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’ INTRODUCTION

Photosynthesis is one of the most fascinating photochemical
events in nature. It is initiated by the absorption of visible light by
antenna units comprised of a large number of pigmentmolecules,
followed by funneling of the excitation energy within the antenna
assembly to a reaction center where optical energy is converted
to chemical energy.1�3 The very high efficiency of natural photo-
synthesis is a consequence of the well-defined organization of a
multitude of chromophores with distinct optical and redox
properties that facilitate the efficient capture of visible light and
the subsequent transfer of the excitation energy. Artificial light-
harvesting systems withmultiple chromophores have been found
to display unidirectional energy transfer4 and may have potential
applications with the conversion of light into chemical potentials.5

Dendrimers have been explored as covalent scaffolds for con-
structing arrays of chromophores that exhibit high energy
transfer rates and directionality; however, it is very difficult to
synthesize monodispersed dendrimers containing a large num-
ber of unique chromophores.6 Self-assembling proteins, such as
tobacco mosaic virus coat protein, have recently been demon-
strated as excellent alternative scaffolds for the construction of
multichromophore artificial light-harvesting antennas, offering the
ability to organize several thousands of chromophores.7�9 However,
it still remains a challenge to organize multiple chromophores

into arrays with well-defined interchromophore distances and
control their relative orientations and the exact ratio of donors to
acceptors, which are the key factors that determine the efficiency
of FRET (F€orster resonance energy transfer).

Structural DNA nanotechnology,10�12 including the DNA
‘origami’ approach,13 has developed to the point that fully ad-
dressable nanoarchitectures of various geometries can be easily
designed and constructed. DNA nanostructures have been used
as scaffolds for the directed self-assembly of many nanomaterials
including nanoparticles,14,15 quantum dots,16,17 carbon nanotubes,18

proteins,19�27 and viral capsids,28 and other functional molecules.29

Modified phosphoramidite building blocks are commercially
available and chemical modification of oligonucleotides is routi-
nely performed with a DNA synthesizer following standard
procedures. Therefore, it is relatively easy to generate chromo-
phore-labeled oligonucleotides for subsequent incorporation
into DNA nanoscaffolds, e.g., through sequence-specific hybri-
dization. The DNA scaffolds are ideal platforms to organize
arrays of multiple chromophores because of their ability to tune
the distance and relative orientation between the chromophores
with remarkable precision. Although there have been reports of
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ABSTRACT: Designing and constructing multichromophoric, arti-
ficial light-harvesting antennas with controlled interchromophore
distances, orientations, and defined donor�acceptor ratios to facil-
itate efficient unidirectional energy transfer is extremely challenging.
Here, we demonstrate the assembly of a series of structurally well-
defined artificial light-harvesting triads based on the principles of
structural DNA nanotechnology. DNA nanotechnology offers ad-
dressable scaffolds for the organization of various functional mol-
ecules with nanometer scale spatial resolution. The triads are
organized by a self-assembled seven-helix DNA bundle (7HB) into
cyclic arrays of three distinct chromophores, reminiscent of natural
photosynthetic systems. The scaffold accommodates a primary
donor array (Py), secondary donor array (Cy3) and an acceptor
(AF) with defined interchromophore distances. Steady-state fluorescence analyses of the triads revealed an efficient, stepwise
funneling of the excitation energy from the primary donor array to the acceptor core through the intermediate donor. The efficiency
of excitation energy transfer and the light-harvesting ability (antenna effect) of the triads was greatly affected by the relative ratio of
the primary to the intermediate donors, as well as on the interchromophore distance. Time-resolved fluorescence analyses by time-
correlated single-photon counting (TCSPC) and streak camera techniques further confirmed the cascading energy transfer
processes on the picosecond time scale. Our results clearly show that DNA nanoscaffolds are promising templates for the design of
artificial photonic antennas with structural characteristics that are ideal for the efficient harvesting and transport of energy.
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the DNA-templated organization of fluorophores into unidirec-
tional photonic wires, it is still a challenge to engineer a large
number of fluorophores into 3D geometries.30

Here we report the DNA-templated design and construction
of a series of discrete and structurally well-defined light-harvest-
ing systems that each consists of three different types of chro-
mophores, organized in a manner similar to the natural light-
harvesting antenna. The unidirectional, stepwise energy transfer
from an array of primary donors to a single acceptor through an
intermediate array of secondary donors is clearly demonstrated by
steady-state and time-resolved spectral analysis. A systematic
study of the effect of donor�acceptor ratios on the efficiency of
FRET is also presented.

