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D
eciphering complex biological
events at the molecular level re-
quires adequate tools to visualize

and track interacting biomolecules. Fluores-

cent labeling of biomolecules is desirable

due to the potential for fast signal acquisi-

tion, high sensitivity and suitability for mul-

tiplex assaying by using fluorophores that

emit at different wavelengths.1 While com-

monly used small dye molecules offer tun-

ability in spectral and physical characteris-

tics, their relatively low brightness, defined

as the product of the molar extinction coef-

ficient (ε) and the fluorescence quantum

yield (�f), complicates the use of such dyes

in demanding applications such as single

molecule detection.

Arrangement of multiple dye molecules

into arrays, on the other hand, can dramati-

cally improve the efficiency of light absorp-

tion and also provide efficient energy trans-

fer pathways, allowing fine-tuning of the

emission wavelength. The challenge in de-

veloping such multichromophore arrays is

positioning the fluorophores at predefined

spatial positions that prevent self-

quenching but promote energy transfer.

Nature has already solved this problem in

the form of the phycobiliproteins found in

photosynthetic cyanobacteria. The protein

matrix of these structures encapsulates

multiple bilin chromophores with sufficient

spatial separation to prevent self-

quenching, allowing efficient light harvest-

ing and energy transfer to the reaction cen-

ter protein.2 However, once decoupled

from the reaction center, phycobiliproteins

become intensely fluorescent with bright-

ness values that are 10�100-fold greater

than other fluorescent proteins (e.g., GFP)

and commonly used fluorescent dyes such

as fluorescein or Cy3.

Synthetic mimics of the phycobilipro-
teins have focused on dendrimers3 or rigid
�-conjugated spacers4,5 as templates for co-
valent attachment of fluorophores at de-
fined distances. While these systems effi-
ciently harvest light and permit vectorial
energy transfer, they have not found appli-
cations as fluorescent labels, possibly be-
cause of their large molecular weights and
complex syntheses. Oligonucleotides have
also been used as scaffolds for multiple co-
valent attachment of fluorescent dyes,
where the phosphate backbone acts as a
tunable spacer for the fluorophores, lead-
ing to energy transfer tags with multicolor
labeling potential.6�8 As in the nonbiologi-
cal scaffolds, considerable synthetic exper-
tise is required for assembly of these cova-
lent DNA-based assemblies.

Recently, we reported a novel noncova-
lent approach to create DNA-templated
multichromophore arrays with much higher
extinction coefficients and efficient energy
transfer capabilities relative to systems in-
volving covalently attached dyes.9 The DNA
template consisted of a branched
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ABSTRACT Progress in fluorescence detection and imaging technologies depends on the availability of

fluorescent labels with strong light absorption/emission characteristics. We have synthesized intercalator dye

arrays on a compact 3-dimensional DNA-tetrahedron nanostructure. The template tolerates the structural

distortions introduced by intercalation and allows concentration of multiple fluorophores within a small volume,

resulting in brightly fluorescent nanotags with effective extinction coefficients in the order of 106 M�1 cm�1.

Efficient energy transfer from intercalated donor dyes to covalently attached acceptor dyes in the nanotags allows

the emission wavelength to be shifted to the red relative to the excitation light, providing wavelength tunability.

The compact nature of the supramolecular DNA tetrahedron also provides a protective medium for the

fluorophores, leading to improved photostability and enhanced resistance to nuclease digestion, relative to one-

or two-dimensional nanotags described previously.

KEYWORDS: DNA nanostructures · fluorescent labels · energy transfer ·
supramolecular assembly · intercalation
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2-dimensional nanostructure assembled by hybridizing
three or more partially complementary strands via
Watson�Crick base pairing.10 These DNA nanostruc-
tures served as templates for the assembly of multiple
intercalating dyes in a way which concentrated the flu-
orophores in a small, well-defined region. The inherent
steric constraints imposed by the DNA double helix re-
strict the placement of intercalating dyes to distances
and orientations that prevent self-quenching, yet the
compact structure of the nanotag allows efficient en-
ergy transfer to remote acceptor groups, resulting in
bright multichromophore assemblies we termed “DNA
nanotags”. In the current study we extended this ap-
proach to a more compact 3-dimensional assembly
based on a tetrahedron (TH) nanostructure.11,12 The TH
nanotag resulting from loading with fluorescent inter-
calating dyes exhibited several improvements over
lower-dimensional analogues, including higher density
of fluorophores without significantly compromised
brightness, improved photostability, and good resis-
tance to degradation by nuclease enzymes.

