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D
NA is an exciting material for nano-
technology applications. Machines
and structures of the kind already

constructed from DNA1,2 would be impos-
sible to make with other materials, and the
complexity of DNA-based nanostructures
is beyond that of those produced by any
other method. One approach that has been
particularly effective is DNA origami.3,4 This
method typically uses a biological material,
bacteriophage M13 DNA, which is a conve-
nient nanobuilding material. Large numbers
of short oligonucleotide staples promote
folding of the M13 DNA into predetermined
shapes such as DNA smilies3 and three-
dimensional nanoboxes.5 DNA origami has
the advantage of simplicity; the structures
are intramolecular in nature, so careful con-
trol of the stoichiometric ratios of staple
strands and M13 DNA is unnecessary. How-
ever, this is not a true bottom-up approach,
and it is not applicable to objects and ma-
chines at the most demanding low end of
the nanoscale, which bridges the gap be-
tween supramolecular chemistry and nano-
technology. This is a domain more suited to
approaches that utilize chemically synthe-
sizedDNA,which canbeproducedwith high
efficiency on a large scale. We are currently
developing methods to target this space
that involve the assembly of densely pack-
ed and uniquely addressable DNA nano-
structures.6 Our approach allows the site-
specific incorporation of a wide variety of
chemical modifications to create informa-
tion-rich nanoconstructs that cannot be ob-
tained by conventional thermochemical,7

electron-beam,8 photo,9 or dip-pen nano-
lithography.10,11 Nanoassembly by synthesis
is a valuable technique for the future, and

such nanoconstructs are themselves key
materials for building larger and more com-
plex structures.
The integrity of DNA nanoconstructs

assembled by hybridization relies on the
selectivity of Watson�Crick base pairs and
on the stability derived from hydrogen
bonding and base stacking.12 There are
difficulties in manipulating such materials,
as these interactions are dynamic and re-
versible. Consequently, DNA nanocon-
structs are fragile, difficult to purify, and
unsuitable for use as robust building blocks
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ABSTRACT

Thermodynamic instability is a problem when assembling and purifying complex DNA nano-

structures formed by hybridization alone. To address this issue, we have used photochemical

fixation and orthogonal copper-free, ring-strain-promoted, click chemistry for the synthesis of

dimeric, trimeric, and oligomeric modular DNA scaffolds from cyclic, double-stranded, 80-mer

DNA nanoconstructs. This particular combination of orthogonal click reactions was more

effective for nanoassembly than others explored. The complex nanostructures are stable to heat

and denaturation agents and can therefore be purified and characterized. They are addressable

in a sequence-specific manner by triplex formation, and they can be reversibly and selectively

deconstructed. Nanostructures utilizing this orthogonal, chemical fixation methodology can be

used as building blocks for nanomachines and functional DNA nanoarchitectures.

KEYWORDS: DNA nanotechnology . photochemical cross-linking .
copper-free click . orthogonal chemical fixation
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for the assembly of higher order structures.13 To
address this problem, enzymatic ligation has been used
for their fixation,14,15 but it is limited to nicks in the
backbone of linear sequences, is hindered by densely
packed and constrained DNA helices, and is not amen-
able to large-scale synthesis. We have previously em-
ployed an alternative chemical solution, click ligation,
using the CuI-catalyzed alkyne�azide cycloaddition
reaction (CuAAC), which enabled the synthesis of
a robust, hexagonal, double-stranded DNA nano-
construct.16 A different strategy has also been used
that involves soaking of prehybridized DNA nano-
structures with a solution of 8-methoxypsoralen.17,18

Subsequent UV irradiation promotes a series of [2þ2]-
cycloaddition reactions between the intercalated psor-
alen molecules and thymine bases at TA steps in the
DNA. This chemistry is difficult to control, as it requires
insertion of an external agent into DNA, and induces a
large perturbation in the local B-DNA secondary
structure.19 Anthracene photodimerization has also
been employed for reversible DNA duplex cross-
linking,20 and there are examples of photochemical
ligation using 5-carboxy- and 5-carbamoylvinyl-dU.21

