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ABSTRACT: Molecular materials for light harvesting, computing, and fluorescence
imaging require nanoscale integration of electronically active subunits. Variation in the
optical absorption and emission properties of the subunits has primarily been achieved
through modifications to the chemical structure, which is often synthetically challenging.
Here, we introduce a facile method for varying optical absorption and emission
properties by changing the geometry of a strongly coupled Cy3 dimer on a double-
crossover (DX) DNA tile. Leveraging the versatility and programmability of DNA, we
tune the length of the complementary strand so that it “pushes” or “pulls” the dimer,
inducing dramatic changes in the photophysics including lifetime differences observable
at the ensemble and single-molecule level. The separable lifetimes, along with
environmental sensitivity also observed in the photophysics, suggest that the Cy3-DX
tile constructs could serve as fluorescence probes for multiplexed imaging. More
generally, these constructs establish a framework for easily controllable photophysics via
geometric changes to coupled chromophores, which could be applied in light-harvesting
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devices and molecular electronics.

lectronic excited states are used to harness and direct

energy from light for a wide range of applications,
including fluorescence and sensing assays, data storage, and
solar energy conversion.'™” For optically addressable mole-
cules, the photophysics have primarily been optimized via
synthetic modifications. These modifications, however, fre-
quently require complex chemical syntheses and often result in
small changes in the absorption profile and emission
properties. Alternatively, the photophysics change dramatically
through intermolecular coupling. Variations in coupling have a
steep distance dependence that imposes stringent structural
requirements'°~'" and so have been much less widely
explored.

While meeting these structural requirements has been
challenging in many materials,"* ™" the high fidelity of DNA
base pairing has allowed for unprecedented control over
nanoscale nucleic acid architectures. Canonical double-
stranded duplexes are thermodynamically robust, but they
have limited applications as a structural building block. In
contrast, the DX tile motif, originally inspired by the Holliday
junction, is constructed from two long strands and multiple
short strands that generate a 2D tile with double the scaffold
stiffness as compared to a duplex.'”~>' The DX tile has thus
served as a building block for 2D lattices, which have been
used in applications such as protein binding, drug delivery, and
transition metal binding.”””>® Furthermore, this type of
scaffold engineering has laid the groundwork for three-
dimensional nanostructures.”’~>> A large toolkit of modified
bases allows for site-specific conjugation of molecules within
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the DNA structure as well as integration of these constructs
into larger-scale devices. Through this capability, molecular
chromophores have been scaffolded within DNA in precise
and programmable spatial organizations.”*~*’ Recent work in
this space has focused largely on extending chromophore
integration toward DNA origami building blocks including DX
tiles and six-helix bundles.*’ = Despite the potential of this
approach, chromophore—DNA constructs have been produced
in only a few geometries, limiting the utility of this synthetic
platform.

The applications of chromophore—DNA constructs are
wide-ranging and include sensing, imaging, and light harvest-
ing. Fluorescent nucleic acids have been used as sensors for
metal ions, small molecules, and biomarkers."***~** Strand
displacement reactions, which occur when two strands
hybridize displacing a prehybridized strand, have been used
to generate optical switches, imaging probes, and multiplexed
detection assays.*”~*° Chromophores have also been organized
into geometries reminiscent of natural light-harvesting systems
for energy capture and transport.””*”***7** Chromophores
have been precisely positioned by using covalent attachment
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Figure 1. Electronic transitions of Cy3 dimers upon the addition or removal of central crossover strand bases. (A) Chemical structure of the Cy3
dimer. (B) Schematic of the Cy3 dimer that is covalently bridged within a DX tile. The tunable central crossover strand and long strand are shown
in gray. (C) Schematic and sequences for Cy3-DX tiles upon the addition (left, “pull”-type) and removal (right, “push”-type) of central crossover
and long strand bases. Modified strands are highlighted in light red and light blue for the “pull”-type and “push”-type DX tiles, respectively.
Absorption (solid) and emission (dashed) spectra of (D) “pull”-type and (E) “push”-type dimers. Emission spectra are normalized by relative
quantum yield for $30 nm excitation. Circular dichroism spectra of (F) “pull’-type and (G) “push”-type dimers. Fluorescence decay traces with 520
nm excitation for dimers formed with the (H) addition, or “push”-type, and (I) removal, or “pull”-type, of central crossover strand bases. Emission

was detected at 580 nm.