’RESULTS AND DISCUSSION

The chromophores used in this study include ethynylpyrene
(Py)31 as the primary donor (λmax,abs = 400 nm, λmax,em = 438 nm),

a cyanine-derived dye (Cy3) as the intermediate donor (λmax,abs =
550 nm, λmax,em = 566 nm), and Alexa Fluor 647 (AF)32 as the
acceptor (λmax,abs = 650 nm, λmax,em = 668 nm) (Figure 1A). The
absorption and emission profiles of the chromophores show well-
separated absorption and emission characteristics (Figure 1B). The
spectra also reveal significant overlap between the emission of Py/
absorption ofCy3, and the emission ofCy3/absorption of AF, with
minimal spectral overlap between Py and AF. The spectral features
of the system enable the selective excitation of distinct chromo-
phores within the self-assembled structure, which is crucial for the
examination of the cascade of energy transfer. A precise arrangement
of the chromophores results in the efficient, unidirectional stepwise
FRET from Py toCy3 and fromCy3 toAF, with a small amount of
direct FRETbetweenPy andAF, especially when they are placed far
apart. Furthermore, the three chromophores collectively absorb
light throughout the entire visible spectrum (from ∼350 nm to
∼700 nm) resembling the natural light-harvesting antenna.

We used a seven-helix bundle (7HB) motif designed by
Seeman and co-workers as the underlying DNA nanoscaffold.33

The schematics shown in Figures 2 and 3 illustrate the cyclic
arrangement of six helices (honeycomb cross-section) around a
protruding central helix. Ring-shaped networks of multiple
chromophores (arrays) with controlled interchromophore dis-
tances are coassembled with the DNA nanoscaffold by incorpor-
ating particular dye-modified oligonucleotides at selected posi-
tions. Multiple arrays of chromophores (triads) are arranged
sequentially to facilitate a stepwise energy transfer cascade from
the primary donor array (cyan) to the acceptor (red) through the
intermediate dye array (orange, Figure 2).

The term “triad” corresponds to particular arrangements of
the three chromophore arrays in the self-assembled DNA
nanostructure. The four triads (T1�T4) used in this study
contain dye ratios (primary donor:intermediate donor:acceptor)
of 6:6:1, 6:3:1, 3:6:1, and 1:1:1, respectively. T1�T4 are
schematically represented in Figure 3 with the corresponding
positions of the dye molecules indicated on the DNA backbone.
For each of the triads in Figure 3, the primary (Py, black sphere)
and the intermediate donors (Cy3, dark green oval) are dis-
tributed among the six helices in the outer ring, and the acceptor
(AF, pink sphere) is attached to the protruding central helix (as
shown in Figure 2). The two arrays of the donor chromophores

Figure 1. (A) Chemical structure of the chromophores used in this study. (B) Normalized absorption (solid line) and emission (dotted line) spectra for
Py (blue),Cy3 (green), and AF (pink) modified DNAs showing the optical spectral overlap. These spectra were obtained using the dye-labeled ssDNA
hybridized to their complementary ssDNA strands (see Figure S9 (Supporting Information) for the spectral data of the dye-labeled ssDNA).

Figure 2. Schematic display of the self-assembled 7-helix bundle (7HB)
nanoscaffold that contains three distinct arrays of chromophores: the
primary donors, the intermediate donors, and the acceptor, represented
by the cyan, orange, and red rings, respectively. Upon excitation of the
primary donor array, a stepwise energy transfer cascade is observed. The
distance (along the helical axes) between the dyes in adjacent arrays is
3.5 base pairs (the half base pair unit arises from the attachment of Cy3
to the sugar�phosphate backbone between two neighboring bases) or
∼1.2 nm. The exact distances between the dyes must be calculated
individually (described in greater detail in Figure S8, Supporting
Information) because of the differences in the attachment method,
either to the base or to the DNA backbone.
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surround the acceptor chromophore with well-controlled inter-
array distances.

