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Abstract

A wide variety of organic dyes form, under certain conditions, clusters know as J- and H-
aggregates. Cyanine dyes are such a class of molecules where the spatial proximity of several dyes
leads to overlapping electron orbitals and thus to the creation of a new energy landscape compared
to that of the individual units. In this work we create artificial H-aggregates of exactly two cyanine
3 dyes by covalently linking them to a DNA molecule with controlled sub-nanometer distances.
The absorption spectra of these coupled systems exhibit a blue-shifted peak, whose intensity varies
depending on the distance between the dyes and the rigidity of the DNA template. Simulated
vibrational resolved spectra, based on molecular orbital theory, excellently reproduce the
experimentally observed features. Circular dichroism spectroscopy additionally reveals distinct
signals, which indicates a chiral arrangement of the dye molecules. Molecular dynamic
simulations of a Cy3-Cy3 construct including a 14-base pair DNA sequence verified chiral
stacking of the dye molecules.

Introduction

The manipulation of light on the nanometer scale is of fundamental importance for
designing efficient light harvesting and photonic devices.1-4 Fluorescent emitters such as
quantum dots, fluorescence dyes, and NV centers are highly sensitive to their environment.
In particular, organic fluorescent molecules are known to aggregate and stack on top of each
other under certain conditions, resulting in changes of their absorption and emission
properties.5-11 Many applications demand the precise tuning of the dye’s spectroscopic
properties, such as dipole orientation and coupling strength, for which control over their
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interactions is highly desired.4,12,13 Aggregation of fluorescent molecules has been vastly
exploited by tuning experimental parameters such as solvent polarity, ionic concentration
and temperature.14—-16 Nonetheless, these methods are rather non-specific and do not yield
fine control over the resulting aggregate, making it difficult to fully characterize the resulting
supramolecular dye structure.8,17 Natural light harvesting complexes, on the other hand,
offer an example of full control over spectral coupling. In nature, a protein scaffold
organizes the relative position and orientation of chromophores, so that their coupling
strength and optical properties can be tuned into the desired frequency window.1,18

In a similar way DNA base pair recognition offers unprecedented spatial control over the
assembly of nanometer-scale objects, including optically active components, such as dyes,19
quantum dots20 and metallic nanoparticles.21,22 Simple double-stranded DNA constructs
have already been employed in a variety of photonics applications, which require a precise
spatial organization of dyes, such as the creation of artificial aggregates of dyes. For
example, the aggregation of cyanine dyes can occur via their intercalation in the minor
groove of a DNA double strand.23 With the goal of improving the control over the
positioning of dyes, DNA bases were substituted with the molecule of interest, for example
methyl red,24 biphenyl and bipyridyl.25 In a different conjugation scheme, porphyrin
aggregates have been created on a DNA strand through covalent linkage of porhyrin rings to
thymine bases in a defined sequence.26,27 Owing to the wide variety of commercially
available dyes that are covalently linked to DNA bases, covalent coupling today is the
method of choice for imaging and energy transfer studies.

In this work we exploit this excellent addressability of DNA strands and in particular
thymine bases to induce cyanine dye dimerization in a controlled manner and create new
molecular excitonic states. With the ultimate goal of mimicking multi-dye coupling similar
to that found in light harvesting complexes, we are here interested in studying interactions
between pairs of Cyanine 3 (Cy3) dyes brought into close proximity in synthetic DNA
single- and double-strands. Our DNA — dye hybrid structures are characterized by
absorption spectroscopy and circular dichroism (CD). Due to the a priori design of the
system, the interaction between the dyes can further be modeled by Time-Dependent
Density Functional Theory (TD-DFT) calculations, allowing the comparison of spectral
properties with simulated absorption spectra. Finally, the dynamics of the dye — DNA
complex is investigated through molecular dynamics (MD) simulations.