We now report the fixation of small, discrete pseudo-
hexagonal nanostructures of ∼9 nm diameter by
photochemical interstrand cross-linking (PCL) using a
3-cyanovinylcarbazole moiety (CNVK) integrated into
the DNA chain during solid-phase synthesis. It inter-
calates into the duplex, and onUV irradiation at 366 nm,
the cyanovinyl group undergoes a [2þ2]-cycloaddition
reaction with the C5�C6 double bond of a pyrimidine
base in the opposite strand (Figure 1d, Supporting

Information S1.1.2).22�28 The CNVK moiety has recently
beenused in the formationofnon-modified, periodic 2D
arrays of DXAB DNA tiles, via fixation of simple, sticky-
endoverlaps of tiles that are otherwise non-fixed.29Here
we have utilized CNVK in a significantly more demanding
task: to construct the smallest possible, entirely chemi-
cally fixed, planar pseudohexagonal DNA nanoconstruct
via six simultaneous photochemical cross-linking reac-
tions. The constructwas synthesized from six short, easily
purified oligonucleotides, with superior efficiency
and yield compared with our previous method16

(Supporting Figure S1) and with more precision than
other photochemical methodologies. We have also
constructed a simpler pseudohexagonal structure
(vide infra) via just two PCL reactions. In contrast
to our previous CuAAC ligation methodology,16 this
photochemical fixation technique forms rigid inter-
base cross-links within the duplex itself, rather than via
long linkers in the major groove, and imparts signifi-
cant extra duplex stabilization.30 Moreover, the CNVK
moiety is easily incorporated during oligonucleotide
synthesis instead of via postsynthetic labeling, and
the fixation technique requires a substantially shorter
reaction time (1 h vs 24 h).
These photochemically cross-linked DNA nanocon-

structs can be purified by denaturing polyacrylamide
gel electrophoresis (PAGE) and characterized by mass
spectrometry. They are stable to heat and can be used
in the controlled assembly of larger structures, which in
turn can be fixed using an orthogonal chemical proce-
dure, the ring-strain-promoted alkyne�azide cycload-
dition (SPAAC) reaction,31 which has hitherto not been

Figure 1. Photo-cross-linked hexagon structure and assembly. (a) Representation of a photo-cross-linked hexagon. CNVK-T
cross-linkeddinucleotides and TT hinges are shown in black. (b) Hexagon sequences and secondary structure: X = CNVK, P = 30-
propanol, TT = single-stranded hinge. (c) Analytical denaturing polyacrylamide gel (10%) of construction of unmodified
hexagon (5 μM, containingODN-1 toODN-6, irradiated at 20 �C; ODN=oligodeoxynucleotide). Lane 1: un-cross-linked, lane 2:
photo-cross-linked. LH = linear hexamer, CH = cyclic hexamer (hexagon), DD = dodecamer. Red circles indicate photo-cross-
links, black dots indicate un-cross-linked CNVK nucleotides. See Supporting Figure S1 for full image. (d) Proposed structure of
CNVK-T cross-linked dinucleotide 1.24 (e) Electrospray MS spectra of purified cyclic hexamer (hexagon, CH, left) and linear
hexamer (LH, right) (negative mode). Calcd mass (hexamer): 43140.893, found: 43138.267 (CH), 43139.476 (LH).
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used in fixation of DNA nanostructures, or in conjunc-
tion with photochemical fixation methods.

RESULTS AND DISCUSSION

Photo-cross-linked Hexagon Design and Assembly. The ba-
sic building block for large nanoconstructs, a mono-
meric, cyclic DNA structure,6,16 was assembled from
six 23-mer/24-mer oligonucleotides, each involved in
the formation of two sides of a hexagon, each side
being 10 base pairs in length (one helical turn of DNA)
(Figure 1b). The oligonucleotides were synthesized
by standard solid-phase phosphoramidite chemistry,
incorporating the CNVK nucleotide24 at the 50-end
(ODN-2, ODN-4, ODN-6; ODN = oligodeoxynucleotide)
or at the 30-end (ODN-1, ODN-3, ODN-5) using a 30-
propanol-modified solid support (oligonucleotide de-
sign, sequences, and ESMS data in Supporting Informa-
tion S1.1.1�S1.1.2). Flexible, single-stranded TT hinges/
nodeswere placed at the vertices of the hexagon (at the
center of each oligonucleotide) to enable cyclization of
such small nanostructures, unlike the non-DNA, terphenyl-
based nodes of Sleiman et al. for example,32�34 and CNVK
nucleotides were placed adjacent to the vertices for cross-
linking with the thymine base of the neighboring AT base
pair or the hinge. The oligonucleotide sequences were
carefully designed to ensure that only the desired hexam-
er, and no branched or alternative cyclic structures, could
form. Six PCL reactions were carried out simultaneously
upon UV irradiation (365 nm), to produce a covalently
locked, cyclic nanostructure, each side consistingof a short
(10 bp), stable duplex with one covalently cross-linked
end (Figure 1). The precise positioning of the CNVK nucleo-
tides ensures that only the desired cross-linking can occur.