RESULTS AND DISCUSSION
Nanotag Design. TH nanotags were assembled by the

incubation of intercalating dyes with tetrahedron nano-
structures, which were prepared via a high-yield, single-
step synthesis originally reported by Turberfield and co-
workers.11,12 As shown in Figure 1, four oligonucleotide
strands with partially complementary sequences can
self-assemble into a tetrahedron consistingof102Wat-
son�Crick base pairs. The six edges are 17 base pairs in

length and are connected by
“hinges” consisting of two
unpaired nucleotides that en-
sure sufficient flexibility to
form the tetrahedron. The
double-stranded edges of the
tetrahedron provide thebind-
ing sites for the light-harvest-
ing pintercalating dyes. YOYO-
1, the bisintercalating dimer
of oxazole yellow,13,14 was
chosen as the intercalator dye
because of its high affinity for
double-stranded DNA, its
high extinction coefficient
of 98900 M�1 cm�1, and
its fluorogenic properties.15

Figure 2 compares linear
(1D), branched 3-way junc-
tion (2D), and tetrahedron
(3D) DNA nanotags and illus-
trates the compact nature of
the TH. The approximate
length of each edge of the
TH is 8.5 nm, calculated by as-
suming that 8 intercalating

chromophores bind to the 17 bp-long edge.

Nanotag Assembly and Characterization. According to the

neighbor exclusion principle,16 intercalation density

should saturate at one intercalator for every two base

pairs due to steric constraints imposed by the DNA,

which must be stretched and unwound to create an in-

tercalation site. Thus, full saturation of the DNA should

occur when half of the binding sites are occupied. In

theory, the 102 base pairs in the TH should accommo-

date up to 51 intercalator dyes, or 25 YOYO-1 mol-

ecules. However, given the odd number of base pairs

Figure 1. Assembly of DNA-tetrahedron (TH) nanotags. Four strands with partially complementary se-
quences form the DNA-tetrahedron nanostructure template for the self-assembly of intercalator dyes.
Black sections represent two-nucleotide long, single-stranded hinges. DNA strand sequences are given
in the Methods section.

Figure 2. Fluorescent nanotags based on linear (1D), 3-way-
junction (2D), and tetrahedron (3D) DNA nanostructures and
intercalating dyes (drawn to scale). Scale bar corresponds
to ca. 8.5 nm in actual constructs.
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in each edge and the symmetry of the tetrahedron
nanostructure, it is likely that only 4 bisintercalators
bind per edge, giving 48 total intercalated
chromophores.

The DNA nanostructures were assembled by a
simple thermal annealing process. Figure 3 illustrates
UV melting curves recorded for the three structures
with and without saturating amounts of the bisinterca-
lating dye YOYO-1. While the branched 3WJ structure
exhibits a broad low temperature transition in the ab-
sence of YOYO-1, all three nanostructures undergo co-
operative melting transitions in the presence of the dye.
Moreover, intercalation of YOYO-1 increases the ther-
mal stability of the DNA structures by approximately the
same amount, regardless of the dimensionality of the
nanostructure. These results indicate that the DNA-dye
nanostructures are fully assembled at room
temperature.

The impact of the intercalating dye on the TH nano-
structure was also examined by nondenaturing gel elec-
trophoresis. The TH migrates as a single band through
the gel, even when the intercalator dye is added before
electrophoresis (Figure 4). This indicates that the 3D
nanostructure is preserved in the presence of the dye.
Interestingly, the mobility of the TH is unchanged by in-
tercalation of YOYO-1, whereas the linear and 3WJ
DNA mobilities are retarded by the dye.