Material and methods

The constructs used in this work consist of a synthetic DNA strand where one or two Cy3
molecules are linked to tymine bases through NHS coupling and the corresponding,
unmodified, complementary sequence. The DNA strands were purchased from IBA GmbH
(Gottingen, DE). The following sequences were used:

Monomer 5’-ATC GTATC T¢y3 GTG TCT ATG CTA -3
Dimer 1 base distance 5’-ATCGTATC T¢y3G T¢y3GTCTATGCTA-3’

Dimer 0 base distance 5’-ATCGTATCTG T¢y3 TcysTGTCTATGCTA-3’
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Teys indicates the modified thymine bases.

To hybridize the modified strand with their complement a mixture of both strands with a 1 to
1 ratio was mixed with buffer containing 1XTE (10 mM Tris, 1 mM EDTA) and 150 mM
NaCl at pH 8.0. The solution was heated to 65°C for 5 min and slowly cooled to room
temperature over 2h.

The absorption measurements were performed using a 10 mm optical path length quartz
cuvette (Hellma-analytics) and a V-650 Spectrometer (Jasco) with 0.5 nm resolution and 1 s/
point integration time. The CD signal was acquired with Chirascan-Plus Circular Dichroism
Spectrometer (Applied Photo-physics Ltd) 1 nm resolution and 1 s/point integration time
and the samples (DNA constructs concentration 10 uM in 1XTE and 150 mM NacCl buffer)
placed in a 3 mm optical path length quartz cuvette (Hellma-analytics). Absorption and CD
measurements were all performed at room temperature.

We also test a construct with a different Cy3-DNA linker. In this case one Cy3 molecule is
located on each of two complementary DNA strands, the dye effectively acts as a substitute
for the sugar-base complex at a specific location on the oligonucleotide. This substitution is
accomplished by conjugating the 3' and 5' ends of two shorter strands to the two free
hydroxy groups of the dye (SI Scheme 1). Such modified oligos and the relative
complements were purchased from IDT (Integrated DNA Technologies Inc). The following
sequences were used:

Dimer N=0

5-ATTCAGATTTTITTTITTTITTTTTTITTTT T/iCy3/TTTTT AGT TGA A -3’

5- TTC AAC TAA AAA /iCy3/AAA AAA AAA AAA AAA AAA AAATCT GAAT -3
Dimer N=6

5-ATTCAGATTTTTTTITTT TTT TT/iCy3/TTTTTTTTTTT AGT TGA A -3'

5- TTC AAC TAA AAA /iCy3/AAA AAA AAA AAA AAA AAA AAATCT GAAT -3
Monomer:

5-ATTCAGATTTTTTTTTTTTITTTTTTTTITTT TTT AGT TGA A -3

5- TTC AAC TAA AAA /iCy3/AAA AAA AAA AAA AAA AAA AAATCT GAAT -3

The doubly labeled Cy3 strands were hybridized by mixing equimolar amounts of the two
complementary strands at a final concentration of 2 uM in 1xXTE, followed by heating to 70°
C and linear cooling to 25° C over 45 minutes in a thermocycler (Bio-Rad Laboratories,
Inc.).

Absorbance measurements were performed using a Cary 300 Bio UV-Visible
Spectrophotometer (Agilent Technologies) with 1 nm resolution and 0.1 s/point integration
time. The DNA duplex samples were diluted to a final concentration of 0.7 pM in 1IXTE in a
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low volume cuvette (100 pl) (10 mm path length) (Sigma-Aldrich). CD spectra were
recorded on an Applied Photo-physics Chirascan circular dichroism spectropolarimeter
using a 1 mm path length quartz cuvette. CD measurements were performed at room
temperature over a range of 450-600 nm using a response time of 0.5 s, 1 nm pitch and 0.5
nm bandwidth. The recorded spectra represent a smoothed average of three scans, zero-
corrected at 600 nm and normalized (Molar ellipticity &is quoted in 10° deg cm? dmol™1).
The absorbance of the buffer was subtracted from the recorded spectra. The sample was
diluted to a final concentration of 5 UM in 1XTE.