PCL hexagons were synthesized by several meth-
ods: “one-pot” construction, or via trimers, and under
different annealing/irradiation protocols (Supporting
Information S1.1.4). The simplest method involved
annealing all six oligonucleotides slowly from 85 �C
to room temperature, followed by a short incubation.
Samples were UV-irradiated while cooling on ice
(365 nm), desalted, lyophilized, then purified by dena-
turing PAGE. Figure 1c shows the crude reaction
mixture for construction of the unmodified cyclic
hexamer. The reaction affords the hexagon (cyclic
hexamer, CH), the uncyclized hexamer (linear hexamer,
LH), and a small quantity of dodecamer (DD). It pro-
ceeds in greater yield and with fewer byproducts than
the analogous CuAAC click fixation strategy we have
previously described.16 The two bands for CH and LH
are clearly distinct from smaller constructs, CH showing
lower electrophoretic mobility than the linear con-
struct as previously observed,16 rationalized by a great-
er degree of interaction with the polyacrylamide gel
matrix (also Supporting Figure S1). The topology of
largeDNA structures is known to significantly influence
mobility during PAGE.35 Hexamers CH and LH were
isolated pure, in typical yields of 14�16% and 7�13%,

respectively, after a single denaturing gel purification,
an excellent result when the efficiency of hybridization,
six simultaneous PCL reactions, and extraction fromgel
are all taken into account. The yield of LH depends
on efficiency of cyclization during cooling and of
the PCL reaction itself. Slowing the rate of cooling over
the melting transition temperature range appeared
to promote cyclization, thus favoring CH over LH,
although this process is controlled by a combination
of factors. The high NaCl concentration (500 mM) is
necessary to shield negative charges for efficient hy-
bridization/cyclization.

To prove that LH was not an inactive (dead-end)
linear intermediate, the construct was isolated from
the gel, reannealed, then irradiated for 30, 60, and
90 min. This resulted in partial conversion to the cyclic
product CH, and the yield increased slightly with
prolonged irradiation (34.8%, 30 min; 44.4%, 90 min).
NoUV-induced degradationwas observed (Supporting
Figure S2). The ability to convert LH into CH, which has
a lower electrophoretic mobility, both of which have
the same mass, confirms the cyclic nature of the
construct. A pseudohexagonal structure was also con-
structed, from two CNVK-modified 70-mer oligonu-
cleotides (ODN-7, ODN-8, Supporting Figures S3, 4),
via only two photochemical cross-linking reactions.
The cyclic structure (cyclic dimer, CD) is formed easily
in high yield, in preference to the linear structure
(linear dimer, LD), with photo-cross-linking at 20 or
0 �C. This is a simpler strategy, but it requires much
longer oligonucleotides and it does not rigorously test
the efficiency of multiple, simultaneous cross-linking
reactions.

Single-Hexagon Spectroscopic Studies. Spectroscopic
methods were used to investigate the properties of
the fixed cyclic construct. Melting studies were per-
formed on the purified, unmodified “fixed” hexamers
(LH and CH) and the unfixed hybridized structure,
using SyBr Green I. This dye becomes strongly fluo-
rescent only upon intercalation into double-stranded
DNA and enables the duplex melting temperature (Tm)
to be determined by monitoring of fluorescence. Fluo-
rescencemelting was first conducted using 48 equiv of
SyBr Green I per construct (8 molecules per hexa-
gon side), in sodium phosphate buffer (500 mM NaCl),
with 0%, 20%, and 40% formamide (v/v) (Figure 2b,
Supporting Figure S5). The non-cross-linked, hybri-
dized structure denatures with an approximately linear
melting transition from 37 to 56 �C. This results from
the superposition of melting curves of all six duplexes
in the hexagon (with different individual melting
temperatures). Addition of formamide destabilizes
the unfixed hexagon such that little or no hybridization
occurs. The chemically fixed PCL constructs (LH, CH),
however, possess greatly enhanced stability, with sig-
nificant duplex present at 50 �C in the presence of 20%
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formamide denaturing agent (Figure 2a,b, Supporting
Table S1).