2 .
95960 and direct

strategies, including nucleoside modification
incorporation into the DNA backbone,**" which provides
control over the photophysics.”” However, these approaches
rely on modifications to the chromophore-containing DNA

strands, which limits the tunability and exchangeability of these
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constructs. Alternatively, molecular aggregates were self-

.. . 36,62,63
assembled via intercalation™"”

31,57,58

or incorporation within the
minor groove. Despite their more straightforward
synthesis, noncovalent approaches lack precise control over
the numbers and relative positions of chromophores.
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Here, we introduce a method to vary the geometry of
chromophore dimers scaffolded on a DX tile by varying the
length of the strand complementary to the dimer, inspired by
previous work describing a DNA nanomechanical device.”*
The tuning of adjacent-DX configurations is achieved by
replacing unmodified DNA strands, which do not require the
multistep synthesis of the chromophore-containing strand. By
addition or removal of bases in the short complementary
strand, the distance between adjacent crossovers within the DX
tile is increased or decreased, respectively. The changes in
distance “push” or “pull” the chromophore dimers, tuning the
resultant optical spectrum likely through a decrease in the
average intradimer electronic coupling. Measurements using
time-resolved fluorescence and transient absorption spectros-
copy showed that the variation in electronic coupling led to
corresponding differences in the excited-state lifetime. Life-
times were distinguishable in single-molecule imaging in both
time and frequency domain analyses. The dimer excited-state
lifetime was also sensitive to local solvent polarity. These
results suggest that the Cy3 dimer constructs could serve as
fluorescence lifetime imaging (FLIM) probes, for example, to
track strand displacement reactions as well as provide a flexible
building block for a range of other molecular applications.

Construction and Characterization of Cy3 Dimers.
Dimers of indocarbocyanine (Cy3) were incorporated into
DNA strands by using phosphoramidite chemistry (Figure
1A).”>® The DX tiles presented here are composed of seven
strands: two long 47—57 base strands, which form a structural
frame, and five short strands ranging in length from 15 to 25
bases, which “cross over” the long strands in a specific 2D tile
geometry (further outlined in Figure S1). DX tiles were
assembled by annealing one monomer or dimer containing
long strand with one non-chromophore-containing long strand
and five non-chromophore containing short crossover strands.
We term the short strand complementary to the Cy3 dimer the
“central crossover strand”. The standard DX tile (Figure 1B)
contains a central crossover strand with 20 bases (denoted as
“0 bp”), with the corresponding 52 bases in the non-
chromophore long strand. We can tune the Cy3 dimer
photophysics exclusively with non-chromophore-containing
strands by adjusting the length of just two strands: the central
crossover strand and the non-chromophore-containing long
strand shown in gray in Figure 1B. The DX tiles designed to
pull the Cy3 dimers apart (Figure 1C, left) contain a central
crossover strand with 21—2S bases (“+1 to +S bp”), while the
long strand contains 53—57 bases. The DX tiles designed to
push the Cy3 dimers together (Figure 1C, right) contain a
central crossover strand with 15—18 bases (“—5 to —2 bp”),
with a long strand containing 47—50 bases. The separation of
each folded DX tile construct was confirmed through
polyacrylamide gel electrophoresis (PAGE) analyses (Figures
S2 and S3).

