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ABSTRACT: Functional DNA nanotechnology is a rapidly
growing area of research with many prospective photonic
applications, including roles as wires and switches, logic operators,
and smart biological probes and delivery vectors. Photonic wire
constructs are one such example and comprise a Forster resonance
energy transfer (FRET) cascade between fluorescent dyes arranged
periodically along a DNA scaffold. To date, the majority of research
on photonic wires has focused on setting new benchmarks for
efficient energy transfer over more steps and across longer
distances, using almost exclusively organic fluorescent dyes and
strictly DNA structures. Here, we expand the range of materials utilized with DNA photonic wires by demonstrating the use of a
luminescent terbium complex (Tb) as an initial donor for a four-step FRET cascade along a ~15 nm long DNA/locked nucleic
acid (LNA) photonic wire. The inclusion of LNA nucleotides increases the thermal stability of the photonic wires while the Tb
affords time-gated emission measurements and other optical benefits. Time-gating minimizes unwanted background emission,
whether from direct excitation of fluorescent dyes along the length of the photonic wire, from excess dye-labeled DNA strands in
the sample, or from a biological sample matrix. Observed efficiencies for Tb-to-dye energy transfer are also closer to the predicted
values than those for dye-to-dye energy transfer, and the Tb can be used as an initial FRET donor for a variety of next-in-line
acceptors at different spectral positions. We show that the key to using the Tb as an effective initial donor is to optimally position
the next-in-line acceptor dye in a so-called “sweet spot” where the FRET efficiency is sufficiently high for practicality, but not so
high as to suppress time-gated emission by shortening the Tb emission lifetime to within the instrument lag or delay time
necessary for measurements. Overall, the initiation of a time-gated FRET cascade with a Tb donor is a very promising strategy for

the design, characterization, and application of DNA-based photonic wires and other functional DNA nanostructures.
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NA represents an exciting and promising approach to the

bottom-up assembly of nanoscale devices for applications
such as light harvesting, optical computing, and biological
probes.'™* As a building block, DNA is advantageous because
of its availability, versatility, and programmability. Long lengths
of DNA can be obtained from natural sources, then amplified
and modified enzymatically, whereas oligonucleotides can be
made by solid-phase chemical synthesis or obtained from
commercial vendors with terminal or internal modifications
such as functional linkers and fluorescent dyes. Complementary
DNA sequences predictably and spontaneously hybridize into
relatively rigid double helical structures (persistence length ~ S0
nm), and the rise of the helix (~0.34 nm per base pair) affords
subnanometer control over length."*® Many years of research
on DNA assembly have led to creation of a toolbox with
concepts such as DNA origami and DNA tiles that enable the
sequence-directed construction of complex, multidimensional
structures based on Watson—Crick base-pairing and the
double-helix motif.®"'® When decorated with optically active
materials such as fluorescent dyes or metal nanoparticles, such
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DNA nanostructures can serve as scaffolds for optical devices
and circuits that range in complexity from one-dimensional
wires to two-dimensional “motherboards” or “peg-boards,” to
more complex three-dimensional photonic architectures.>''~'¢
Many recent reviews have highlighted DNA nanotechnology
and its prospective applications.”>*>' 7~

An important thrust of DNA nanotechnology research has
been the development of DNA-based photonic wires and
switches that operate via Forster resonance energy transfer
(FRET) cascades.>®** In these configurations, double-stranded
DNA is used as a template to organize a linear array of
fluorophores to accept a photon input at one terminus and emit
a photon output at the opposite terminus." Excitonic energy is
transferred nonradiatively along the length of the wire through
a series of n FRET steps, typically between n + 1 different
fluorophores ordered from shortest to longest wavelengths of
absorbance and emission. For example, early work by Kawahara
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Figure 1. (A) Design of the Temp36 photonic wire, including the nucleotide sequences of the template and complementary segment strands; two
arrangements of fluorescent dyes, (i) and (ii), and a model of the photonic wire in (ii). (B) Design of the Temp4S photonic wire, including the
nucleotide sequences of the template and complementary segment strands; two arrangements of fluorescent dyes, (i) and (i), and a model of the
photonic wire in (ii). Boldface Arabic numbers are used to denote segment strands and Pn labels denote dye positions. (C) Normalized absorption
(dashed lines) and emission spectra (solid lines) for the Tb and dyes used in this study. Spectral overlap functions for each donor with its potential
acceptors are also shown (shaded curves). The spectral overlap functions are scaled relative to one another and color-coded by the acceptor dye. The
scale bar (AS94 panel) represents a magnitude of 3.5 X 10™!! cm® mol™' and applies to all of the main panels. The insets show spectral overlap

functions for a given donor on a magnified scale.

et al. demonstrated two-step energy transfer along a DNA wire
over ~8 nm.”® Subsequent work by Ohya et al*® and
Heilemann et al.””** demonstrated three- and four-step energy
transfer over distances of ~10 and ~13 nm, respectively. More
recently, Spillman et al. demonstrated a DNA photonic wire
with six-step energy transfer over >16 nm.*® Dynamic DNA
structures or “switches” that can interrupt or redirect the flow
of energy have also been developed by combining multistep
FRET with toe-hold mediated strand invasion.*® As a potential
mechanism for the transmission of information, FRET is
advantageous in that it is not diffraction-limited, occurring
through-space over nanometer distances, typically on the time
scale of nanoseconds or less. However, current DNA-organized
FRET-based photonic wires are often nonideal in that they
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suffer from photobleaching of the constituent dyes, undesirable
direct excitation of dyes downstream from the initial dye in the
wire, relative orientations of dyes that are neither optimal nor
randomized, lower than predicted transfer efficiencies, and
sensitivity to partially formed structures in ensemble measure-
ments.>”*73! Despite these challenges, the combination of
DNA templates, fluorescent dyes, and FRET remains one of the
most tractable and promising approaches for designing
photonic architectures. One strategy to address the limitations
associated with fluorescent dyes is the utilization of alternative
materials, which, to date, has largely focused on using
semiconductor quantum dots (QDs) as both initial input
fluorophores and central scaffolds for integrating multiple
photonic wires.>**> QDs can potentially confer greater
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resistance to photobleaching, increase the efficiency and
flexibility of photonic input through their spectrally broad
and strong absorption, and improve the first energy transfer
step through their unique characteristics as FRET donors.**
Most other photoluminescent materials remain largely unex-
plored in photonic wire configurations.