In our design, the donor chromophores are attached to the
DNA scaffold relatively rigidly. Py is incorporated into a 20-
deoxyuridine moiety through a rigid and short acetylene linker
(substituting for the 5-H on the deoxyuridine base). Therefore,
the aromatic ring of Py is expected to point toward the major
groove of the corresponding DNA double helix without being
fully exposed to the aqueous environment. Because of the sterics
of the bulky pyrene and the nearby base pairs, the plane of the
aromatic pyrene ring more likely assumes a restricted orienta-
tional distribution with respect to the DNA helix. Cy3 is
integrated within the sugar�phosphate backbone of the DNA
oligonucleotide chain with a fixed orientation, linking the 50-30
ends of the two adjacent nucleotides.34 As a result, its orientation
is aligned with the backbone of the DNA double helix, exhibiting
a well-defined angle with the helical axis.AF is linked to the DNA
on the 50 end through a flexible C5 linker (see Figures S2�S6,
Supporting Information). The attachment of AF to the DNA
nanostructure is considered to be the most flexible among the
three dyes. AlthoughAF is highly charged with the distribution of
charge spread along the periphery of the conjugation, it is still
possible to stack on the end of a nearby DNA helix in a manner
similar to that for cyanine dyes such as Cy3 and Cy5. When these
dyes are attached to the end of double helical DNA, they interact
with the DNA through base-pair stacking,35 or may intercalate
between base pairs. Although a more detailed structural analysis
is required to reveal the exact conformation, static fluorescence
anisotropy measurements revealed that the three dyes attached
to the 7HB DNA nanostructure displayed relatively high anisot-
ropy: Py-0.27, Cy3�0.29, and AF-0.20. These values indicate
that the electric dipoles of the dyes are not allowed to freely
rotate relative to the DNA nanostructure, which is consistent
with the rigid attachment of the dyes to the DNA.

The F€orster distances (R0) between the dyes (Table 1) are
calculated from their spectral overlap, with the assumption that
the dyes behave as point dipoles with a full range of orientations
(i.e., k2 = 2/3).36 This assumption is not valid for our system, as
we have shown that the dipoles of the dyes cannot freely rotate
relative to the DNA nanostructure. However, the calculated R0
values should provide reasonable estimates of the distances neces-
sary for significant energy transfer interactions.

The estimated distances between the dyes in adjacent arrays
and among the dyes in the same array are listed in Figures S7 and
S8. For T1 (Py:Cy3:AF = 6:6:1), the shortest distances between
the Py andCy3 dye molecules are calculated to be in the range of
2.1�2.7 nm, based on the underlying DNA nanostructure and
the rigidity of the dye attachments. This distance range is signi-
ficantly smaller than the calculated F€orster distance for these two
dyes (3.63 nm), and as a result efficient FRET can occur between
neighboring Py and Cy3 pairs. The distance between the single
AF acceptor and the six Cy3 dyes in the adjacent array ranges
from ∼1.8 nm (shortest) to ∼4.5 nm (longest), all of which
are smaller than the F€orster distance between Cy3 and AF
(∼5.93 nm); thus, an efficient FRET between these dyes is also
expected. The two shortest distances between the six Py dyes and
the single AF acceptor are 2.4 and 2.6 nm, which are smaller than
the calculated F€orster distance between these two dyes. How-
ever, the FRET efficiency between Py and AF is expected to be
lower than between the other pairs of dyes. A comparison of the
F€orster distances suggests that the most efficient energy transfer
pathways in each triad are between the neighboring Py/Cy3 and
Cy3/AF pairs.

The Py- and Cy3-modified ssDNAs were created with a DNA
synthesizer (ABI, 394DNA/RNA Synthesizer, Applied Biosystems)
using commercially available phosphoramidites (Glen Research),
purified by reverse phase HPLC (Agilent 1200, equipped with
both UV photodiode detector and automated fraction collector),
and characterized using matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF) mass spectroscopy (Applied

Figure 3. Schematic representation of each triad:T1,T2,T3, andT4 from left to right. The black spheres, dark green ovals, and pink spheres represent
Py, Cy3, and AF, respectively. A simplified representation of each triad is also shown below the corresponding helical schematic, where the colored
circles represent the presence of the dye molecules on the DNA helices.