The optical properties of the Cy3 dimers were initially
investigated by comparing their linear absorption spectra. The
spectra for all the dimers are shown in Figure 1D,E. The
spectra exhibited a redistribution of oscillator strength from the
0—0 to the 0—1 band as well as a hypsochromic shift in the
transition energy for the 0 bp Cy3 dimer in comparison to the
monomer (dark gray). Both of these features are spectroscopic
signatures of a vibronically coupled subradiant “H-type”
aggregate,és’é6 which is generated through cofacial stacking of
the chromophores. The quantum yields (Table S4) were also
lower than the monomer, consistent with the subradiant nature

1865

of the H-type dimer. In Figure 1F,G, the circular dichroism
(CD) spectra of the 0 bp Cy3 dimers show a bisignate line
shape, where the signs of the observed peaks have been
assigned to a vibronically coupled H-aggregate.””*® The
formation of an H-type dimer is consistent with previous
findings that Cy3 dimers on the same strand of DNA stack
largely cofacially.**

The addition or removal of base pairs from the central
crossover strand results in a concomitant reduction in the
difference in relative intensity between the 0—0 and 0—1
vibronic band (Figure 1D,E; Tables S3 and S4), indicating a
diminution of electronic coupling. A decrease in the intensity
of the bisignate peaks in the circular dichroism spectra of the
Cy3-DX constructs upon addition or subtraction of base pairs
further corroborates the assignment to diminution of coupling
(Figure 1F,G). The changes in the CD spectra, as well as the
previously established pushing and pulling forces applied by
the DX tile scaffold,”* imply that the length of the
complementary strand induces geometric changes to the Cy3
dimers. We thereby ascribe the molecular origin of the
observed variation in optical properties to be these geometric
changes. The disruption of the structure for the dimer chiral
response points to a change in stacking contributing to the
measured spectroscopic signatures, particularly for the “pull”
type dimer where changes in the spectral profiles are observed
for the +3 bp to +5 bp constructs. The observed spectral
changes could arise from a combination of a discrete decrease
in electronic coupling toward a monomer-like species and/or
transition from cofacial stacking to head-to-tail, reducing the
magnitude of electronic coupling.”*® However, the observed
changes in chiral response could also arise from formation of a
subpopulation of dimers with opposite handedness from the 0
bp dimer, thus contributing to interfering CD signals. Despite
the spectral signatures corresponding to a decrease in
electronic coupling, several of the dimers (+3 bp, +4 bp, +5
bp, —2 bp, and —3 bp) showed a decreased quantum vyield,
which could be a result of aggregation-induced nonradiative
decay pathways.**%’

DNA Structure Tunes Dimer Photophysics. Structural
distortions, such as those induced by the addition and removal
of base pairs to the central crossover strand, vary the resultant
excited-state dynamics used in many of the applications of
DNA—chromophore assemblies. To characterize the overall
excited-state temporal evolution, time-correlated single photon
counting (TCSPC) was used to measure the emissive lifetime.
The Cy3 monomer, a single cyanine chromophore bound
within the DX tile, has an average lifetime of 1.5 ns (structure
and lifetime data are shown in Figure S9). The lifetime is
composed of two components, 0.6 and 2.1 ns. The Cy3
lifetime in DNA has been previously described by multi-
exponential kinetics due to different modes of binding to the
DNA, which impact the photoisomerization quantum yield and
thus the nonradiative decay rate.”””" Similar multiexponential
effects have also been observed in DX tile scaffolded Cy3
monomers.”” The 0 bp dimer exhibits a biexponential decay
with a 0.29 + 0.02 and a 3.40 + 0.05 ns component, which
gave an average lifetime of 2.3 ns. The two components likely
correspond to static and/or dynamic subpopulations within the
DNA scaffold with different geometries. The long component
is likely from the subradiant emission of the H-aggregate, and
the short component is likely from a fast nonradiative decay
pathway. Additional dimer geometries or monomer-like
subpopulations could also be present. However, additional
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Figure 2. Ultrafast transient absorption spectra identify two subpopulations. (A) Broadband transient absorption spectra of 0 bp dimer and (B) + 4
bp dimer (excitation centered at 540 nm). (C) Transient absorption kinetic traces from (A) and (B) at 19800 and 17600 cm™" for 0 bp (purple)
and +4 bp dimer (red). (D) Globally fit decay associated spectra (DAS) of (A) and (B) for 0 bp and +4 bp. The long time scale is shown as solid
lines (7 = 4 ns and 7 = 1.7 ns for 0 and +4 bp, respectively), and the short time scale is shown as dashed lines (7 = 160 ps and 7 = 330 ps for 0 and
+4 bp, respectively). The +4 bp DAS is scaled by a factor of 1.7 for ease of visualization.