Here, we expand the range of materials utilized in DNA-
based photonic wires by utilizing a luminescent terbium
complex as the initial donor for a multistep FRET cascade
along a mixed DNA/locked nucleic acid (LNA) wire. Only
single-step FRET with terbium complexes has been previously
studied with DNA structures.>® Luminescent lanthanide
complexes are interesting optical materials because of their
multiple, narrow emission lines, unpolarized emission, and
lifetimes on the order of microseconds to milliseconds.***”
Lanthanide complexes have also been reported to have greater
photostability than fluorescent dyes.*®*” Homogeneous time-
resolved fluorescence assays have long taken advantage of the
extended lifetimes of terbium(III) and europium(III) com-
plexes to reject short-lifetime background fluorescence from
measurements and eliminate the need for washing steps to
remove excess detection reagents.*”*' More recent work has
demonstrated high levels of multiplexing by pairing different
FRET acceptors with the various emission lines of terbium (11I)
complexes."”* In the context of photonic wires, the unique
emission properties of luminescent lanthanide complexes can
address some of the limitations of configurations that rely
exclusively on conventional organic fluorophores. Using a
brightly luminescent terbium(III) cryptate (abbreviated Tb)
developed by Raymond’s group,** we show that a luminescent
lanthanide complex can enable time-gated, four-step FRET
cascades over DNA photonic wires ~15 nm in length. The goal
was not to set a new benchmark for the FRET cascade between
conventional organic dyes, but rather to evaluate the utility of
an initial Tb donor. The versatility of the multiple emission
lines of the Tb is demonstrated by initiating the FRET cascade
at two different spectral positions, and the time-gating enables
minimization of unwanted background emission from direct
excitation of noninitial dyes, from excess dye-labeled DNA
strands, or from the sample matrix itself. Another important
result is the identification of a “sweet spot” for initiating a time-
gated FRET cascade along the photonic wire. This sweet spot
represents an optimum balance between either excessive or
deficient FRET efficiencies for time-gated measurements with
good signal-to-background ratios. The incorporation of LNA
residues into our DNA photonic wire has the primary benefit of
increasing thermal stability. Overall, we find that the Tb-
initiated DNA/LNA photonic wire is an advantageous and
highly promising strategy for the design, characterization, and
application of DNA nanostructures.

B EXPERIMENTAL SECTION

Materials. Dye-labeled and unlabeled DNA oligonucleo-
tides were from Integrated DNA Technologies (Coralville, IA).
DNA/LNA template oligonucleotides were from Exiqon
(Woburn, MA). Lumi4-Tb-NHS was from Lumiphore
(Berkeley, CA). Modified oligonucleotides were HPLC purified
by the manufacturer and used as received. Sequences and
modifications are shown in Figure 1AB and listed in the
Supporting Information (SI; Table S1). Buffer salts were from
Sigma-Aldrich (Oakville, ON). All buffers were filter-sterilized
prior to use.
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Labeling DNA with Tbh. DNA/LNA oligonucleotide
template (45.9—65.4 nmol) was dissolved in 250 L of borate
buffer (100 mM, pH 8.5) and 100 uL of DMSO was added.
Lumi4-Tb-NHS (0.95—1.14 umol) was dissolved in 150 uL of
DMSO and then added to the DNA/LNA oligonucleotide
solution (a final ratio of 1:1 buffer/DMSO). After mixing at
room temperature for 14 h, the reaction was diluted with 4 mL
of buffer. Oligonucleotide and unreacted Lumi4-Tb-NHS were
extracted onto Amberchrom CG300 M resin, eluted with 70%
v/v acetonitrile (aq), and dried in a vacuum centrifuge. The
residue was then dissolved in 0.2 M triethylamine-acetate buffer
(TEAA; pH 7) and the oligonucleotide purified from excess
Lumi4-Tb by gel filtration chromatography with Bio Gel P4
media (Bio-Rad, Mississauga, ON). The eluent was concen-
trated in a vacuum centrifuge, then further purified with a NAP-
10 column (GE Health Care, Baie-d'Urfe, QC) using 0.2 M
TEAA buffer as the eluent. UV—visible spectrophotometry was
used to confirm a Lumi4-Tb/oligonucleotide labeling ratio of
~1:1 and to quantify the amount of product, which was
concentrated to dryness and stored at —20 °C until needed.

Hybridization of the Photonic Wire. DNA/LNA and
DNA oligonucleotides (i.e., template and complementary
segments) were mixed at 1 yM each in tris-borate saline
(TBS) hybridization buffer (90 mM tris-borate, 137 mM Na(l,
2.7 mM KCl, pH 7.6), heated to 95 °C for S min, then cooled
slowly to room temperature. In experiments where dye-labeled
oligonucleotides were omitted, unlabeled oligonucleotide
segments took their place so that the full length of the
template was always double-stranded. Melting experiments are
described in the SIL

Emission Measurements. Absorption, excitation, and
emission spectra were acquired using a Tecan Infinite M1000
Pro multifunction fluorescence plate reader (Tecan Ltd.,
Morrisville, NC) using 96-well plates. This instrument utilizes
monochromators to select the excitation and emission
wavelengths. It can vary the lag time between 0—2000 s and
vary the integration time between 20 and 2000 us. The
excitation wavelength was 355 nm for measurement of prompt
and time-gated emission spectra. Lag times were varied
depending on the intensity of the prompt background (longer
lag times were used for more intense prompt emission) and
integration times were varied to maximize signal-to-noise ratios.
Typical lag times were between 30 and S0 us, although some
experiments utilized lag times on the order of hundreds of
microseconds. In each case, the lag time was found empirically
as the minimum time needed to suppress background from
prompt dye fluorescence to negligible levels. Integration times
were typically hundreds of microseconds (the maximum 2000
us integration time did not necessarily provide the best signal-
to-noise ratios). Specific values for these parameters in a given
experiment are indicated in the text or figure captions. The
M1000 was also used for measurements of Tb emission decays
using a modification of the boxcar method* (see SI for details).