Optical Spectroscopy. Figure 5 illustrates the UV�vis ab-
sorbance spectra recorded for YOYO-1 in the presence
of the linear, branched, and TH nanostructures. The un-
bound dye has maximum absorbance at 450 nm with
a weaker band at 488 nm, but the situation is reversed
in the presence of DNA. This is because the unbound
dye adopts a collapsed conformation in which the two
chromophores are stacked into an “H”-dimer structure.
Intercalation into DNA separates the chromophores and
restores the monomer spectrum. The hypochromic ef-
fect is also characteristic of intercalated dye and the
similarity among the three spectra indicates compa-
rable amounts of bound dye, regardless of the dimen-
sionality of the DNA template. While the binding con-
stant of YOYO-1 for linear DNA has not been reported,
we expect Kb � 109 M�1, based on the binding constant
for the monointercalating YO-PRO-117 and prior work

on a bisintercalating ethidium dye.18 Thus, virtually all

of the dye should be bound under these conditions.

The nanostructure concentration was 50 nM and the

absorbance was 0.09, giving an extinction coefficient

of � � 1.8 � 106 M�1 cm�1 at 488 nm. This is compa-

rable to phycobiliproteins and approximately 30-fold

greater than enhanced GFP.19

Although the absorption spectra of the intercalator

dye in the presence of the three nanostructures are

similar, significant differences are observed in the re-

spective fluorescence intensities (Figure 6). As the dye

is titrated into a solution of the DNA nanostructure,

the fluorescence is consistently weaker for the TH and

levels off at a lower concentration. Intermediate behav-

ior is observed for the 2D branched nanostructure.

(Similar results were obtained in flow cytometry experi-

ments described in Supporting Information.) All three

DNA templates have similar sequence composition

(47�48% GC) so the difference in fluorescence inten-

sity is unlikely to be due to the known sequence depen-

dence of fluorescence quantum yield for this dye.20 An

alternative possibility is that one or more of the chro-

mophores insert into the junction regions linking differ-

ent helices in the 2- and 3-D structures. Since these

dyes will not be as constrained as a fully intercalated

dye, the quantum yield would be expected to be lower.

In addition, such dyes could serve as traps for energy

migrating through the assembly, further reducing the

Figure 4. Visualization of YOYO-1 intercalation on agarose gel.
Shown are TH, 3WJ, and linear nanostructures (a) loaded with
YOYO-1 and incubated for 1 h prior to electrophoresis, and (b)
electrophoresed in the absence of YOYO-1 and then stained with
ethidium bromide.

Figure 3. UV-melting curves recorded for tetrahedron (TH) DNA in the absence and presence of YOYO-1. [DNA] � 50 nM nanostruc-
ture, [YOYO-1] � 1.3 �M (i.e., approx 1 bis-intercalator dye per 4 base pairs).
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overall intensity. Regardless of the origin, the diminu-
tion in fluorescence is not that large. Taking the quan-
tum yield for fluorescence in linear DNA to be approxi-
mately 0.5,20 the corresponding value for the TH is still
0.3, giving a brightness (ε � �f) of 5.4 � 105 M�1 cm�1.
This is 16 times greater than enhanced GFP and within a
factor of 3 of R-phycoerythrin.

Energy Transfer Experiments. In flow cytometry and fluo-
rescence microscopy, it is useful to have labels that fluo-
resce in different colors but that can be excited at the
same wavelength, such that different populations can
be distinguished while using the same light source. Sys-
tems in which energy can be transferred from donor
to acceptor molecules through energy transfer (ET) are
suitable candidates for such multicolor labeling.21 One
of the most appealing features of the 2-D nanotags we
reported previously was the highly efficient ET from in-
tercalated YOYO-1 to terminal acceptor dyes such as

Cy3 or WellRed-D2. We performed similar experiments
with the TH nanotags by attaching 1�4 Cy3 acceptor
dyes to the 5=-termini of the DNA strands, which posi-
tions them at the helix junction points on the tetrahe-
dron (Figure 7). Fluorescence spectra demonstrate that
the ET efficiency increases monotonically with the num-
ber of Cy3 acceptors, reaching a maximum of 95% (Fig-
ure 8). However, even a single Cy3 is able to quench
52% of the donor emission.