Melting profiles for CH and LH are similar, exhibiting
several overlapping transitions. It is important to em-
phasize that the PCL constructs cannot be destroyed
by heating and/or denaturation with formamide; the
hexagon is covalently fixed at each vertex; therefore
although melting of each side can occur, the nanocon-
structs remain intact. These experiments were also
conducted for LH and CH using only 18 equiv of SyBr
Green I (3 molecules per hexagon side), at variable
construct concentrations, to reduce the general sta-
bilizing effect due to fluorophore intercalation, and
similar melting profiles were observed (Supporting
Figure S6 and Table S2).

The photo-cross-linked hexagon is also addressable
in a sequence-specific manner by triplex-forming oli-
gonucleotides (TFOs), allowing targeting with oligonu-
cleotides containing various functionalities. A hexagon
was constructed using ODN-1, 2, 3, 5, and 6 and a
Cy3-labeled analogue of ODN-4 (ODN-4Cy3), placing
the Cy3 dye in the center of one side, adjacent to the
triplex-binding site (Figure 2c,d, Supporting Informa-
tion S1.1.4; the Cy3 hexagonwas also constructed from
two trimers, Supporting Information S1.1.4). This site
was targeted using a BHQ-2-labeled TFO (TFO-1); the
BHQ-2/Cy3 pair is suitable for through-space quench-
ing. Fluorescence triplex targeting experiments were
conducted using a 10:1 ratio of TFO to nanoconstruct
(Figure 2d, Supporting Figure S7). Significant fluores-
cence quenching due to triplex formation was ob-
served for the PCL constructs. The triplex melting
temperature (Tm) is close to themidpoint of the duplex

melting transition (Figure 2b), suggesting the TFO dis-
sociates cooperatively with the duplex (Supporting
Table S3). Fixation stabilizes the duplex target such
that the TFO is able to bind efficiently; without fixation,
little triplex formation is observed, and consequently
there was minimal fluorescence quenching. Fluores-
cence melting studies on the non-cross-linked system
(Cy3-hex) also indicated a weak triplex melting transi-
tion andpoor fluorescence quenching (Supplementary
Figure S8). These results demonstrate that a compact,
constrained, stabilized nanostructure can be addressed
by triplexes and that chemical fixation is vital for
efficient TFO binding.

Modular Construction of DNA Nanostructures. The pro-
grammed assembly of modular networks using these
hexagonal building blocks requires single-stranded,
sticky ends for connecting the modules (Figure 3a).
In order to “fix” higher order structures, we chose an
orthogonal chemicalmethod, the ring-strain-promoted
alkyne�azide cycloaddition reaction, an efficient click
reaction that utilizes the inherent ring strain in cyclooc-
tyne as a source of energy. Recently, we established
that very fast and efficient templated DNA ligation
can be achieved by reaction between oligonucleotides
functionalized with dibenzocyclooctyne (DIBO36) and
azides.37 The fused benzene rings impart significant
ring strain and also enhance reactivity due to their
electron-withdrawing properties.38 More recently, we
utilized DIBO in interstrand cross-linking of simple DNA
duplexes.39 The cross-linking reactions were fast and
highly efficient.

Hexagonal modules were constructed with one or
two branches, comprising one of two complementary