Data Analysis. The time-gated emission intensities from
each individual dye were determined by spectral decom-
position. The base Tb spectrum was scaled using the sample
emission intensity between 470—490 nm, which originated
exclusively from the Tb, and subtracted to yield the dye-only
time-gated emission spectra. The peak emission intensities from
each dye were determined from their peak emission wave-
lengths with crosstalk corrections for the emission tails of
preceding dyes in the FRET cascade series.
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Table 1. Photophysical Properties of the Fluorescent Dyes Used in This Study

dye A s (M) € (g a)” M7 em™) Ay o (nm)
Tb 340 26000 492, 545
A488 496 73000 519
AS46 556 112000 573
AS94 590 92000 617
A647 650 270000 665
Cys.5 673 209000 707

“Wavelength of absorption maximum (for Tb, this value corresponds to the Lumi4 ligand). *Molar absorption coefficient at A,y s

Ry (nm)
ol 7,° (ns) A488  AS46  AS94  A647 Cys.5
0.77 2.6 X 10° 4.8 5.5 S4 54 5.1
0.92 3.1 5.5 52 48
0.79 3.6 6.0 6.1 5.7
0.66 3.5 6.9 6.6
0.33 0.74 6.5
0.30 0.92

“Wavelength of

emission maximum (only the two most important peaks are listed for Tb). “Dye quantum yield (reported by the manufacturer); for Tb, this value
corresponds to the Tb*" ion. “Emission lifetime. /Calculated Forster distance for the donor—acceptor pair indicated. Values for spectral overlap

integrals can be found in the SI (Table S2).
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Figure 2. (A) Schematic illustration of prompt and time-gated measurements, showing the pulse of light from the xenon flash lamp and signal
acquisition windows, defined by the lag time and integration time, for both modes. (B) Time-resolved emission decay curves for the Tb (main panel;
calculated from experimental data) and fluorescent dyes (inset; experimental data). The time-gated acquisition window is shown in the main panel
(blue shaded region) for reference. The prompt window is not visible on this scale. (C) Prompt measurements are sensitive to directly excited dye
fluorescence (top), whereas time-gated measurements are sensitive to Tb emission and reject directly excited dye fluorescence (bottom). The inset

shows a close up of the time-gated dye emission (ie., baseline noise).

B RESULTS

Photonic Wire Configurations and Fluorescent Dyes.
Photonic wires were assembled using long DNA/LNA template
strands in combination with two series of shorter, dye-labeled
DNA strands that were complementary to segments of the
template strand. A 36 nucleotide (nt) template sequence,
denoted Temp36, and a 45 nt template sequence, Temp4S,
were used in the experiments. Temp4S was analogous to
Temp36, except for an additional 9 nt appended at the 3’ end
of the sequence. Each template was obtained with an
aminoalkyl linker at its 5’ terminus for labeling with Tb. Figure
1AB illustrates the design of the Temp36 and Temp4S
sequences and their complementary DNA segment strands.
Each complementary DNA segment strand was 9 nt in length,
and these strands aligned end-to-end along the template
strands. Temp36 thus had four complementary segments and
Temp4S had five complementary segments (the first two of
which were combined into a single 18 nt complement). The
segments are numbered 1—5 and were labeled at either their 3’
or §' terminus with a fluorescent dye (combined segments are
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indicated with an arrow; e.g, 1 — 3 is a 27-mer combining
segments 1, 2, and 3). The sequence of each segment along the
template included a central block of 3 nt, of which 2—3 DNA
bases were replaced by LNA bases, and two flanking blocks of 3
nt that included two G/C bases and terminal A/T bases (see
Figure 1A,B). The goal of incorporating LNA bases into
Temp36 and Temp4S was to stabilize the duplexes formed
between the templates and their complementary segment
strands, thereby stabilizing the photonic wire structure.
Apparent melt temperatures were >4 °C higher for Temp45
with LNA bases than without (see SI, Figure S2). Neglecting
the flexibility of the linkers between the DNA backbone and a
fluorescent dye label, and using canonical double-stranded B-
DNA as a structural model, the fluorescent dye labels on two
adjacent DNA segments were hypothetically positioned about
3.2—3.3 nm apart.

The fluorescent dyes used in this work were Alexa Fluor 488
(A488), Alexa Fluor 546 (AS46), Alexa Fluor 594 (AS94),
Alexa Fluor 647 (A647), and Cyanine 5.5 (CyS.S). Pertinent
photophysical properties of these dyes are listed in Table 1, and
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Figure 3. (A) Schemata and time-gated emission spectra (32 ys lag-time; 350 s integration time) for Temp36-(Tb) hybridized with (i) 1-(3'A488)
and 1-(5'A488) to place dyes at positions PO and P9; (ii) 2-(3'A546) and 2-(5'A546) to place dyes at positions P9 and P18; and (iii) 3-(3'A594)
and 3-(5'A594) to place dyes at positions P18 and P27. Arrows indicate the approximate position of the dye emission maximum. The color of the
spectra match the color of the Pn labels. (B) Optimization of dye position for time-gated dye emission. (i) Schemata for configurations with an AS46
acceptor at positions PO, P9, P13, P18, and P22 along Temp36-(Tb). The colors of the Pn labels match the corresponding (i) time-gated emission
spectra (32 ps lag-time; 350 ps integration time) and (jii) Tb PL decay curves for the configurations. The inset in panel (ii) shows the time-gated
emission spectra with the Tb contribution subtracted. (C) Experiment analogous to that in (B), with a dark quencher rather than a fluorescent dye.
(i) Schemata for configurations with an IabFQ acceptor at positions PO, P9, and P18 along Temp4S-(Tb). The colors of the Pn labels match the

corresponding (ii) Tb PL decay curves.

absorption and emission spectra for each dye are shown in
Figure 1C with the corresponding spectral overlap functions for
each FRET pair in this study. Forster distances for the FRET
pairs are also listed in Table 1, calculated with the assumption
that the dipole orientation factor for energy transfer (k%) is
equal to 2/3. For this assumption to hold, fast isotropic
motions of the dyes are required.** In the photonic wire
configurations, the fluorescent dyes can be located at the
positions shown in Figure 1A,B. These positions are referred to
as Pn, where n represents the number of nucleotides between
the attachment position of the Tb and the attachment position
of the dye (e.g,, P9 refers to a separation of 9 nt between the
Tb and the dye). It should be noted that, with the exception of
the termini of a template sequence, dyes can be located in a
given position by labeling either the S’ terminus of one
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complementary segment or the 3’ position of the adjacent
complementary segment. In the full photonic wire config-
urations, the approximately 3.2—3.3 nm separation between
nearest-neighbor dyes is predicted to yield FRET efficiencies
>95%. When necessary for experiments, different dye—dye or
Tb—dye combinations were isolated by using unlabeled
template or unlabeled complementary segment strands, thereby
maintaining consistent double-stranded structure along the
entire length of the DNA photonic wire. In the following
sections, photonic wire configurations and their components
will often be referenced using the template abbreviations,
numbered segments, dye abbreviations, and Pn dye positions.