Table 1. Calculated Spectral Overlap (J) and F€orster Dis-
tances (R0) between the Dyesa

J

(M�1 cm�1 nm4) QY k2
R0

(nm)

Py�Cy3 1.235 � 1015 0.1(Py) 0.66 3.63

Py�AF 5.91 � 1014 0.1(Py) 0.66 3.21

Cy3�AF 1.017 � 1016 0.23(Cy3) 0.66 5.93
aThe emission and excitation spectra of the dyes used for calculating the
spectral overlap (J) and the quantum yields (QY) of the two donor dyes
of Py and Cy3 are measured from individual dyes labeled on the 7HB
structures (100 and 010 constructs). For simplicity, the orientational
factor k2 was assumed to be 2/3 in the calculation for R0.
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Biosystem Voyager System 4320) (see Supporting Information
for sequences and additional characterization details). AF-mod-
ified and all other unmodified DNAs were purchased from
Integrated DNA Technologies (www.idtdna.com) and purified
by denaturing polyacrylamide gel electrophoresis (PAGE). The
DNA nanoscaffold templated triads were constructed by mixing
equimolar amounts of the appropriate DNA strands in 1� TAE
buffer containing ∼63.4 mM of Mg2+ and annealed from 90 �C
to room temperature over 12 h. The formation of the desired
7HB structures was confirmed by nondenaturing polyacrylamide
gel electrophoresis (Native PAGE, 5%), and the bands corre-
sponding to the assembled structures were excised and extracted
from the gels. The purified structures were again analyzed by
Native PAGE and visualized with a fluorescence gel imager
(Typhoon Trio multifunction imager, Amersham Biosciences),
as shown in Figure S1. For all four cases, the designed triads
(T1�T4) migrated as a single, discrete band containing all the
dyemolecules as expected. The relative intensities of the bands in
the fluorescence gel images also reflect the various ratios of dye
molecules in particular structures.

A UV�vis absorption spectrum of each purified structure was
collected by a Jasco V-670 spectrophotometer (shown in
Figure 4A, and Figure S10, Supporting Information). The buffer
solution was used to collect a background signal. On the basis of
the extinction coefficients of the dyes, the concentration of each
sample was found to be in the range of 50�80 nM. Each triad
absorbs throughout the entire visible spectrum (350�700 nm)
with distinct, well separated peaks at 400, 550, and 650 nm,
characteristic of the Py, Cy3, and AF chromophores, respec-
tively. The multidye absorption spectrum contains an essentially
linear combination of the individual spectra, confirming that
there are no ground-state interactions between the chromo-
phores in the self-assembled structures. The formation of in-
tramolecular excimers was not observed, even for those cases in
which pairs of Py or Cy3 dyes within the same array are spaced
very closely (∼0.8 nm). The structures that contain particular
numbers of chromophores are easily distinguished from the
ratios of the characteristic absorbance peaks. The FRET process
for each triad was investigated in detail using both steady-state
and time-resolved fluorescence spectroscopy techniques. The
fluorescence spectrum of a control structure (D1) that resembles
T1 but contains an array of six Py only (with no Cy3 nor AF)
exhibited emission features characteristic of a monomeric Py
(Figure 4B, black trace).

When T1 (with dye ratio of 6:6:1) is excited at 380 nm (the
wavelength ofPy absorption), a drastic quenching ofPy emission
at 438 nm compared to that of D1, and strong emission peaks at
566 and 668 nm that are characteristic of Cy3 and AF, respec-
tively, are observed (Figure 4B, red trace). From this data, the
FRET efficiency, calculated from the decrease in Py emission, is
estimated to be ∼90%. The observed emission from AF upon
photoexcitation of Py is most likely due to the stepwise energy
transfer from the Py array to AF through the intermediate Cy3
array. This is confirmed by the analysis of a dyad control sample
(D2) that is structurally similar to T1, containing six Py and one
AF but lacking the intermediate Cy3 array. D2 exhibited a very
weak emission peak at 668 nm, with the same 380 nm excitation
(shown in Figure S11B, Supporting Information). Although the
direct energy transfer from Py to AF cannot be completely
ignored, its occurrence is significantly reduced in the presence of
the Cy3 array. This is primarily because Cy3 has larger spectral
overlap with both Py andAF and is positionedmore closely toPy
and AF than they are to each other.