Figure 2. Fluorescence spectroscopic studies on single PCL hexagon. (a) PCL hexagon denaturation, indicating loss of
fluorescence as intercalated SyBr Green Imolecules dissociate; denatured hexagon remains intact due to covalent cross-links.
(b) Fluorescence melting analysis of unmodified hexamer (non-PCL, LH, and CH) using the fluorescent double-stranded DNA
intercalator SyBr Green I (48 equiv per construct) (Supporting Figure S5 and Table S1) with 0% and 20% v/v formamide. The
PCL hexagon can melt but not disassemble under denaturing conditions, and the cross-links significantly enhance duplex
stability. (c) Hexagon triplex formation, indicating loss of fluorescence of Cy3 dye on binding of BHQ-2-labeled triplex-
forming oligonucleotide (TFO-1). (d) Fluorescence intensity, as a fraction ofmaximumfluorescence intensity, at 10 and 30min
after addition of TFO. Significant fluorescence quenching and therefore efficient triplex formation occurs only for chemically
fixed constructs Cy3-LH and Cy3-CH (Supporting Figure S7).
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sequences only (Figure 3a,b). These were designed to
form a dimer and trimers (or to oligomerize), depend-
ing on how they are combined. Both DIBO and azide
residues are attached via the 5-position of a thymidine
nucleotide and are therefore located in the major
groove. When hybridized, these moieties are brought
adjacent to each other, enabling spontaneous cross-
linking. The branch was designed to be 20 nucleotides
long with a 4T “hinge” to enable adequate length and
flexibility for duplex stability when hybridized, while
remaining short enough tomaintain suitable structural
rigidity of the resultant oligomer. It was also necessary
to move the position of the photo-cross-link away
from the branch point (vertex) to the center of the
side in azide-modified oligonucleotide ODN-2Z and
DIBO-modified oligonucleotide ODN-2DIBO, to enable
cyclization of the branched construct. The branch
appears to cause fraying of the duplex at the vertex,
thus preventing the CNVK moiety from intercalating
and forming the photo-cross-link. Consequently, when
CNVK was placed at the vertex, little or no cyclization
occurred (data not shown). PCL hexagons were lyoph-
ilized individually, then combined in 0.6 M NaCl (5 μM).
The cross-linking reactions were simply incubated at
room temperature for at least 1 h, during which time
the desired dimer, trimer, or oligomer formed in high
yield (Figure 3c, Supporting Figure S10). It was impor-
tant not to lyophilize azide- and DIBO-modified

hexagons together, as high concentration can cause
non-templated SPAAC reactions to occur.

Higher order dimeric, trimeric, and oligomeric na-
nostructures were successfully purified by denaturing
PAGE (Figure 3c, Supporting Figure S10), highlighting
their excellent stability. Surprisingly, the normally
highly efficient CuAAC click reaction was very ineffi-
cient in this context compared to SPAAC. No cross-linking
was observed between azide-modified branched hexa-
gon Z-CH and the terminal alkyne-modified hexagon
analogue of DIBO-CH (K-CH) in the copper-catalyzed
reaction (Supporting Information S1.1.7, Supporting Fig-
ure S12b), despite efficient hybridization (Supporting
Figure S13). Only moderate cross-linking was observed
between oligonucleotides ODN-2Z and the terminal
alkyne analogue of ODN-2DIBO (ODN-2K) (Supporting
Figure S12a). This is further evidence of the remarkable
efficacy of the DNA-templated SPAAC fixation method,
which works well even under these demanding condi-
tions, where CuAAC fails.

AFM tapping mode imaging (Figure 4a, Supporting
Figure S14) and cross-sectional analysis of the purified
dimeric construct show pairs of cyclic structures, con-
sistent in size and shape with the hexagon dimer
structure. Both methods of trimer formation (trimer 1:
2� Z-CHþ DIBO2-CH; trimer 2: 2� DIBO-CHþ Z2-CH)
a4fforded predominantly linear trimeric structures
as designed (Figure 4b, Supporting Figures S15, 16).

Figure 3. Branched hexagons, modular construction of copper-free click-fixed nanoarrays, and photolytic deconstruction.
(a) Formation of hexagon trimer: hybridization of branches followed by rapid, templated ring-strain-promoted click fixation.
(b) Azidohexanoyl-labeled amino-C6-dT nucleoside, 2, and 5-propargyl-DIBO-dU nucleotide, 3. (c) Preparative denaturing
polyacrylamide gel (5%) of dimeric and trimeric nanostructures. Lane 1: construction of dimer (present as two close running
bands due to DIBO-azide triazole adduct isomeric forms, Supporting Figure S9). Lane 2: construction of trimer 1 (two Z-CH
hexagons and oneDIBO2-CH hexagon). Lane 3: construction of trimer 2 (twoDIBO-CHhexagons and one Z2-CH hexagon). See
Supporting Figure S10 for full image. (d) Analytical denaturing polyacrylamide gel (6%) of trimer deconstruction by
irradiation. Trimer 1 (left), trimer 1 deconstruction (right), showing SPAAC duplex (ODN-1�2) and individual oligonucleotides
ODN-3�ODN-6, formeddue to destruction of PCLs. See Supporting Figure S11 for full image. Red circles indicate photo-cross-
links, black dots indicate uncross-linked CNVK nucleotides, and pentagons indicate SPAAC cross-links. Z and D indicate azide-
modified and DIBO-modified hexagons Z-CH and DIBO-CH, respectively. Z2 and D2 indicate diazide- and di-DIBO-modified
hexagons Z2-CH and DIBO2-CH, respectively.
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DNA structure height was 0.7�0.9 nm, consistent
with that of a single duplex imaged in tapping mode
in air.40