Another important feature of the current photonic wire
design is the mismatch between the ~2.6 ms emission lifetime
of the Tb*” and the <4 ns lifetimes of the fluorescent dyes. It is
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the extraordinarily long lifetime of the Tb that permits time-
gated measurements, the concept of which is illustrated in
Figure 2A. A pulse of light from a xenon flash lamp excites the
sample and emission is measured after a defined delay or lag
time, for a duration defined by the integration time, where both
quantities are on the order of tens to hundreds of micro-
seconds. Figure 2B shows the time-resolved emission decays for
the Tb and fluorescent dyes, with the precise lifetimes listed in
Table 1. Figure 2C illustrates the effect of time-gating. Prompt,
directly excited emission from the dyes in the photonic wire
(defined here as being measured with a 0 ys lag-time and a 20
us integration time) is much more intense than the Tb
emission, even when excited at 355 nm, which is not an optimal
wavelength for maximum excitation of the dyes (see Figure
1C). The Tb emission is weak because its emission is spread
over milliseconds. With time-gating (32 ps lag-time) and a
longer integration time (350 ps integration time), the Tb
emission is measured with much improved signal-to-noise, and
the directly excited dye emission decreases to background
levels. The prompt measurement captures an estimated 0.7% of
the total native Tb emission (i.e., unquenched by FRET),
whereas the above time-gated measurement captures ~12% of
the total emission. It should be noted that the 32 s lag time is
needed to allow not only the prompt emission to reach
background levels, but also to allow the flash lamp afterglow
and residual detector signal from the intense prompt emission
to subside.* The prompt measurement captures ~100% of the
native dye emission (i.e, not FRET-sensitized) and the time-
gated measurement captures ~0%.

Optimal Position of the Initial Dye. To enhance time-
gated sensitization of the dye-to-dye FRET cascade along the
photonic wire, our first inclination was to maximize the FRET
efficiency between the initial Tb donor and the first fluorescent
dye in the series by minimizing their separation distance. To
this end, Temp36-(Tb) (see Figure 1A) was hybridized with
segment 1-(3'A488) so as to place the dye at position PO, or
segment 1-(5'A488) so as to place the dye at position P9,
where all other segment strands were unlabeled. As shown in
Figure 3A(i), both of these configurations quenched the time-
gated Tb emission intensity by >80%. No detectable time-gated
A488 emission was observed from 1-(3'A488), and only a
miniscule amount was observed from 1-(5'A488), which placed
the dye at position P9. Figure 3A(ii) shows that segment 2-
(3’A546), which also placed the dye at position P9, quenched
the time-gated Tb emission by ~70% but still yielded only a
small amount of time-gated AS46 emission. In contrast, 2-
(5'AS46) and 3-(3'A594), which placed dyes at position P18,
yielded intense time-gated dye emission, as shown in Figure

segment 3-(5'AS94) also yielded significant time-gated dye
emission, as shown in Figure 3A(iii). Apparent quenching of
the time-gated Tb emission was notably less (<10%) in the
configurations with significant time-gated dye emission.

Given the foregoing data, and the absence of any anomalous
quenching of the prompt A488 and AS46 emission when
located at positions PO and P9, we hypothesized that FRET was
too efficient for time-gated measurements when acceptor dyes
were located at these positions. As the FRET efficiency, E,
increases, the Tb donor emission lifetime is expected to
decrease according to eq 1, where 7p, and 7y are the Tb
lifetimes in the presence and absence of dye acceptor.*

E =1~ (1pa/1p) (1)
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The Tb is reported to have an unquenched lifetime of ~2.6
ms*’ and, according to eq 1, a FRET efficiency greater than
95% would reduce the Tb lifetime to less than 100 us. Under
these conditions, a majority of the Tb emission would then
occur within the measurement lag time rather than the
integration time. Since the emission lifetimes of the dyes
were less than 4 ns, the Tb lifetime determines the time scale of
FRET-sensitized, time-gated dye emission. Acceptor dye
emission within the lag-time rather than the integration time
is consistent with the negligible time-gated emission from 1-
(3’A488) (dye at P0) and minimal time-gated emission from 1-
(5'A488) and 2-(3'AS46) (dye at P9), as observed in Figure
3A. Consideration of the integration time and lag time with
respect to eq 1 also provides an explanation for the minimal
quenching of the Tb emission in configurations with significant
FRET-sensitized dye emission (vide infra).

To test the above hypothesis, a set of configurations were
prepared where AS46 was moved along Temp36-(Tb) from
position PO stepwise through to position P22, using the
complementary segment strands 1 — 2-(3'AS46), 2 — 3-
(3'A546), 1.5-(5'A546), 1 — 2-(5'A546), and 1 — 2.5-
(5’A546), as shown in Figure 3B(i). The half segment numbers
refer to sequences that were extended by less than a 9 nt unit
(see Table S1 for sequences). Combining the segments as
single dye-labeled complementary strands of at least 14 nt
simplified the experiment and increased duplex stability.
Unlabeled segments were used to complete the double-
stranded structure along Temp36-(Tb). The time-gated AS46
emission (32 us lag, 350 ps integration time), shown in Figure
3B(ii), scaled as P13 > P18 > P22 > P9 > P0. In contrast,
quenching of the Tb emission scaled as PO > P9 >> all other
positions, consistent with the hypothesis that very efficient
FRET can shift sensitized AS46 emission to shorter times that
are outside of the measurement window.