Such a high ET efficiency is likely due to the com-
pact nature of the TH, which localizes all intercalated
dye molecules within a diameter of less than 10 nm,
similar to the critical transfer distance of 7.3 nm for the
YOYO-1/Cy3 pair assuming ET occurs via the Förster di-
pole coupling mechanism. (YOYO-1 that is bound very
close to a Cy3 acceptor might also undergo ET via an ex-
change mechanism.) In addition, energy migration
among the cointercalated chromophores is also pos-
sible,22 particularly within a given edge of the TH, al-

Figure 5. Comparison of absorbance spectra of YOYO-1 in
the presence of TH, 3WJ, and linear nanostructures, and free
YOYO-1. A 50 nM portion of DNA nanostructure was mixed
with 1.28 �M YOYO-1 (i.e., one bisintercalator dye per 4 DNA
bps); spectra were acquired after 1 h incubation at room
temperature. Error bars reflect the standard deviation of
three independent measurements.

Figure 6. Change in the fluorescence intensity of YOYO-1
bound to TH, 3WJ, and linear DNA nanostructures by in-
creasing ratio of intercalator dyes per base pair. Samples
containing 5.1 �M base pairs DNA (50 nM nanostructure)
were titrated with 0.2 �M aliquots of YOYO-1.

Figure 7. Schematic description of ET in a tetrahedron nan-
otag loaded with YOYO-1 intercalated dyes and covalently
attached Cy3 acceptor dyes.

Figure 8. Fluorescence emission of TH nanotags with 0�4
covalently attached Cy3 molecules. Spectra acquired by ex-
citation at 440 nm. Samples contained 50 nM DNA tetrahe-
dron and 1.28 �M YOYO-1. ET efficiencies given in legend
were determined by the % decrease in the YOYO-1 emission
at 509 nm.
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though the twist of the DNA helix might minimize this
process for adjacent dyes. Thus, the TH acts as an an-
tenna to harvest light with very strong efficiency and
transfers the excitation to a lower energy acceptor dye
at a nearby helix junction. This indicates that TH nano-
tags with and without the Cy3 acceptor dyes can be
used to label two different species of interest, while be-
ing excitable at the same wavelength, as we previ-
ously demonstrated for a 3WJ nanotag.9

To demonstrate a potential application of these fluo-
rescent TH nanotags, streptavidin-functionalized poly-
styrene beads were coated with TH nanotags using a
biotin molecule covalently attached to the 5=-terminus
of one of the DNA strands. As shown in Figure 9,
YOYO-1 saturated DNA-TH can act as a bright label.
Beads were nonfluorescent when they were unmodi-
fied or when they were coated with biotinylated TH
nanostructures without the intercalator dyes (curves A
and B). Adding YOYO-1 to the beads in the absence of
DNA led to significant fluorescence, presumably due to
nonspecific interactions between the dye and either
the streptavidin protein or the polystyrene bead (curve
C). Interestingly, addition of nonbiotinylated DNA and
YOYO-1 gave the same result as YOYO-1 alone, indicat-
ing better binding of the dye to the beads than to the
low concentration of free DNA (curve D). However, the
beads became 10-fold brighter when they were coated
with the biotinylated, YOYO-1 loaded TH-nanotags.
The amount of dye and DNA present in experiments D
and E are the same, yet the fluorescence is 10-fold
higher in the latter. This suggests that immobilizing
the DNA on the bead leads to higher effective concen-
trations, which competes more effectively with the
bead for the dye than when the TH is diluted at nano-
molar concentrations into the surrounding solution.
Meanwhile, the increase in brightness is indicative of a
higher quantum yield for DNA-intercalated versus
polymer-adsorbed dye and shows that these noncova-
lent assemblies are sufficiently stable to allow labeling
of polymer beads commonly used in flow cytometry-
based diagnostics assays.

