon at room temperature with shaking to yield
bbDNA3. The reaction mixtures were directly loaded and run
on a denaturing 20% polyacrylamide gel (8 M urea) to stop the
reaction, and resolve DNAs. The dried gel was exposed to
phosphor screen and imaged on a Storm phosphorimager
(Molecular Dynamics). The reaction products were quantified
and normalized to the sum of the product (bbDNA3) and
starting material (DNA1) bands with ImageQuant software
(see Supporting Information Figure S1).

Gel-Shift Assays to Observe Hybridization of bbDNA. A solution of
bbDNA3 or bbDNA8 (3 μM) and DNA 4/DNA6 or DNA9/
DNA11 (3 μM), respectively, with trace amounts of 32P labeled
DNAs asmentioned, in 1� PBS and 2.5mMMgCl2 was heated to
95 �C for 2 min and cooled in a stepwise manner (see Support-
ing Information Figure S2). Following annealing, the solutions
were kept at 4 �C for 10 min prior to loading on a 10%
nondenaturing polyacrylamide gel run at 4 �C for nanoassembly
resolution. The dried gels were exposed to a phosphor screen
and imaged on a Storm phosphorimager (Molecular Dynamics).

Nanoassembly Formation and AFM Imaging. A 10 μL solution of
1� PBS buffer with 25 ng of bbDNA3 or bbDNA8 and 25 ng of
DNA5 or DNA10, respectively, were annealed as before. The
branched strand (200 nM) and complement strand were mixed
in 1� PBS buffer in amolar ratio of 1:1 or 3:1. DNA assembly was
formed by similar protocols as described earlier.83,84 The mix-
ture was heated at 95 �C for 3 min, and then the assembly was
formed by slowly cooling down to 4 �C in 48 h. DNA assembly
samples were directly used after assembly for AFM imaging,
without any further purification or isolation. AFM imaging of the
nanostructures was conducted on flat mica surfaces. To im-
mobilize the DNA assembly to themica, the surface was treated
with 3-aminopropyltriethoxysilane (APTES) to form a net posi-
tively charged aminopropyl-mica (AP-mica), which can immo-
bilize negatively charged DNA. Freshly cleaved mica was incu-
bated in the vapor of 3-aminopropyltriethoxysilane (APTES) in a
vacuum desiccator for 2 h.85 Following the surface functionali-
zation, 2 μL of 10� diluted solution was deposited for 2 min.
Surfaces were rinsed with PBS buffer to remove any unbound
DNA assembly. Imaging was conducted in solution (PBS buffer)
in noncontact mode using an Asylum MFP-3D AFM (Asylum
Research, Santa Barbara, CA). Super sharp CSG cantilevers from
NT-MDT (Moscow, Russia) and SNL cantilevers from Bruker
(Camarillo, CA) were used for AFM imaging. These cantilevers
with nominal radii of curvature ∼5 nm were used to provide
high resolution images of the sub-50 nm assemblies.
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