To directly confirm significant shortening of the Tb lifetime
with FRET, the PL decay of Tb was measured for each
configuration in Figure 3B(i). As shown in Figure 3B(iii), the
Tb had a lifetime of ~2.7 ms in the absence of A546, consistent
with previous measurements.”” With 1 — 2.5-(5'A546) at P22
and 1 — 2-(5'A546) at P18, the Tb lifetime decreased to ~1.7
and ~12 ms, respectively, and retained monoexponential
character. Interestingly, for 1.5-(5’A546) at P13, the Tb PL
decay had biexponential character with a ~380 ys component
(73%) and a residual 2.7 ms component (27%). As the A546
was moved closer to the Tb with 2 — 3-(3’A546) at P9 and 1
— 2-(3’A546) at PO, the strongly quenched Tb emission
returned to an apparent monoexponential decay with lifetimes
>2 ms. The strong quenching of the Tb is hidden within the
first few microseconds of the decay curve and the time-gate.
This result is consistent with previous observations of
quenching of Tb PL via FRET with a residual native Tb
lifetime component,*>*34749:59

For FRET associated with 1 — 2-(5'A546) at P18 and 1 —
2.5-(5'AS46) at P22, the faster decay of the Tb in Figure 3B(ii)
was such that a greater percentage of the total Tb PL was
within the integration time. For the unquenched Tb, the lag
time and integration time combination measured ~12% of the
total Tb PL, whereas ~18% and ~24% of Tb PL were
measured for A546 at P22 and P18, respectively. Some of the
FRET-induced quenching of the Tb was thus offset, and the
measured Tb PL intensities for AS546 at P18 and P22 were
expected to be within 10% of the Tb alone, as observed
experimentally. For 1.5-(5'A546), ~30% quenching of Tb PL
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was expected to be observed in time-gated measurements,
albeit that this quenching was convoluted with residual
unquenched Tb PL and some overlap with AS46 emission in
Figure 3B(ii).

To ensure the generality of the above results, a similar
experiment was done with Iowa Black FQ (IabFQ), a dark
quencher, instead of A546, where the Forster distance for the
Tb-IabFQ FRET pair was 5.1 nm (cf. 5.5 nm for Tb-AS546). As
shown in Figure 3C, a similar trend in the Tb lifetime was
observed when Temp45-(Tb) was hybridized with 1-
(3'IabFQ), 1-(5'IabFQ), and 1 — 2-(5'IabFQ), placing the
IabFQ_ quencher at PO, P9, and P18, respectively. The 1-
(3'TabFQ) at PO had strongly quenched Tb emission with a
lifetime (2.9 ms) indistinguishable from the Tb alone (2.9 ms),
the 1-(5'IabFQ) at P9 had a biexponential Tb decay with a fast
FRET-quenched component (280 us, 53%) and a residual
native component (2.9 ms, 47%), and the 1 — 2-(5'IabFQ) at
P18 had a quenched apparent monoexponential Tb decay (2.8
ms). The onset of the biexponential decay at a shorter donor—
acceptor distance than with A546 (P9 vs P13) is consistent with
the shorter Forster distance associated with IabFQ.

Lastly, the Tb and A546 emission was measured as a function
of lag time (with a fixed SO us integration time) for Temp36-
(Tb) hybridized with 1-(5’AS46), 1 — 2-(5'AS46), 1 — 3-
(5'AS546), and 1 — 4-(5'AS46), corresponding to P9, P18, P27,
and P36. The trends in the data (see SI, Figure S3) were
analogous to the trends in the Tb lifetime data (Figure 3B),
with the important observation that the A546 emission tracked
with the Tb emission, as expected given the million-fold
difference in lifetime. Although there was virtually no AS46
emission with 1-(5'AS46) at P9 after a S0 us lag time, the
prompt AS46 emission from 1-($’AS46) was more intense than
for the other segments at lag times <30 ps. This result was
consistent with efficient FRET-sensitized emission from 1-
(5'AS46) being convoluted with directly excited prompt 1-
(5’AS46) emission over the prompt time scale (0 us lag; 20 us
integration time) of our instrument.

Cumulatively, the above data confirm that highly efficient
FRET between Tb and dyes at positions PO and P9 reduces the
Tb emission lifetime to a time scale comparable to the
instrument response to prompt emission, thereby preventing
resolution of time-gated Tb-sensitized emission from the
acceptor dyes. Positioning the first acceptor dye further from
the Tb, at position P13 or P18, overcomes this problem. These
results will be discussed below in the context of a “sweet spot”
for energy transfer.

Assembly of the Time-Gated Photonic Wires. As shown
in Figure 1B, two different photonic wires were assembled with
the initial acceptor dye at position P18. Although position P13
yielded greater FRET, position P18 was utilized in photonic
wire experiments to permit use of interchangeable 9 nt
oligonucleotide segments. The first of the photonic wires,
shown in Figure 1B(i), features a FRET cascade, Tb — A488
— AS546 — AS594 — A647, where the arrow indicates the
direction of energy transfer. The second of these wires, shown
in Figure 1B(ii), features a FRET cascade from Tb — AS546 —
AS94 — A647 — CyS.S. These configurations differed only in
the selection and positioning of the dye labels, as the same
template and segment strand sequences were utilized. For
brevity, the configuration in Figure 1B(i) is referred to as the
Tb/A488-initiated wire, and the configuration in Figure 1B(ii)
is referred to as the Tb/AS46-initiated wire.
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The first energy transfer step in the photonic wire is from the
Tb to the first fluorescent dye down the length of the template.
For the two configurations in Figure 1B, the first dye is either
(i) A488 or (ii) AS46. To estimate the FRET efficiency from
the Tb to the first dye, the change in the decay rate of the Tb
was measured. Previous studies have found that quenching of
the Tb PL intensity is not necessarily a reliable measure of
FRET efficiency because the lag time and integration time do
not capture the full decay of the Tb emission (see SI for
details), whereas changes in lifetime are reliable 3%374243:47:49,50
Figure 4 shows changes in the Tb emission decay upon the
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Figure 4. Schemata and decay curves for configurations with (i) only
Tb, or a single energy transfer step from the Tb to (i) A488 or (iii)
AS546 at P18.

addition of an initial A488 or AS546 acceptor, measured using
the aforementioned boxcar technique. In this experiment, the
Tb emission lifetime was calculated to be ~2.5 ms for the
Temp4S-(Tb) conjugate, consistent with Figure 3B and the 2.6
ms lifetime previously reported.*” The Tb lifetime decreased to
~1.8 and ~1.2 ms with A488 and A546 acceptors, respectively,
corresponding to FRET efficiencies of ~28% and ~52%
(calculated via eq 1). These FRET efficiencies translate into
average donor—acceptor separations of ~5.6 and ~5.4 nm,
which are in reasonable agreement with the ~6.0 nm separation
distance expected from simple geometric considerations for B-
DNA (without considering the flexibility of the linkers between
the dyes and the oligonucleotides). The larger FRET efficiency
for the Tb-AS46 pair arises from the larger spectral overlap
integral and longer Forster distance (see Table 1).