The efficiency of energy transfer is strongly influenced by the
ratio of Py to Cy3. For example, T1, with a Py:Cy3 ratio of 6:6
(=1:1), exhibits a remarkable FRET efficiency up to ∼90%. In
the case of T2, with a Py:Cy3 ratio of 6:3 (=2:1), the FRET
efficiency is drastically reduced to∼30%. This may be because of
the decrease in the number of Cy3 in this triad; in the moments
after excitation, only half of the excited Py can find a proximal
Cy3 to relay the energy to, while the other half of Py either have
to relay the energy to a more distant Cy3 via a slower energy
transfer or relax back to the ground state by fluorescence emission
or nonradiative pathways. However, for T3, reversing the Py:Cy3
ratio to 3:6 (=1:2) restores the FRET efficiency to∼90%, similar
to the T1 triad. This implies that the FRET efficiency reaches a
maximum value when the number of intermediate donor Cy3
molecules is maximized. Reducing the number of primary donor
Pymolecules does not have any considerable effects on the energy
transfer efficiency, and only reduces the initial amount of light
absorbed. It is important to note that the FRET efficiency in T4
(Py:Cy3:AF = 1:1:1) is ∼70%, lower than that for T1, even
though both triads have the samePy:Cy3 ratio of 1:1 and the same
distance (shortest) between Py and Cy3. This difference in the
FRET efficiency indicates that the presence of multiple Py and
Cy3 pairs in T1 provides several energy transfer pathways. There-
fore, T1 exhibits energy transfer efficiencies significantly higher
than those of T4, which only contains a single pathway.

Figure 4. (A) Absorption spectrum of T1 (additional absorption spectra are shown in Figure S10). (B) Normalized emission spectra of D1 and
T1�T4, all with excitation at 380 nm. For all samples, the emission spectra were corrected by the PMT detector spectral response file within the
instrument software, and the normalization was done by dividing the emission spectra by the absorption value of each individual sample at 380 nm. The
original raw absorption and emission data are shown in Figures S10 and S11.
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It is important to acknowledge that the expected FRET effi-
ciencies (based on the F€orster distances) are larger than the
measured values, possibly because of orientation effects. The al-
lowed angles and relative orientations between the dipole mo-
ments of the chromophores may not be optimized for the most
efficient energy transfer because of the relatively rigid attachment
of the dyes to the DNA nanostructures. The number of possible
orientations of the dyes is limited by their individual conforma-
tion with respect to the helical axis of the DNA and by their posi-
tion within the DNA helix. In addition, because of the antiparallel
alignment of the complementary strands within each DNA helix,
two dyes labeled on the same DNA strand may assume a 180�
relative orientation when they are separated by a crossover point.
These effects can dramatically decrease the value of k2 (the
orientation effect), thus reducing the observed FRET efficiency.

In addition to evaluating the FRET efficiency of each energy
transfer step, the light-harvesting ability of each triad is deter-
mined by evaluating the so-called “antenna” effect,7a which is
defined as the ratio of the fluorescence intensity of the acceptor
upon excitation of the donor to that of the direct excitation of the
acceptor. The antenna effect indicates an overall increase or
decrease in the acceptor emission resulting from a change in the
donor, whereas the efficiency of energy transfer specifies the
increase or decrease in donor emissionwith a change in the acceptor.
The overall antenna effect (AE1) is calculated using the following
equation: AE1 = IAF,380nm/IAF,620nm, where IAF,380 nm and
IAF,620 nm are the fluorescence intensities of AF upon excitation
of the primary donor (Py) at 380 nm and the direct excitation of
AF at 620 nm. The antenna effect for the second step (AE2) is
calculated according to the following equation: AE2 = IAF,500nm/
IAF,620nm, that compares the fluorescence intensity of AF upon
excitation of the intermediate donor Cy3 at 500 nm to the direct
excitation of AF.

The overall antenna effect for T1 is∼85%, indicating that the
emission of the AF acceptor, after indirect excitation through
stepwise FRET energy transfer from the Py donors, is only
slightly lower than the emission when the acceptor is directly ex-
cited. This result demonstrates that the light-harvesting capabil-
ity of our system is quite efficient. The antenna effect was
negligible for a control construct which contained only the accep-
tor without the primary and intermediate donor arrays, because
380 nm light is not efficiently absorbed by the acceptor.