Photostability Studies. One critical parameter for effec-
tive use of fluorescent labels in imaging applications is
the photostability of the fluorophores. Stable fluores-
cence intensity is desired for applications requiring long
irradiations such as single molecule spectroscopy or
fluorescence imaging of low abundance species. Cya-
nine dyes are known to undergo photobleaching via re-
action with singlet oxygen, which is produced by a
small fraction of the dye excited-state that intersystem
crosses to the triplet manifold.23�25 The TH nanotags
were expected to minimize this reaction path by virtue
of intercalation of the dyes into the DNA matrix, which
should not only restrict access of molecular oxygen to
the dye excited state, but also hinder reaction with any
singlet oxygen that does get produced. Prior work by
Kanony and co-workers showed that DNA-intercalated

oxazole yellow dyes were less prone to reaction with
singlet oxygen and were found to exhibit slower decay
of fluorescence intensity under prolonged irradiation, in
comparison to fluorophores which were free in solution.26

We compared the photostabilities of YOYO-1 inter-
calated in linear (1D) and TH (3D) nanostructures. As
shown in Figure 10, the TH-intercalated dye underwent
less than 5% decrease in fluorescence intensity after
50 min of irradiation with a Hg arc lamp. In contrast,
nearly 30% of the fluorescence was lost from dye that
was intercalated into the linear DNA template. Interest-
ingly, the dye absorption spectrum was not perturbed
by the irradiation, even in the linear DNA experiment
where a substantial decrease in fluorescence intensity
was observed (data not shown). This indicates that the
loss of fluorescence shown in Figure 10 is due to dam-

Figure 9. Flow cytometry analysis of TH-labeled streptavidin-
coated polystyrene beads. Empty beads (A) and beads coated
with biotinylated TH without YOYO-1 (B) exhibited background
fluorescence/light scattering only. Nonspecific interaction of
YOYO-1 with the beads led to modest fluorescence, even in the
presence of free DNA TH (C and D). When beads were coated with
biotinylated TH nanotags intercalated with YOYO-1 (E), 10-fold
greater intensity was obtained.

Figure 10. Comparison of photostability of YOYO-1 in-
tercalated to TH and linear DNA templates. Fluorescence
intensity at emission maximum of YOYO-1 (509 nm) was
recorded initially and after every 10 min irradiation with
visible light.
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age to the DNA template rather than to the dye. Kanony

and co-workers made similar observations and attrib-

uted it to photoinduced oxidation of the DNA, specifi-

cally at guanine residues.26 The oxidized guanines can

then serve as electron transfer quenchers of the dye, re-

sulting in decreased fluorescence intensity without

photobleaching of the dye. The ability of the TH nano-

structure to resist photodamage is a significant advan-

tage relative to a linear DNA template and will be the

subject of further study.

Biochemical Stability. To more precisely define the

range of conditions in which DNA nanotags can be

used as fluorescent labels, we investigated the bio-

chemical stability of these noncovalent assemblies.

While the TH nanotags exhibit excellent photostability,

it is also possible that the DNA backbone could be de-

graded by nuclease enzymes that are present in biologi-

cal samples. This would release the dyes into solution

and diminish the fluorescence brightness of whatever

was labeled by the nanotag.

Previous studies have shown that bisintercalating

dyes improve the stability of a DNA duplex against endo-

nuclease degradation, presumably because of the length-

ening and unwinding of the duplex that occurs in re-

sponse to intercalation.27 Hence, TH nanotags were also

expected to be less prone to hydrolysis by nuclease en-

zymes. This was verified by monitoring the fluorescence

intensity of the nanotags treated with endo- (DNase I) or

exonuclease (Exo III) before or after loading with interca-

lator dyes. As shown in Figure 11, TH nanostructures

loaded with intercalators prior to exposure to the en-

zyme (i.e., “preloaded” samples) retained significantly

higher fluorescence for both nucleases, consistent with a

protective effect of the intercalator dye.

The susceptibility of the DNA to enzymatic degrada-

tion was also compared for nanotags of different di-

mensionalities. As shown in Figure 12, the 3D TH nano-

tag was significantly more resistant than the other two

against the endonuclease (DNase I), likely because of
the significantly shorter edges of the more compact TH
nanostructure. Meanwhile Exo III, which attacks the 3=
end of the DNA strand and removes one nucleotide at
a time, also exhibited lower activity against the TH than
the 3WJ and comparable activity with the linear nano-
structure, despite the fact that there are more 3=-termini
in the TH than the 3WJ and linear nanostructures (4 ver-
sus 3 and 2, respectively). Note that in practical applica-
tions, exonuclease activity can be further inhibited if the
strands are designed in a way that allows ligation of ad-
jacent termini12 or by using terminal modifications
such as phosphorothioates. The improved resistance
to nuclease degradation for the TH nanostructure could
allow for use in analyzing complex biological samples
without having to purify or otherwise treat the sample
prior to analysis by flow cytometry or spectroscopy.