Computational methods

We generate simulated vibrational resolved absorption spectra using Time-Dependent
Density Functional Theory (TD-DFT) and a Polarizable Continuum Model (PCM). All ab
initio calculations were carried out with the program package Gaussian09.28 The functional
B3LYP and the basis set 6-31G(d) were used throughout. To account for solvent effects the
Polarizable Continuum Model29 was used. For the optimization of the dimer the dispersion
correction D3 from Grimme30 was added. The simulation of the vibrationally resolved
spectra was done using the implementation of Santoro et a/.31 in Gaussian09.28 The
Franck-Condon method and a spectral broadening of 300 cm™! was used.

The molecular dynamics (MD) simulations were carried out with the program Gromacs
5.1.32,33 The following DNA sequence was used: 5’-TAT CTG Ty3T¢y3T GTC TA-3". A
starting structure for the double stranded DNA was generated with model.it.34 The
amber99bsc035,36 force field was used for the DNA and GAFF37 for the Cy3 molecule.
The parameter for Cy3 were taken from Graen et a/.,38 the ones for the modified thymine
and the linker were generated using ANTECHAMBER relying on HF/6-31G(d)
optimizations. The simulations were performed in TIP3P water,39 sodium ions were added
to neutralize the system. A rectangular box with side lengths of 55x55x43 A was used. After
energy minimization the system was first equilibrated for 200 ps while restraining the DNA,
then again for 1 ns without any constraints, before running production simulations.

Results and discussion

Dyes located at distances below ~10 nm can exchange energy via non-radiative, incoherent
dipole-dipole interaction known as Férster Resonance Energy Transfer (FRET).40 When the
molecules are brought into even closer proximity, to distances comparable to their physical
size, they can instead have coherent energy exchange.41 This type of interaction gives rise to
new energy states compared to those observed in individual dyes. Consequently, this
coupling creates a new energy landscape and therefore leads to new optical properties, which
can be quantified v/a absorption spectroscopy.5,7,23,42,43

Our system of study is a short DNA duplex consisting of a single-stranded DNA (ssDNA)
oligonucleotide carrying either one or two Cy3 molecules, which are covalently attached to
selected thymine bases through NHS coupling (Scheme S1.a) and an unmodified
complementary DNA sequence. We arranged the dyes in two different configurations: Dimer
1 (Cy3-G-Cy3) contains two Cy3 dyes coupled to a thymine with one unmodified guanine in
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between while Dimer 0 (Cy3-Cy3) has no separating base (Figure 1b and 1c). A single
labeled strand serves as a control sample (Figure 1a).

To investigate the interactions between the dyes in their different configurations we
performed absorption spectroscopy measurements on both the sSDNA and the dsDNA
constructs. The results are summarized in Figure 2. For the ssDNA constructs (Figure 2a)
the Cy3 monomer displays the expected absorption maximum at 550 nm with two small
shoulders at 520 nm and at 480 nm (Supporting Information Figure S1). Constructs
containing two Cy3 molecules display a new, blue-shifted peak around 512 nm
(hypsochromic peak), which increases in intensity as the dyes get closer to each other.
Additionally, the shoulder in the region around 480 nm becomes more pronounced in the 2-
dye constructs. Similar trends are observed in the dsDNA constructs (Figure 2b) but with an
even more pronounced intensity increment of the blue-shifted hypsochromic peak. The
spectral change is so pronounced that it is visible with bare eyes (see Supporting
Information Figure S2). As the only structural difference compared to the sSDNA constructs
is the presence of the hybridized, unmodified complement, we conclude that the higher
rigidity of the duplex (persistence length P sppa ~ 50 nm) compared to SSDNA (Pesppa ~ 1
nm) leads to a decreased orientation fluctuation of the two dyes and therefore to a modified
spectrum. 44 Further, the average distance between two bases in a single-stranded
configuration is on the order of 6 A while it is 3.4 A in dsDNA45 also resulting in closer
proximity of the dyes in the duplex configuration. The fact that the relative distance between
dyes plays a crucial role in the strength of their interaction becomes obvious when
comparing the increased intensity of the hypsochromic peak of the construct with 0 bases in
between the dyes with that containing a spacer guanine. We attribute the formation of the
hypsochromic peak to Cy3 — Cy3 interaction and not to interaction of the dyes with adjacent
DNA bases as the single-labeled control sample does not display any additional spectral
peaks.