exponential terms were not required to achieve a good fit,
suggesting the additional species, if any, have similar lifetimes.
Work on both Cy3 and Cy5 dimers formed on opposite
strands of DNA has identified subpopulations of both J- and
H-type dimers,””*””> while Cy3 dimers formed on the same
strand as in this work appear to have strongly coupled H-type
populations and weak H-type or weak J-type populations.*
Similar heterogeneity in electronic coupling within molecular
aggregates has also been observed beyond dimer assem-
blies.””~"

The addition or removal of central crossover strand bases
lowered the average lifetime from 2.3 ns to a minimum of 0.8
ns, as shown in Figure 1. The lower values arise from the long-
lifetime component shortening from 3.4 to 1.7 ns and the
short-lifetime component increasing in amplitude (Table SS).
In conjunction with the quantum vyield, these results show a
suppressed radiative rate for all dimers relative to the
monomer, further indicative of H-type aggregation. The 0 bp
dimer shows the slowest radiative rate, while addition and
removal of bases to the central crossover strand results in an
increase in both the radiative and nonradiative rates (Table
S5). In agreement with absorption and CD measurements, the
increase in radiative rates relative to the 0 bp dimer points
toward either a decrease in the magnitude of electronic
coupling or an increase in subpopulations of weakly coupled
dimers or monomer-like species. The nonradiative rate is likely
increased by an enhancement in either isomerization, as has
been previously observed in Cy3 dimers,” or internal
conversion driven by strong nonadiabatic coupling, as has
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been observed in Cy$ J- and H-aggregates.”* Collectively, these
results highlight the utility of geometric changes in tuning
photophysics via both the excitonic radiative decay and the
nonradiative decay, which is often determined by the
environment.

To gain further insight into the nature of the excited states,
ultrafast transient absorption spectra were measured for the 0
bp and +4 bp dimers, which show the longest and shortest
lifetimes, respectively (Figure 2A,B). Within the spectral region
probed, both dimers showed negative peaks from ground-state
bleach/stimulated emission signal at the 0—0 and 0-1
transitions. The decay of the negative peaks was well fit with
biexponential kinetics. The long-time component was held
constant at the value of the emission lifetime (3.4 ns for 0 bp
and 1.7 ns for +4 bp), with the time scale of the short
component as a free parameter. The recovered time scales
were 160 and 330 ps for 0 bp and +4 bp, respectively. The
short components may reflect a subpopulation of weakly
coupled dimers or aggregation-induced nonradiative decay,
which was observed previously and assigned to a torsional
motion.””****7? The long components likely arise from H-
type dimers, where the slower time scale for the 0 bp dimer
indicates stronger electronic coupling, consistent with the
conclusions from the steady-state spectra and fluorescence
lifetimes.

Global analysis using a two-component parallel decay model
was used to extract the decay associated spectra (DAS) for
both kinetic components, as shown in Figure 2D. While both
the 0—0 and 0—1 peaks are present in all the DAS, the 0—0/
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0—1 band ratio was larger for the short component DAS than
for the long component DAS. The larger ratio is consistent
with the assignment of the short component to subpopulations
with weaker H-type electronic coupling. The smaller 0—0/0—1
band ratio of the long component DAS is indicative of the
strong H-type electronic coupling in this subpopulation. The
0—0/0—1 band ratio for both DAS of the 0 bp dimer is smaller
than for the +4 bp dimer, as expected for the stronger H-type
electronic coupling in the 0 bp dimer. Collectively, these
variations in the excited-state dynamics establish the ability of
the complementary strand to induce changes in geometry and
provide flexible building blocks for light harvesting, computing,
and imaging applications.