Figure S shows changes in the prompt (0 us lag-time, 20 s
integration time) and time-gated emission spectra (32 us lag-
time, 350 us integration time) with stepwise assembly of both
the Tb/A488-initiated and Tb/AS46-initiated photonic wire
configurations. The prompt spectra show quenching of each
nth dye with the addition of the (n + 1)th dye along Temp4S,
and concomitant sensitized emission from the (n + 1)th dye.
The latter is mixed with directly excited (n + 1)th dye emission,
estimates of which were obtained from samples with only one
dye-labeled segment strand and are also shown in Figure S. The
time-gated spectra show a similar progression of FRET-induced
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measurements. A 20 ys integration time was used for prompt measurements.

quenching and sensitization of the nth and (n + 1)th dyes,
which is more readily apparent when the Tb emission has been
subtracted from the overall spectrum. In the case of time-gating,
there is no directly excited dye emission (vide infra), and thus,
the time-gated emission spectra have a different shape than the
corresponding prompt spectra (ie., different magnitudes of
emission from each dye). The time-gated spectra are reflective
of end-to-end energy transfer along the photonic wire, whereas
the prompt spectra represent a composite of energy transfer
resulting from energy input at multiple points along the wire.

To further characterize the photonic wires, time-gated
emission spectra were measured, in triplicate, for each
permutation of the two configurations. These permutations
included four variations with one dye, six variations with two
dyes, four variations with three dyes, and the full configuration
with four dyes in series. Representative spectra for each
configuration are shown in the SI (Figures S4 and SS). FRET
efficiencies between the various dyes were calculated, using eq
2,* from the quenching of their time-gated intensities, Iy, when
an acceptor (DA) was added to an otherwise analogous
configuration (D). The various donor—acceptor efficiencies are
plotted in Figure 6A. Quenching of the time-gated fluorescence
intensity of dye donors provides an accurate measure of the
FRET efficiency between dyes because their decay occurs
within a time period >10*fold shorter than the integration
time. Within the precision of the experiments, the apparent
FRET efficiency between the nth and (n + 1)th dye were
insensitive to the presence or absence of the (n + 2)th dye. For
example, in the case of Tb/A488-initiated wire, quenching of
A488 by AS546 with energy transfer between positions P18 and
P27 was not significantly affected by the presence of AS94 at
position P36. The nearest-neighbor FRET efhiciencies ranged
from about 30—80%, most of which were markedly less than
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the ~95% quenching efficiency predicted from Forster
distances and positioning along the dsDNA helix. The end-
to-end FRET efficiency from the dye at P18 to the dye at P4S
(~9 nm) was 22 + 6% for the Tb/A488-initiated wire and 16 +
5% for the Tb/AS46-initiated wire. These values decreased to 6
+ 2% and 8 + 3%, respectively, when considering energy
transfer from the Tb at PO to the dye at P45 (~1S5 nm). Rates
of FRET, kgppr, were calculated from eq 3* and are
summarized in Figure 6B. These rates varied from 10% to 10°
s™' for nearest-neighbor FRET pairs, and 10" to 10° s™" for
next-nearest-neighbor FRET pairs. For comparison, the
calculated rates for the initial Tb — A488 and Tb — A456
energy transfer steps were about 150 and 400 s~', respectively,
because of the long lifetime of the Tb excited state.

E=1- (Ips/Ip)

_ E
B 7o(1 — E)

)

k
FRET 3)
Rejection of Background Signals by Time-Gating.
Unwanted background fluorescence during the measurement of
photonic wire emission can arise from multiple sources. One
such example is the direct excitation of dyes along the photonic
wire that are not the initial donor, resulting in a heterogeneous
distribution of FRET cascades initiated at different points along
the wire. In addition, directly excited fluorescence from excess
dye molecules (i.e, not integrated into a photonic wire
structure) may distort or swamp out measured emission
spectra. Background fluorescence may also be associated with
the medium for the photonic wire. As illustrated in Figure 7,
time-gated emission measurements can help ameliorate each of
these three potential issues. Figure 7A shows prompt and time-
gated excitation spectra for the terminal A647 acceptor as the
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Tb/A488-initiated photonic wire is assembled in reverse; that
is, starting from the terminal A647 acceptor with the
progressive addition of each dye before it in the FRET cascade,
with the initial Tb donor present in all cases. The prompt
spectra show a progressive convolution of the excitation spectra
of each dye, demonstrating the potential initiation of the FRET
cascade at multiple points along the photonic wire. In contrast,
the time-gated excitation spectra show only the excitation
profile of the Tb, which generally increases in magnitude as the
wire is assembled in full, consistent with initiation of the time-
gated FRET cascade only at the Tb. Analogous data for the Tb/
AS46-initiated wire is shown in the SI (Figure S6). Figure 7B
shows changes in the prompt and time-gated A488 or AS94
emission as 1 — 2-(5'A488) or 3-(5'A594) was mixed with the
other components of the Tb/A488-initiated photonic wire
(Figure 1B) at ratios of 1:1, 2:1, 4:1, and 8:1. Ideally, a 1:1 ratio
corresponds to the stoichiometric assembly of the photonic
wire. Over this range of stoichiometry, the prompt A488 and
AS94 emission increased by close to an order of magnitude;
however, the time-gated A488 and AS94 emission increased by
less than 2-fold. Finally, Figure 7C shows the prompt and time-
gated emission spectra for the stepwise assembly of the A488-
initiated photonic wire in 50% v/v serum. The prompt spectra
show the emission of the dyes superimposed on a background
of serum autofluorescence that is comparable in magnitude. In

647

contrast, the time-gated spectra have a near-zero background
with no detectable autofluorescence from the serum.

B DISCUSSION

Time-Gated FRET “Sweet Spot”. One of the most
interesting aspects of this study is finding a “sweet spot”
along the photonic wire for optimal time-gated energy transfer
between the Tb and the initial dye in the FRET cascade.
Specifically, this sweet spot appeared to be between dye
positions P9 and P18 in Figure 1. Although other dye positions
are in closer proximity to the Tb, the increased FRET efficiency
yields a drastic reduction in the Tb lifetime, resulting in
sensitized dye emission within the lag time of the instrument
used for time-gated measurements. Use of a shorter lag time is
precluded by the residual signal from the intense prompt dye
emission. Such residual signal is not unique to our fluorescence
plate reader, but was also observed with a streak camera system
and has been reported in the literature with other instru-
ments.*® Conversely, positions further away from the Tb than
position P18 yield much smaller amounts of time-gated dye
emission because of the distance dependence of FRET. The
optimum balance between these two opposing effects can be
predicted from Forster theory using eqs 4 and 5, where D* and
A* are the probabilities that the Tb donor and dye acceptor are
in an excited state, 7 is an excited state lifetime, and y = (R,/r)°
is the Forster coupling. The time-gated dye emission and its
dependences on lag time and integration time can be predicted
by solving these equations with suitable initial conditions (see
SI for details).