Oligomers (up to 300 nm) and a cyclic oligomer
were also formed simply by incubation of Z2-CH and
DIBO2-CH in solution at room temperature and were
isolated by gel purification. Individual hexagons in
these oligomers could be distinguished and counted
(Supporting Figure S17). Longer oligomers/polymers
of 150�400 nm or greater in length were obtained
by a two-step anneal process (Supporting Information
S1.1.5, Supporting Figures S18, 19). All hexagons and
higher order structures, including the longest oligomers,
were completely soluble in water or aqueous buffer.

In addition to nanostructure stability, addressabil-
ity, and orthogonality of cross-linking methods, rever-
sibility is also a valuable feature of this photochemical
cross-linking method. Networks and arrays may be
constructed and then selectively deconstructed by
irradiation at 312 nm, while leaving nonphotochem-
ical cross-links and the constituent oligonucleotides
undamaged. To demonstrate this, we irradiated tri-
mer 1 in 50% aqueous formamide at 302 nm (UV
transilluminator) at room temperature. Irradiation for
5 min was sufficient to destroy all photochemical
cross-links (Figure 3d, Supporting Figure S11), leaving
SPAAC cross-links and the oligonucleotides intact.
The SPAAC cross-linked duplex product runs as two
distinct bands on denaturing polyacrylamide gel
due to triazole regioisomers as previously described
(Supporting Figure S9). The separation is far greater

than for the hexagon dimer (Figure 3c), as expected for
a small duplex.

CONCLUSION

The combination of photochemical and SPAAC in-
terstrand cross-linking is a powerful and versatile
chemical tool for formation of high-order DNA nano-
structures. This two-pronged approach allows for con-
struction and purification of discrete nanostructure
units, which may be easily combined for controlled
assembly of larger nanoconstructs. These chemically
fixed DNA structures are stable to heat and denaturing
agents, can be addressed in a sequence-specific man-
nerwith DNA triplex forming oligonucleotides, and can
be selectively deconstructed by irradiation. This photo-
chemical cross-linking method should also be applic-
able to fixation of DNAorigami via CNVK-modified staple
strands, due to its high efficiency in such a sterically
demanding environment. The combination of reversi-
ble and irreversible orthogonal fixation strategies and
robust, specific building blocks leads the way toward
clearly defined, designer, functional DNA nanoarchitec-
tures with a high density of information storage (e.g.,
triplex binding sites, restriction enzyme digestion
sites, incorporation of dyes, biotin, or other chemical
moieties). There are exciting prospects for this metho-
dology in DNA nanotechnology applications, such as
dynamic DNA strand replacement reactions,41 and
applications in DNA nanodevices,1,42,43 DNA-templated
polymer synthesis,44,45 and the developing field of DNA
nanobioelectronics.46,47

METHODS
Buffer Systems. 1� TBE buffer: 89 mM Tris, 89 mM boric acid,

3.2 mM EDTA, pH 8. AFM loading buffer: 10 mM HEPES, 5 mM
NiCl2, pH 7.58.

Gel Electrophoresis. Analytical and preparative denaturing
polyacrylamide gels (5�10%) containing 7 M urea were run in
1� TBE buffer for 1.5�2.5 h at 20 W and visualized by UV
shadowing or by transillumination (302 nm) after staining with
SyBr Gold nucleic acid stain (Invitrogen).