Environmental Sensitivity of Dimer Constructs. One
method for chemical sensing exploits the environmental
sensitivity of fluorescence as a reporter of the local
composition.”*””® Cy3 is likely to exhibit such sensitivity as
it is highly susceptible to environmental changes due to its
hydrophobic regions and propensity for photoisomeriza-
tion.””””* We investigated the environmental sensitivity of
the Cy3 dimers by measuring the impact of solvent polarity on
their emission. We characterized single-stranded, 0 bp and +4
bp dimers by comparing a buffered solution of 70% water and
30% dimethylformamide (DMF) to a buffered aqueous
solution. The fluorescence excitation spectra (Figure S12)
report on the relative contributions of the optical transitions to
emission. The difference excitation spectra between 0% DMF
and 30% DMF are shown for all three samples in Figure 3A.
The oscillator strength was redistributed from the 0—1 to the
0—0 band and approaches the monomer spectrum, indicating a
larger population of weakly coupled dimers in the less polar
environment. Similar changes were also observed in the
absorption spectra (Figure S13). The transition dipole
moment is localized on a primarily hydrophobic region,
which may lead to weaker interdye interaction in the less polar
environment.

The average lifetimes for the three samples are shown in
Figure 3B. The average lifetime of the single-stranded DNA
was the longest at 2.2 ns, and the lifetimes of 0 bp and +4 bp
DX tiles shortened to 2.0 and 1.2 ns, respectively. In the 30%
DMF solution, all the lifetimes shortened with the largest
change for the single-stranded DNA and the smallest for the
+4 bp dimer (Figure 3B,C). In contrast, the lifetime of the
monomer increased slightly, similar to previous work on the
polarity-dependent behavior of cyanine dyes.”'
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The large change for single-stranded DNA likely arises from
the lack of structural constraints, which allows for the closest
cofacial stacking, and thus the longest lifetime in aqueous
solution, as well as the easiest formation of amonomer-like
population, which shortens the lifetime in 30% DMF. The
small change for the +4 bp dimer is likely due to the longer
central crossover strand pulling the dimers apart, resulting in
an extended configuration with less cofacial stacking and less
freedom to adopt a monomer-like configuration. Consistent
with this picture, the +4 bp dimer has a shorter lifetime in
100% aqueous solution, ie., smaller H-type coupling, and a
minimal decrease in lifetime upon addition of 30% DMEF, i.e.,
limited structural rearrangement. Overall, these observations of
a polarity-based solvent dependence establish a mechanism to
read out the properties of the local environment.

Probes for Fluorescence Lifetime Imaging. Fluores-
cence lifetime imaging (FLIM) is widely used to map out
biological and materials systems based on differences in the
lifetime of fluorescent probes or the material itself. This
imaging modality requires separation between lifetimes with
high sensitivity and fidelity.”>*> While this has typically been
achieved via synthetic structural modification to chromophore
monomers, the large (~65%) variation in lifetime across the
series of Cy3 dimers suggests that tuning dimer geometries, as
done here using DNA, may provide an alternate set of FLIM
probes for multiplexed imaging. To test the distinguishability
of these constructs in FLIM, we performed confocal single-
molecule spectroscopy on the 0 bp Cy3 dimer, +4 bp Cy3
dimer, and a 50%/50% mixture of the two dimer constructs.
For each sample, the emission of individual Cy3 dimers was
recorded, and the emission decay curves were fit to a
monoexponential function. The extracted time scales were
used to construct lifetime histograms as shown in Figure
4A,C,E. The mean lifetimes were 3.35 and 1.65 ns for the 0 bp
and +4 bp dimers, respectively, consistent with the long-
lifetime component from the ensemble measurements. The
short-lifetime component observed in the ensemble is absent
from the single-molecule data due to the longer instrument
response function of the high-sensitivity detector.