The antenna effects for triadsT2,T3, andT4were analyzed to
determine the effect of the number of donors on the light-
harvesting ability. T2 and T3 with Py:Cy3:AF ratios of 6:3:1 and
3:6:1 demonstrate comparable antenna effects of ∼43% and
∼47%, respectively, which is about half of the antenna effect of
T1. T2, with six primary donors, initially absorbs the same
amount of light as T1; however, T2 only has three intermediate
donors to relay the energy to the final acceptor (compared to six
intermediated donors in T1), and the result is a decrease in the
antenna effect. While T3 has six intermediate donors to transfer
the energy toAF, the initial amount of light absorbed by the three
Py chromophores is approximately half that of T1, producing a
reduction similar to the antenna effect for T2. The antenna effect
is only ∼16% for T4, which has a single Py and Cy3 donor
molecule. Although the relative number ofPy toCy3 is the same for
T1 and T4, the initial absorption of energy by a single Pymolecule
in T4 results in a significant decrease in the antenna effect.

By definition, the antenna effect is an empirical measure of the
light-harvesting efficiency of a system. It is proportional to the
product of the efficiencies of each energy transfer step, to the

ratio of the extinction coefficients of the donor and the acceptor
at their excitation wavelengths and to the ratio of the number of
donor to acceptor dyes (i.e., the ratio of the excitation photons
absorbed at the different wavelengths). The greater the number
of primary donors to absorb light in the first step of the energy
cascade, the greater the energy available for the downstream
transfer of energy; in addition, the higher the efficiency of the
energy transfer between dyes, the more light that will be emitted
by the final acceptor of the relay. T1 has six Py and six Cy3; T2
has six Py and three Cy3; T3 has three Py and six Cy3; and T4
has one Py and one Cy3, and although the initial energy gain by
T1 and T2 are the same, the intermediate transfer of energy
through Cy3 is not equal for the two triads. Therefore, we can
predict the overall antenna effect will exhibit a trend of T1 > T2
≈ T3 > T4, with an approximate ratio of 6:3:3:1. This trend was
experimentally confirmed (Table 2).

The antenna effect for the second step of the energy transfer
cascade can be evaluated by the direct excitation (500 nm) of the
secondary donor (Cy3) (Table 2). The predicted trend for
antenna effect 2 (T1 ≈ T3 > T2 > T4) is based on the number
of Cy3 chromophores in each triad, which exhibit a ratio of
6:6:3:1. The experimental results are in reasonable agreement
with the predicted values. Overall, the results indicate that the
excitation energy can be efficiently funneled in a stepwisemanner
to the acceptor core by peripheral donor excitation.

Detailed time-resolved fluorescence analyses were performed
on each triad to elucidate the kinetics and dynamics of the
cascading FRET processes. First, time-correlated single-photon
counting (TCSPC) was used for fluorescence decay analysis
(Figure 5). The decay analysis of the individual Py, Cy3, and AF

Table 2. The Measured FRET Efficiency and Antenna Effect
for Each Triad, Where the FRET Efficiency Is Calculated by
the Quenching of Py Emission Compared to the D1 Samplea

system

FRET

efficiency (%)

antenna

effect 1 (%)

antenna

effect 2 (%)

T1 (6:6:1) 90 85 93

T2 (6:3:1) 30 43 39

T3 (3:6:1) 90 47 89

T4 (1:1:1) 70 16 16
aAntenna effects 1 and 2 are obtained by comparing the emission of AF
by excitation at Py or Cy3 to the emission of AF by direct excitation.

Figure 5. Fluorescence decay profile of ssDNA (50-ATTATAPyA-
TAGCGTCGTGCGACTGGCA-TGTGATAC-30), D1, and T1�T4
monitored at 460 nm (λex = 370 nm).



11990 dx.doi.org/10.1021/ja1115138 |J. Am. Chem. Soc. 2011, 133, 11985–11993

Journal of the American Chemical Society ARTICLE

constructs revealed biexponential decay profiles with lifetimes of
0.35 and 3.2 ns for Py, 0.45 and 2.1 ns for Cy3, and 0.34 and 1.3
ns for AF (see Figure S20, Supporting Information). Figure 5
contains the decay profiles of Py in D1 and T1�T4, monitored
at 460 nm (using λex = 370 nm). The profiles clearly show that
the decay of Py becomes faster in the presence of Cy3 and AF as
the number of Cy3 molecules is increased, following the trend
revealed by the steady-state FRET efficiency measurements
(T1≈ T3 > T4 > T2). The significant acceleration of the decay
dynamics of the Py donor in the presence of the acceptors
provides clear evidence of FRET.