DISCUSSION
Research in the past decade has redefined the funda-

mental biomolecule DNA as a unique nanoconstruction

Figure 11. Fluorescence spectra of TH-nanostructures digested with nuclease enzyme either in the absence (“preloaded”) or
presence (“postloaded”) of YOYO-1, in comparison to nanotags which were not treated with nucleases. The greater fluores-
cence retained by TH-nanostructures digested in the presence of the dye indicates that intercalation protects the DNA from en-
zymatic degradation.

Figure 12. Loss of fluorescence due to digestion with DNase
I (black) or Exo III (red) for different DNA nanotags. All
samples were preloaded with a saturating amount of the bis-
intercalator dye YOYO-1 prior to enzymatic digestion.
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material.11,12,28�32 Various rational design approaches
have led to DNA nanostructures of different dimensional-
ities and potential functions. We previously chose to in-
duce fluorescent dye assembly on a two-dimensional 3WJ
nanostructure to create bright fluorescent nanotags.9

With our current research we extended this idea into
three dimensions by using a DNA tetrahedron (TH)
nanostructure11,12 as a template for assembly of an inter-
calating cyanine dye array. In addition to providing a
more compact structure, the 3D TH nanotag exhibits sub-
stantial improvements in both photo- and biochemical
stability.

In assembling the TH nanotag, some concern arose
as to whether the constrained DNA nanostructure
would be capable of accommodating a large number
of intercalating dyes. The intercalation process imposes
considerable strain on the DNA structure, which must
extend and unwind to create a binding pocket for each
dye.33 In the case of linear and branched templates,
each arm of the DNA nanostructure can simply extend
further from the core and binding up to the expected
saturation point of two base pairs/intercalator is ob-
served. It was not clear how the 3D tetrahedral tem-
plate would respond to the bisintercalating dye, but as
shown in Figures 5 and 6, a substantial amount of dye is
bound by the DNA, and gel electrophoresis indicates
that the tetrahedron remains intact after addition of the
dye (Figure 4). Although fluorescence titrations sug-
gest that the DNA saturates at approximately three
base pairs/intercalator (Figure 6), the UV�vis absorp-
tion spectra (Figure 5) indicate that the amount of
bound dye is similar for the linear, branched, and tetra-
hedral templates. Therefore, the difference in fluores-
cence intensity observed in Figure 6 appears to be due
to a lower average quantum yield for the dye bound to
the TH compared with the linear and 3WJ templates,
which could reflect binding of some oxazole yellow
groups in the hinge regions at the TH vertices.

The minor (ca. 1.8-fold) loss of brightness on assem-
bling the dyes on a 3D template compared with the
1D and 2D analogues is compensated not only by the
more compact structure of the tetrahedron but also by
improvements in both photo- and biochemical stability.
For example, the TH nanotag retains �95% of its initial
fluorescence intensity during prolonged irradiation,
whereas the analogous linear nanotag loses nearly 30%
of its intensity under identical conditions. Whether the
enhanced photostability of the TH nanotag is due to (i)
less efficient singlet oxygen production, (ii) lower inher-

ent reactivity toward singlet oxygen, or (iii) some other
factor remains to be determined.

The 3D tetrahedral nanotag also exhibits impres-
sive resistance to nuclease degradation; thus, the fluo-
rophore binding sites on the DNA template stay intact
and lead to high brightness even after extended incu-
bation with endo- or exonuclease enzymes. These re-
sults indicate that the TH nanotags can be used in com-
plex biological samples, provided that dissociation of
the noncovalently bound dye from the DNA template
does not cause problems, as we observed previously for
2D nanotags based on a 3WJ DNA template.9 Efficient
strategies for covalent attachment of dyes to DNA have
been reported34 and will lead to even more stable nano-
tags that might find use for intracellular imaging and
detection experiments.