Cyanine dye molecules are known to interact with each other via r-orbital stacking thereby
forming H-aggregates in aqueous solutions.11,16,17 The appearance of the blue-shifted
peak in our experiments is consistent with this picture of H-aggregation of two polarized
molecules with parallel dipoles.4,10,42,43 To demonstrate that the dimer formation is a
result of the controlled positioning of the dyes mediated by the DNA scaffold and not caused
by spontaneous aggregation, we performed a series of control experiments: First, the
observed spectra were not significantly affected by varying the concentration of the
constructs (Supporting Information Figure S3). Second, in order to exclude the possibility of
H-aggregation being mediated by DNA groove intercalation,23 we mixed free dye with
unmodified dsDNA at varying ratios and again observed no changes of the spectra compared
to those originating from mono-dye-labeled samples (Supporting Information Figure S4).

We also tested a different construct where one single Cy3 dye was located on each of two
complementary DNA strands and we again observed the same spectral changes that are
typical for H-aggregate dimerization (Supporting Information Figure S5).

Simulated vibrational resolved absorption spectra were generated using Time-Dependent
Density Functional Theory (TD-DFT) and a Polarizable Continuum Model (PCM) was
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applied. To reduce the computational cost, we neglected the surrounding DNA and chose a
model system (Supporting Information Figure S6) consisting only of the r-system, which is
responsible for the absorption properties of the dye. Figure 3 shows the simulated absorption
spectrum for the strongly dipole-allowed S; state of the monomer and its excellent
agreement with our experiments. The 0-0 band is located at 560 nm with a smaller peak at
523 nm, characteristic for cyanine dyes.46,47 This transition corresponds to an excitation
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO), as shown in Table 1.

Stacking two of these monomers in a parallel dipole configuration leads to the dimer
structure shown in Supporting Information Figure S6. Both molecules are completely flat
and the distance between their molecular planes is 3.4 A, as by design in the “Dimer 0”
construct. In this configuration, the HOMO and LUMO of the monomers combine resulting
in four different orbitals and hence, four different excited states. Each new state consists of a
positive and negative linear combination of the monomer’s HOMO and LUMO energy
states. The contributions of the S; and S3 states combination results in a zero net
contribution. The S, and the S, states consist of the same transitions, but with inverse
weight. The S, state has a vertical excitation energy of 2.22 eV and is thus red-shifted
compared to the monomer. Its oscillator strength is two orders of magnitude smaller
(0.0424) than the that of the S, state and is, as a consequence, the weak component in
molecular exciton theory.48,49 In contrast, the S4 state is blue-shifted (2.80 eV) and has a
significant oscillator strength (2.8945) that is almost twice the monomer value. It is the
strong component in molecular exciton theory and the only relevant transition here. The
resulting absorption spectrum is shown in Figure 3. It consists of the 0-0 transition at 518
nm with almost none vibrational progression. Comparing this outcome to the monomer, we
observe a blue shift of the absorption signal by 42 nm resulting from dimerization. The
hypsochromic peak observed in the experimental spectrum is 38 nm shifted from the
monomer absorption, which is very close to the difference displayed by the simulated
spectra. The absolute simulated values of the vertical excitation of the monomer and dimer
are shifted bathochromatically in respect to the experimental peaks by 0.04 and 0.03 eV,
respectively, which constitutes very good agreement for an ab /initio method such as TD-
DFT.50 This overall agreement between experimental data and theory strengthens our
hypothesis of controlled H-aggregation.