Further evidence of a stepwise energy transfer process is
provided by the rise in the emission of Cy3 and AF, monitored
at 560 and 660 nm, respectively, upon excitation of Py at 370 nm
(Figure 6). At the initial time scale (∼10 ps to ∼300 ps) the
observed rise component for Cy3 and AF in T1�T4 coincides
with the decay of Py, representing an increasing excited-state
population of both chromophores through energy transfer from
the photoexcitation of Py. In addition, the rise and decay of AF is
slower than that for Cy3 in all four cases, indicating that AF is
involved in the final step of the stepwise energy transfer relay. For
T4, the rise and decay of AF follows that of Cy3 very closely,
probably because of the particular arrangement of the dyes; the
distance between Cy3 and AF is similar to the distance between
Py andAFwith the potential for one step energy transfer fromPy
to Cy3 and Py to AF.

The TCSPC instrument response time is on the order of∼40
ps, and thus very short lifetimes cannot be obtained reliably. To
improve the temporal resolution, a streak camera was utilized.
Emission decay data from a spectral range of 450 to 680 nm, with
excitation at 370 nm, was obtained for each triad sample.

The instrument simultaneously provided high temporal resolu-
tion (∼2 ps) and high spectral resolution (∼5 nm). The 3D data
for a typical sample is shown in Figure S14, Supporting Informa-
tion, and additional decay profiles at various wavelengths are
shown in Figures S16�S19, Supporting Information. Global
lifetime analyses was performed using the same set of lifetimes for
the decay at different wavelengths; this determines the spectral
dependence of the decay amplitudes associated with each life-
time, also known as the decay-associated spectra (DAS) (shown
in Figure 7). DAS offers better insight into the mechanisms of
multistep energy transfer processes than emission decays mon-
itored at a single wavelength. T4 can be adequately described
by three lifetime components, while the other three samples
T1�T3 require an additional component.

The lifetimes for the T4 fluorescence decay profile (with a dye
ratio of 1:1:1) are 40 ps, 0.43 ns, and 2.4 ns. The corresponding
DAS spectrum (Figure 7) for the component with the shortest
lifetime (40 ps) shows a positive amplitude in the Py emission
region (450�540 nm) and a negative amplitude in the Cy3
emission region (540�650 nm). These spectral features indicate
that the 40 ps lifetime component corresponds to the decay
of the Py excited-state population with the simultaneous buildup
of the Cy3 excited-state population, resulting from the energy
transfer fromPy toCy3 that occurs within this short lifetime. The
40 ps lifetime data also shows small negative amplitude in the AF
spectral range, indicating that the population buildup of the
excited state of AFmay occur in a similar time scale as Cy3. This
may suggest a very fast energy transfer rate from Cy3 to AF,
possibly with a small amount of direct energy transfer from Py to
AF (Figure S23, Supporting Information). The DAS spectra of
the components for the 0.43 and 2.4 ns lifetimes contain one

Figure 6. Time-resolved emission of T1 (A), T2 (B), T3 (C), and T4 (D) monitored at 460 nm (Py decay, black), 560 nm (Cy3 decay, red), and
660 nm (AF decay, blue).
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main, intense positive band in the Cy3 emission region, which
can be attributed to the decay of the excited-state population of
Cy3 resulting from the energy transfer from Cy3 to AF and the
decay of Cy3 to its ground state. However, the small positive
(nonzero) amplitudes at 450 and 660 nm for these two compo-
nents also indicate minor contributions from Py and AF decays
in the longer lifetime scale, consistent with the results obtained
by the TCSPC.

The fluorescence decay profile forT3 (with dye ratio of 3:6:1)
exhibits a four-exponential decay with lifetimes of 32 ps, 225 ps,
522 ps, and 2.7 ns. The two shortest lifetimes display positive
amplitudes in the Py spectral region and negative amplitudes in
the Cy3 and AF spectral region, which represent the Cy3 popu-
lation buildup and the simultaneous decay of Py; the two longer
lifetimes exhibit positive amplitudes in the Cy3 and AF spectral
region, representing the decay of the two acceptor dyes. The
occurrence of two short lifetime components also indicates that
both the short (∼2.1 nm) and long (∼3.5 nm) distance energy
transfer processes between Py andCy3 occur in T3, correspond-
ing to the two lifetimes, 32 and 225 ps, respectively. Of the two
shorter lifetime components, the shortest component has a far
more negative amplitude than the second shortest component,
which indicates that the short-range pathway dominates in the
energy transfer process. This is probably because of the smaller
ratio of Py toCy3 in this sample (3:6), i.e., although every excited
Py has at least two Cy3 to transfer energy to, the Cy3 that is the
closest to Py likely wins the kinetic competition.