On the basis of the evidence provided here with
the tetrahedral DNA scaffold, this novel approach can
be extended to other more compact DNA nanostruc-
tures. Rational design of DNA nanoarchitectures can re-
sult in templates of even higher densities of fluoro-
phore binding sites in relatively small volumes of space,
as in the examples of a 3D octahedron32 and 2D nano-
structures consisting of 8- and 12-armed junctions35 re-
cently reported in the literature. The results obtained
in this study demonstrate that a compact 3D nanostruc-
ture provides a protective environment for the fluoro-
phores, which leads to intense and stable optical sig-
nals. As the ratio of binding sites per unit volume of the
nanostructure increases, brighter and smaller nanotags
can result and find various applications.

Because of the availability of well-established meth-
ods to functionalize DNA for conjugation to antibodies,
proteins, peptides, or other nucleic acids, these nanotags
can be utilized to label and track biomolecules. In that
sense they can find similar applications as the fluores-
cent polymer36 and silica37 nanoparticles that have been
developed for multiplex bioassays. In addition to ease of
synthesis and conjugation to biomolecules, having the
ability to control both the number and the proximity of
fluorophores on a 3D DNA template as opposed to be-
ing embedded irregularly in a matrix will be advanta-
geous. The DNA template also allows rational manipula-
tion of the energy transfer efficiency by varying the
number and location of acceptor fluorophores. Thus, nan-
otags constructed from an intercalating donor and termi-
nal acceptor can yield more than two “colors” by tuning
the ET efficiency over the range from 0�100% and rely-
ing on ratiometric measurements.

METHODS
Materials. DNA oligonucleotides were purchased from Inte-

grated DNA Technologies, Inc. (www.idtdna.com) as lyophilized
powders. Sequences of the DNA oligonucleotides used to gener-
ate tetrahedron, 3WJ, and linear nanostructures are shown
below.

The following sequences were used for the tetrahedron
nanostructure:

TH-S1: 5=-ACATTCCTAAGTCTGAAACATTACAGCTTGCTACACG-
AGAAGAGCCGCCATAGTA-3=.

TH-S2: 5=-TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTA-
ATAGATGCGAGGGTCCAATAC-3.=
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TH-S3: 5=-TCAACTGCCTGGTGATAAAACGACACTACGTGGGAA-
TCTACTATGGCGGCTCTTC-3=.

TH-S4: 5=-TTCAGACTTAGGAATGTGCTTCCCACGTAGTGTCGT-
TTGTATTGGACCCTCGCAT-3=.

The same sequences with biotin conjugated to 5=-end of TH-
S2, and Cy3 conjugated to the 5=-end of TH-S1, TH-S2, TH-S3,
and TH-S4 were also purchased and used for energy transfer and
bead-labeling experiments.

The following sequences were used for the 3WJ
nanostructure:

3WJ-S1: 5=-ACGGACATCTAGGTATCCTGAGCAGGTGGCGAGAGC-
GACGATCCATACAATCAATTGGT GAATGTTAG-3=.

3WJ-S2: 5=-CTAACATTCACCAATTGATTGTATGGATCGTCGCAGA-
GTTGACCGGAAATACGCGCTCAT AACTTGGT-3=.

3WJ-S3: 5=-ACCAAGTTATGAGCGCGTATTTCCGGTCAACTCTTCT-
CGCCACCTGCTCAGGATACCTAG ATGTCCGT-3=.

The following sequences were used for the assembly of lin-
ear nanostructure:

Linear S1: 5=-ACATTCCTAAGTCTGAAGAAGAGCCGCCATAGT-
ATATCACCAGGCAGTTGAGTGTAG CAAGCTGTAATATGCGAGGG-
TCCAATACACGACACTACGTGGGAA-3=.

Linear S2: 5=-TTCCCACGTAGTGTCGTGTATTGGACCCTCGCATAT-
TACAGCTTGCTACACTCAACTGCC TGGTGATATACTATGGCGGC-
TCTTCTTCAGACTTAGGAATGT-3=.

The DNA-intercalating dye YOYO-1 was purchased from Mo-
lecular Probes (now Invitrogen). Streptavidin-coated polysty-
rene beads (6.9 �m diameter) were purchased from Sphero-
tech, Inc. DNase I, and Exo III were purchased from New England
Biolabs. Calf thymus DNA was purchased from Sigma-Aldrich.