The standard deviations of the distributions for both the 0
bp and +4 bp dimers were ~0.5 ns, which is much less than the
separation between the mean lifetime of the two samples (3.35
and 1.6S ns, respectively). These results indicate that the 0 bp
and +4 bp dimers could be easily distinguished in FLIM
imaging. As further confirmation of their distinguishability, the
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Figure 4. Single-molecule imaging of Cy3-DNA constructs. (A) Distribution of single-molecule emission lifetimes for immobilized samples of 0 bp
dimers, (C) +4 bp dimers, and (E) a 50% mixture of 0 bp and +4 bp dimers (550 nm excitation, $90 nm emission). Dashed lines indicate the mean
of the 0 bp and +4 bp distributions. (B) Phasor plots calculated according to ref 84 for 0 bp dimers, (D) +4 bp dimers, and (F) a 50% mixture of 0

bp and +4 bp dimers.

data from the 50%/50% mixture were also analyzed. The
histogram of the mixture shows a clear bimodal structure
(Figure 4E), confirming the two probes could be resolved in
FLIM even with the low signal levels intrinsic to single-
molecule imaging. The unimodal nature of the single-molecule
distributions suggests largely homogeneous populations,
although multiple species, such as dimer-like and monomer-
like populations, with similar lifetimes could be present.
FLIM experiments are typically performed in the frequency
domain for high-throughput data collection. To verify
distinguishability of the dimers in the frequency domain, we
performed a phasor analysis on the time-domain data, which is
a Fourier transform of the decay curves. The Fourier-
transformed data are plotted as a function of the real
component, G, and the imaginary component, S, of the
frequency domain response as shown in Figure 4B,D,E.%>%%¢
The lifetime is proportional to the ratio of S to G in the
frequency domain signal, and thus each distribution of single
molecules corresponds to distinct populations in the phase
space maps (Figure 4B,D). The center of the 0 bp distribution

appears at (G = 0.4S, S = 0.43), while the center of the +4 bp
distribution occurs at (G = 0.70, S = 0.37). Although the +4 bp
distribution is broader, the 0 bp and +4 bp dimers are confined
above and below G = 0.5, respectively. Similar to the time
domain results, the distribution of the 50%/50% mixture in
phase space has two clear populations separated by a region
with a near-zero population (Figure 4E), establishing that
these two constructs are also distinguishable in the frequency
domain.

The distinguishability of the Cy3 dimers establishes their
utility as FLIM probes. Furthermore, the changes in emission
spectra and lifetime with solvent polarity allow the dimers to
report on their local environment within a FLIM/multiplexed
measurement. Indeed, FLIM probes are often used to detect
changes in chemical environment, including polarity as well as
pH, analyte concentration, and viscosity, which were
previously established to also change the Cy3 emission.”>”"*’
The central crossover strand dependence of the lifetime also
allows for facile tracking of strand displacement reactions.
Precise knowledge of the kinetics of these reactions is often
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exploited to deploy DNA in analyte sensing."”*® Beyond
strand displacement reactions, the dependence of the photo-
physics on the complementary central crossover strand has the
potential to enable studies of DNA hybridization and other
properties of nucleic acids.*” Finally, the DNA scaffold means
that the construct is biocompatible and easily functionalized
for specific conjugation to desired targets.

Here, we report a method to introduce geometric changes to
DNA-scaffolded Cy3 dimers via the central crossover strand,
thereby tuning the corresponding photophysical properties
such as the optical spectrum and emission lifetime. Based on
the length of the strand, the DNA scaffold pushed or pulled the
dimers, changing the geometry and as a result changing the
transition energies, fluorescence lifetime, and solvent depend-
ence of the excited states. In particular, the solvent-dependent
lifetimes and distinguishability between dimers of different
geometries at the single-molecule level suggest these constructs
could serve as FLIM probes. Overall, the photophysical
variations in interchromophore interaction drive changes in
the excited-state dynamics, which may be used in fluorescence
assays, light harvesting devices, and molecular electronics.
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