Fluorescence Nanoconstruct Melting. Fluorescence melting was
performed on a Roche LightCycler 1.5 instrument in LightCycler

glass capillaries (20 μL) in triplicate using Roche LightCycler
software v3.5.48 Samples were excited at 488 nm, and change in
fluorescence was monitored at 520 nm. For each experiment,
4.5 μL of a 5 μMmaster solution of the unlabeled PCL hexamer
or a combination of 4.5 μL of 5 μM master solutions of ODN-
1�ODN-6 was lyophilized. Samples were resuspended to a
concentration of 0.25 μM in 90 μL of a solution containing
27.44 μL of 20� SyBr Green I solution (dilution from 10 000�
concentrate in DMSO with 10 mM sodium phosphate, 500 mM
NaCl buffer, pH 7.0) and either 62.56 μL of buffer, 44.56 μL of
buffer þ 18 μL of formamide, or 26.56 μL of buffer þ 36 μL of

Figure 4. Analysis of dimeric and trimeric DNA hexagon nanostructures. AFM images and cross-sectional analyses. (a)
Hexagon dimer. (b) Hexagon trimer 1. Red circles indicate photo-cross-links, and pentagons indicate SPAAC cross-links. Z, D,
and D2 indicate Z-CH, DIBO-CH, and DIBO2-CH, respectively. Scale bars: 50 nm. Yellow, blue, and pink arrows indicate the ends,
peaks (hexagon center), and troughs (interhexagonduplex) of oligomers, respectively. Nanostructuredimensionmeasurements
are consistent with calculated values (Supporting Figures S14�15). See Supporting Figure S16 for trimer 2 AFM image analysis.
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formamide to give solutions containing 12 μM SyBr Green I
(approximately 48 equiv per construct) and 0, 20, and 40% v/v
formamide. Samples were denatured by fast heating to 95 �C
and held at 95 �C for 5 min. Samples were annealed by slow
cooling to 30 at 0.2 �C min�1, incubated at 30 �C for 60 min,
then melted by slow heating to 95 at 0.2 �C min�1, followed
by incubation at 95 �C for 10 min to equilibrate. Fluorescence
was measured at 1 �C intervals. SyBr Green I concentration for
commercially available 10 000� concentrate in DMSO has been
determined to be approximately 19.6 mM.49

Triplex Nanoconstruct Targeting. Fluorescence measurements
were performed in triplicate on a Perkin-Elmer LS 50 B lumines-
cence spectrometer, in a Hellma SUPRASIL synthetic quartz
fluorescence cuvette (10 mm path length), using the “Intensity”
and “TimeDrive” functions in FLWinLab software, in single-read
mode. Samples of each target were suspended in buffer
(10 mM sodium acetate, 200 mM NaCl, pH 5.5) to a concen-
tration of 16 pmol in 158 μL, and fluorescence emission was
measured. Samples were excited at 555 nm, and emission
was monitored at 568 nmwith excitation/emission slit widths
of 7.0/8.0 nm and 5 s average integration time, at 20 �C
(average of 6 sequential readings, taken after equilibration).
The fluorescence time course was started on addition and
mixing of TFO (160 pmol in 2 μL), measuring fluorescence
at 60 s intervals with the above settings, for 30 min. Final
concentration: 0.1 nM Cy3-target, 1 nM TFO. Preparation of
non-photo-cross-linked samples is described in the Support-
ing Information, S1.1.10.

Atomic Force Microscopy. AFM images were acquired on a
Multimode AFM with a Nanoscope III controller in tapping
mode. Imaging was performed in air. Samples were dissolved
to a concentration of 5 nM for dimer and trimers. Concentration
of oligomer was less than 5 nM (varied depending on oligomer
length). A volume of 10 μL of sample in AFM loading buffer
was applied to a freshly cleaved mica surface and incubated for
5�8 min (typically 6 min). Unadsorbed material and salt were
washed off gently with ultrapure water from an Elga UHQ-II
water purification system (18.2 MΩ 3 cm resistivity). The surface
was dried immediately under compressed air. Forcemodulation
point probes (Nanoworld, k = 2.8 N m1�) were used, with a
resonance frequency of 75 kHz and typical radius of curvature of
less than 8 nm. The amplitude set point was varied from 0.38 to
0.50 V, with a scanning frequency of 1.5�2.4 Hz. AFM raw data
were processed using Bruker NanoScope Analysis 1.4 software
and leveled using a third-order plane fit, and cross-sectional
analysis and nanostructure measurements (average of 20 in-
dividual constructs) were obtained using the freeware program
WSxM (Nanotec Electronica).50
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