Assembly of Fluorescent DNA Tetrahedra (TH) Nanostructures. Solu-
tions of oligonucleotide strands were prepared in 10 mM aque-
ous sodium phosphate buffer (pH � 7.0) and stored at �4 °C.
Varian Cary 3 Bio UV�vis spectrophotometer was used to deter-
mine concentrations. A DNA-solution containing 1.0 �M of each
strand in TM buffer (10 mM Tris, 5 mM MgCl2) was prepared,
heated to 95 °C for 2 min, and cooled in ice bath. YOYO-1 con-
centrations were determined in DNA using a spectrophotome-
ter with � � 98900 M�1 cm�1. Assembled DNA TH nanostruc-
tures were incubated with saturating amounts of YOYO-1 (1 dye:
4 base pairs) for 30 min at room temperature. Fluorescent DNA-
nanostructures were visualized on 1% agarose gel. Melting tem-
peratures were determined by monitoring the absorbance of
50 nM DNA with and without 1.28 �M YOYO-1 at 260 nm while
increasing temperature at a rate of 1 °C/min and then calculating
the first derivative of the resulting melting curve.

Fluorescence Measurements. All fluorescence studies were con-
ducted on a Photon Technologies International fluorimeter. Ti-
tration experiments: 50 nM solutions of DNA TH nanostructures
were titrated with 0.24 �M aliquots of YOYO-1. The spectral
bandwidth for both excitation and emission monochromators
were chosen to be 5 nm. ET experiments: 50 nM solutions of
YOYO-1 saturated, Cy3-labeled DNA TH nanostructures were pre-
pared, where one or more strands had a 5=-conjugated Cy3.
Samples were excited at 430 nm, and fluorescence was mea-
sured from 450�650 nm. ET efficiency (E) was calculated accord-
ing to the formula: E � (1 � FDA)/FD where FDA and FD are the in-
tensities of the donor (YOYO-1) at 509 nm in the presence and
absence of acceptor (Cy3), respectively.

Photostability Experiments. Solutions of 50 nM DNA-TH and calf
thymus DNA having the same base pair concentration (5.1 �M)
saturated with YOYO-1 (4 base pairs per dye) were prepared.
Samples in fluorescence cells were irradiated by a 150 W Hg(Xe)
lamp. A bandpass filter (Oriel, filter no. 59830, 325 nm 	 
 	 525
nm) and a neutral density filter that blocked 90% of the inci-
dent light were placed between the lamp and the sample for se-
lective irradiation. Both absorbance and fluorescence spectra
(excitation at 440 nm, emission at 509 nm) were acquired be-
fore and after every 10 min irradiation and cells were wrapped
in aluminum foil between scans and irradiation to prevent unin-
tentional photobleaching of the dyes.

Nuclease Digestion Experiments. 50 nM DNA (linear, 3WJ or TH) so-
lutions saturated with YOYO-1 were incubated with 6 �L of the
nuclease in 150 �L of final volume of the buffer supplied by the
vendor for 1 h at 37 °C. To determine the effect of the intercala-
tor dye on the nuclease stability, nanostructures were also

treated in the absence of YOYO-1. The digested DNA samples
were then poststained with the same concentration of YOYO-1.
The nuclease activities were calculated as the percent decrease
of the fluorescence intensity at 509 nm after being treated with
the nuclease.

Microbead Labeling with Fluorescent DNA Nanostructures. DNA nano-
structures prepared from biotin containing strands were satu-
rated with YOYO-1. Streptavidin-coated polystyrene beads were
suspended in 50 �L of calcium- and magnesium-free PBS so that
there were 106 beads in the solution. The beads were then incu-
bated with solutions containing 9.3 pmoles of DNA nanotag
(saturated with YOYO-1) for 30 min and washed two times with
150 �L of PBS. Samples were resuspended in 0.6 mL PBS. Labeled
beads were analyzed by fluorescence activated cell sorting
(FACS) using a Coulter Epix Elite flow cytometer (Beckman-
Coulter, Fullerton, CA) equipped with a 488 nm argon-ion laser.
The following dichroic lenses (DL)/band-pass (BP) filters were
used: 550DL/525BP (PMT2), and 600DL/575 BP (PMT3). YOYO-1
was detected in PMT2 channel, and Cy3 was detected in PMT3
channel.
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