dD* D¥*
--2aay
dt 7 (4)
da* _ _A* , yD*
d Ta ™ ()

Figure 8A shows the predicted dye emission as a function of
lag time and relative donor—acceptor separation, r/Ry. The
experimental data in Figure 3B is compared to the prediction in
Figure 8B. The prediction shows good agreement with the data
for dye positions P13 through P36 (r/R, > 0.75), but
overestimates the emission observed at shorter distances,
specifically position P9 (r/R, ~ 0.6), which has almost no
time-gated emission. The discrepancy in the case of P9 may be
because the actual Tb-dye separation is smaller than the
nominal ~3.2 nm, perhaps as a result of the linker lengths (~1
nm) and molecular dimensions (~1 nm) allowing the Tb and
dye to approach one another more closely or even associate. At
such close proximity, there are two prospective FRET pathways
that could shift the sensitized dye emission within the
instrument lag time. The first of these pathways is the
lanthanide-to-dye energy transfer discussed to this point,
which would approach 99% efliciency and reduce the Tb
lifetime to <30 us at separations <2.6 nm (a mere 0.6 nm less
than the nominal distance). The second of these FRET
pathways is direct cryptand-to-dye energy transfer, which would
bypass the lanthanide ion and occur within nanoseconds rather
than over microseconds or milliseconds (see SI for discussion).
Contributions from this pathway would increase as the Tb-dye
separation distance decreases. The balance of the competition
between lanthanide-to-dye energy transfer and hypothetical
cryptand-to-dye energy transfer is a topic for future research.
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The inset shows the time-gated spectra without the Tb emission.

More generally, “sweet spots” should be expected in many
other time-gated FRET configurations, especially if the
lanthanide complexes have shorter lifetimes than the Tb(III)
cryptate used here. In addition to the idea of a time-gated
photonic wire, this concept has important implications for the
design of time-resolved assays, biosensors, and diagnostics. The
closest possible proximity between donor and acceptor may not
maximize time-gated signal, which is counter to typical
strategies for maximizing prompt FRET. The “sweet spot”
effect, which we have shown to be largely predictable from
Forster theory, may have received little attention to date
because large lanthanide donor-dye acceptor distances have
been unavoidably imposed by proteins in time-resolved
assays,*"*’ and by nanoparticle radii in other recent studies.*>*’

Inclusion of LNA Bases. The photonic wire used to
evaluate time-gating with an initial Tb donor was simple in its
design. Dye-labeled complementary segments were 9 nt in
length to provide close proximity between adjacent dyes in the
FRET cascade and still permit a single terminal label per
oligonucleotide. LNA bases were incorporated into the
template oligonucleotides as an a priori measure to improve
the thermal stability of the short double-stranded hybrid
segments, and to help ensure hybridization of complementary
segments exclusively at the intended positions along the
template. LNA bases restrain the conformational freedom of
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DNA strands through a methylene bridge between the 2’
oxygen and 4’ carbon of the ribose ring, resulting in better
selectivity against mismatched sequences and tighter binding
between complementary sequences (T, increases by 1—8 °C
per LNA nucleotide).”> To date, LNA and other xeno nucleic
acids such as peptide nucleic acid (PNA) have received little
attention in the context of DNA nanotechnology, but their
structural and functional differences versus DNA (e.g., thermal
stability, resistance to enzymatic degradation, degree of
tolerance for mismatches)>*>* could provide important new
opportunities. In our experiments, inclusion of LNA bases in
the photonic wire template strand afforded greater thermal
stability to the hybrid segments than a DNA-only template
(Figure S2). Although statistically significant differences in
FRET efficiency or acceptor/donor emission ratios were not
observed between LNA/DNA and DNA-only templates at
room temperature, significant differences were observed at
elevated temperature (e.g, physiological temperature; see SI,
Figure S2). Inclusion of LNA bases in photonic wires is also
expected to increase their resistance to nuclease degrada-
tion.>>*® Given our focus on time-gating, more detailed
experiments investigating the effect of LNA on formation of
the photonic wire were beyond our scope. Nonetheless, the
utility of LNA in photonic wires and other DNA nanostructures
warrants further investigation in future studies. LNA bases
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Figure 8. (A) Plot of the predicted time-gated AS46 emission intensity
as a function of lag time and Tb-A546 separation, r/R,, for an
integration time of 350 us. The model clearly predicts a “sweet spot.”
The inset shows a close up of short lag times and small relative
donor—acceptor separations. (B) Plot of the experimentally measured,
time-gated AS46 emission intensities (points; error bars from three
replicate data sets are too small to see). The dashed line shows the
prediction from (A) for a lag time of 32 us (to match the experiment).

could, for example, allow the formation of photonic wires at
lower ionic strength, higher temperatures, or with shorter
oligonucleotide segments.

FRET along the Photonic Wires. Our results clearly
demonstrate that Tb can initiate a FRET cascade between a
series of fluorescent dyes. It is perhaps surprising, given the Tb-
dye separation that corresponds to the “sweet spot,” that the
efficiency of the initial Tb-to-dye FRET step was not limiting.
For the AS546-initiated wire, the ~52% Tb — AS546 energy
transfer efficiency was comparable to the efliciencies for
nearest-neighbor A5S94 — A647 FRET, and better than the
efficiency for A647 — CyS.S. This efficiency was also better
than the next-nearest-neighbor FRET efficiencies between dyes,
despite occurring over the same putative donor—acceptor
separation. Similarly, for the A488-initiated wire, the ~28% Tb
— A488 energy transfer is comparable to that observed for
A647 — Cy5.5, even though the latter occurs over half the
distance. These results suggest that the Tb is relatively well
behaved as a FRET donor, whereas the fluorescent dyes
underperform in the two FRET cascades. Dye performance less
than predicted has been reported in prior studies of photonic
wires without time-gating, only some of which can be attributed
to incompletely formed structures across an ensem-
ble.””~****33 Given that Figure S2 suggests no large differences
in room temperature hybridization efficiency between the 1 + 2
segment and the 3, 4, or 5 segments, we speculate that the
unpolarized emission dipole of the Tb yields more favorable
orientation factors for Tb-dye FRET pairs than is possible for
dye—dye FRET pairs, which may be constrained in their
relative orientations. The general and often unjustified
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assumption of an orientation factor of K¥* = 2/3 for dynamically
random dye orientations may be an overestimate if the
fluorescent dyes physically associate with the DNA photonic
wire,”” or have sterically restricted motion. In contrast, the
transition dipole of the Tb is random, irrespective of the
orientation of the complex itself.