Triads T1 and T2, with a larger number of primary donor
molecules, also display four lifetimes: 30 ps, 159 ps, 533 ps, and 2
ns for T1, and 41 ps, 276 ps, 564 ps, and 2.1 ns for T2. Similar to
T3, the two shortest lifetime components in the DAS spectra for

T1 and T2 both exhibit positive amplitudes in the Py emission
region due to the excited-state decay of Py, and negative ampli-
tudes in the Cy3 and AF emission region due to the simultaneous
population increase of the excited state of Cy3 and AF.

The long-range energy transfer pathway (with lifetimes of
160�270 ps) has a slightly more important role inT1 (Py:Cy3 =
6:6, Figure 7A) than in T3 (Py:Cy3 = 3:6, Figure 7C). It is
expected that as more Py molecules are available for excitation,
the probability of the long-range energy transfer process in-
creases. However, in T2 (Py:Cy3 = 6:3) the longer range energy
transfer component shows a larger amplitude than the shortest
lifetime component (Figure 7B). One possible explanation for
this is that every Py in T2 has the same probability of being
excited; however, only half of the excited chromophores can find
a nearbyCy3 to accept energy, while the other half would have to
transfer energy via the longer distance pathway. At the same time,
the Py in T2 that have nearby Cy3 also have a probability of
transferring the energy through the longer distance pathway, as
seen in the case of T1 and T3.

It should be noted that the DAS associated with the ∼500 ps
lifetime, which should reflect the energy transfer fromCy3 toAF,
does not exhibit the expected signature shape as seen in the∼40
ps DAS. It is likely that the negative amplitude in the AF spectral
region is superimposed on the positive signal from Cy3 emission
with the same time constant. However, comparison of the∼500
ps DAS with the ∼2 ns DAS reveals an obvious amplitude
increase in the AF emission in the 2 ns DAS (Figure S24,
Supporting Information). This confirms that the relative ex-
cited-state population of AF to Cy3 has increased in the later
time and provides evidence that the energy transfer from Cy3 to
AF occurs within 500 ps.

Figure 7. DAS of (A) T1 (6:6:1), (B) T2 (6:3:1), (C) T3 (3:6:1), and (D) T4 (1:1:1), where the numbers in the parentheses indicate the ratio of the
three dyes in each structure.
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’CONCLUSION

We have employed DNA nanotechnology to create a structu-
rally well-defined, DNA templated, artificial light-harvesting
antenna. Three distinct chromophore arrays were arranged into
several triad configurations with precise interchromophore dis-
tance and well-defined donor�acceptor ratios. Steady-state and
time-resolved fluorescence analyses revealed that efficient, step-
wise FRET from a primary donor array to an acceptor through an
intermediate donor array occurs upon excitation of the primary
donor. Although multiple energy transfer pathways are possible
in each multidye array, unidirectional energy transfer to the final
acceptor was always observed. In addition, the relative donor�
acceptor ratio had a profound effect on the efficiency of energy
transfer and the antenna effect.

This study undoubtedly demonstrates that DNA-based na-
noscaffolds are excellent platforms to organize arrays of chro-
mophores with precise control of each structural element and
provide the flexibility necessary to test several factors governing
the antenna effect, such as the molar ratio of the dyes, the ratio of
the extinction coefficients of the donor and acceptor, the quantum
yields, and the spectral overlap. It may ultimately provide essen-
tial guidelines for the future design of artificial light-harvesting
systems. For example, for an efficient light-harvesting system, the
antenna dyes should cover a broad absorption range, have high
extinction coefficients, high quantum yields, and broad emission
spectra. The dyes used here are far from optimized to achieve the
best light-harvesting efficiency. Other blue absorbing dyes with
higher extinction coefficients and higher quantum yields may
be considered in the future, and more complex design could be
employed to further improve the light-harvesting ability and
energy transfer efficiency.
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