Advantages and Limitations of Tb. Three important
advantages afforded by the initial Tb donor have been
demonstrated. First, with a sufficient lag-time, the time-gated
emission observed is exclusively the product of energy transfer
from the Tb and along the FRET cascade down the photonic
wire. In contrast, the prompt dye emission includes both
FRET-sensitized and directly excited contributions, such that
the prompt measurements will reflect a heterogeneous
distribution of FRET cascades initiated at different points
along the wire. Although judicious selection of excitation
wavelength will change the magnitude of the directly excited
emission from each dye, the small Stokes shifts of most dyes,
their spectral widths, and the required spectral overlap for
efficient FRET will generally preclude exclusive excitation of
the initial donor dye in the photonic wire. Although a nonissue
for light harvesting applications, direct excitation of multiple
dyes is a potential complicating factor for studies of FRET in
multidimensional networks and structures, and for biophotonic
logic and diagnostic applications. Time-gating avoids these
complications. Second, time-gating minimizes the emission
signals from fluorescent dyes that are not part of the photonic
wire structure. Whereas prompt measurements of emission are
overwhelmed by fluorescence from excess dyes, time-gated
measurements largely avoid this problem because only dyes in
proximity to Tb can sustain emission after the lag time has
passed. This feature may be advantageous if assembling
complex three-dimensional DNA structures that have modest
assembly efliciencies or, more generally, under dilute
conditions, where excess strands may help drive nanostructure
formation. A third and similar advantage is that background
emission from the sample matrix itself can be rejected by time-
gating, as demonstrated here by mixing the photonic wires with
serum. This capability is highly advantageous for applications in
real biological samples because FRET cascades spanning the
visible spectrum are typically initiated with blue or violet
excitation light, which generates more intense background from
sample matrices than longer excitation wavelengths (which
afford fewer energy transfer steps). Tb-initiated FRET cascades
thus have great promise for prospective biophotonic logic,
diagnostic, and imaging applications.

Although the advantages afforded by the initial Tb donor are
of great value, there are trade-offs associated with its use. The
molar absorption coeflicient of the Tb is relatively modest
compared to many fluorescent dyes and quantum dots, limiting
the overall brightness of the photonic wire, albeit compensated
by the high quantum yield of the Tb and an improved signal-to-
background ratio with time-gated measurements. The multiple
emission lines of the Tb permit pairing with many possible dye
acceptors but necessitate another level of spectral decom-
position to analyze the dye emission, although greatly facilitated
by their narrow spectral width. Finally, and similar to previous
reports,”’ there is some evidence that Tb can nonspecifically
associate with some fluorescent dyes. As shown in the SI, some
limited time-gated emission from all of the dye-labeled DNA
strands was observed when mixed with the free Tb complex at
sufficiently high concentration (Figure S7A) and also when free
dye was mixed with free Tb (Figure S7B). Such interactions
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may be responsible for (i) the anomalously high levels of time-
gated A647 emission and Tb quenching in the Tb/A488-
initiated photonic wire in Figure SA and Figure 7, and (ii) the
small increases in time-gated A488 and A594 emission in Figure
7B when an 8-fold excess of the corresponding segment strand
is added to the template. The precise nature of these putative
interactions is beyond our scope here, but may be driven, at
least in part, by the mutual hydrophobicity of the Tb and
fluorescent dyes. The extent of nonspecific association appears
to vary with the selection of fluorescent dyes and their
accessibility within a DNA nanostructure. For example, the Tb/
AS46-initiated photonic wire does not show anomalously high
levels of emission from the A647 at an internal position (cf., the
anomalously high emission when at a terminal position in the
Tb/A488-initiated wire). These interactions can likely be
avoided by working at submicromolar concentrations with
carefully selected dyes. Overall, these few drawbacks are quite
minor and would be far outweighed by the significant benefits
afforded by the Tb and time-gated measurements.

B CONCLUSIONS

We have demonstrated that a luminescent terbium complex
(Tb) can be used to initiate a time-gated FRET cascade along a
DNA/LNA photonic wire. The inclusion of the LNA
nucleotides increased the thermal stability of the photonic
wire structure, and the millisecond-scale emission lifetime of
the Tb and its multiple, narrow emission lines provided several
additional advantages. The long lifetime permitted time-gated
measurements that minimized unwanted background emission
from directly excited fluorescent dyes, whether from noninitial
positions in the photonic wire or from excess strands. Time-
gating also permitted rejection of background from biological
sample matrices, and the multiple emission lines permitted
initial energy transfer steps to a variety of fluorescent dyes
across the visible spectrum. Moreover, observed efficiencies for
Tb-to-dye energy transfer were closer to the predicted values
than dye-to-dye energy transfer, which are postulated to be a
consequence of the unpolarized emission of the Tb resulting in
more favorable dipole orientation factors. The key to using the
Tb as an effective initial donor was to position the next-in-line
acceptor dye in a so-called “sweet spot.” When the Tb and its
next-in-line acceptor dye were too closely spaced, the high
FRET efficiency decreased the Tb donor lifetime to an extent
that Tb-sensitized emission shifted into the lag or delay time
required for time-gated measurements. Conversely, too far a
spacing between the Tb and its acceptor dye resulted in low
energy transfer efficiencies and low levels of FRET-sensitized
time-gated emission. Optimization of the spacing permitted
time-gated emission measurements with high signal-to-back-
ground ratios. Overall, initiation of a time-gated FRET cascade
with a Tb donor is a very promising strategy for the
fundamental design and characterization of photonic wires
and other functional DNA nanostructures, because it can
improve signal-to-background in several ways, as demonstrated
here along with the important design consideration of the
“sweet spot.”

B ASSOCIATED CONTENT

© Supporting Information

Table of DNA sequences, boxcar method for measuring
emission lifetimes, method of calculation of FRET parameters,
values for spectral overlap integrals, representative time-gated
emission and excitation spectra for photonic wire permutations,
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data showing the effect of LNA on thermal stability, model for
time-gated emission, and additional discussion on energy
transfer processes. This material is available free of charge via
the Internet at http://pubs.acs.org.
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