The simulations show either the original peak for the monomers at 560 nn or the blue-shifted
peak for the dimers at 518 nm. In our dimer samples we observe not only the blue-shifted
peak, but also the original peak indicating that not all dyes form the H-aggregate state or that
this state is not formed permanently, as also indicated by the MD simulations discussed
below (see MD video included as SI). To account for the mixed spectrum of the monomer
and dimer species, we created a linear combination of the two simulated spectra. The
superimposed modeled spectrum fitted the experimental spectrum best with one-third
contribution from the dimer population and two thirds originating from the monomers. Also
the appearance of the more pronounced shoulder at 480 nm could this way be attributed to
the convolution of the two minor peaks of the monomer and dimer spectra around these
wavelengths.
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In the simulations, the dyes are stacked one above the other in a parallel dipole
configuration, where the energy level of the excited state corresponds to the main absorption
peak of the dimer spectrum. To test for chiral arrangements of the dyes we also conducted
circular dichroism (CD) measurements. All constructs containing two cyanines in close
proximity exhibited a measureable CD signal (see Figure 4). In contrast, all samples with
only a single dye did not exhibi chiral signatures, indicating that CD transfer, /.e. coupling
between the chiral dsSDNA and the achiral individual dyes, is not the origin of the recorded
CD.51 In accordance with this observation, the Cy3 dimer with dyes in closest proximity
displays the strongest CD signal. The same behavior has been reported for DNA-porphyrin
constructs.27 Our MD simulations further confirm that the measured signal is not a result of
Cy3 - DNA intercalation but a result of chiral stacking of the dyes. Interestingly, the
constructs with the doubly anchored Cy3 exhibit even stronger CD signals and a different
spectral shape compared to that of the thymine-modified constructs. Previous studies have
shown that doubly labeled Cy3 can intercalate between DNA bases,52 suggesting that dyes
can stack on top of each other but also between adjacent base pairs resulting in strong,
bisighate CD signals.51,53 Generally, CD spectroscopy cannot be used to gather full
structural information and additional modeling would be required to quantitatively
understand the recorded spectra.54 Nevertheless, we can infer that all the constructs showing
the hypsochromic shift also exhibit chiral arrangements of dyes and that different strategies
of linking the same dyes to DNA duplexes lead to structural and spectral variations.

Molecular dynamics simulations of the Cy3-Cy3 construct including a 14-base pair DNA
sequence were used to investigate the dynamics of the system. We considered the
experimental Cy3 molecule with the original C(CH3), groups here. Time snapshots shown in
Figure 5 and Supporting Information movieS1 reveal that the dyes stay in close proximity
throughout the simulation (2 nsec). While the Cy3 monomer preferably lies in the major
groove of the DNA (see Cy3_monomer.pdb file in the Supporting Information), the dyes in
the dimer configuration stay near the negatively charged backbone, as it can be expected for
a positively charged molecule. For some time during the propagation, the attraction between
the molecules is visible as one or both leave their planar form, which is normally the natural
configuration for molecules with such a rt-system. The edges are bent towards each other to
maximize the interaction. Furthermore, as the bulky C(CH3), groups prevent the molecule
from aligning perfectly, the dye molecules rotate slightly against each other, forming an
average angle of 11.1°, confirming the results of the CD spectroscopy.

Conclusion

In conclusion we demonstrated that with our relatively simple system of cyanine dyes
covalently attached to DNA backbones we can artificially create molecular excitonic states
by deterministically changing the reciprocal distance of the dyes and the rigidity of the
scaffolding constructs. Our pre-programmable DNA-based approach demonstrates excellent
control over dye assembly and designed dimer interaction strengths thus allowing optical
tuning and theoretical modeling of dye aggregates. Furthermore, the use of DNA as the
underlying scaffolding material opens the possibility for complex integrated nanostructures,
thereby widening the toolbox of nano-optical components available for photonics and nano-
optics.
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Figure 1.
Schematic representation of experimental dye-DNA constructs with relative nomenclature

and dye positions. A) Cy3 monomer, only one thymine base is modified with the dye. B)
Cy3 “dimer 1” with one base (guanine) separation between dyes. C) Cy3 “dimer 0”
consisting of two cy3 molecules linked to adjacent bases.
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Figure 2.
Absorbtion spectra of the dye-DNA constructs. A) Normalized absorption of the ssDNA and

B) dsDNA constructs. The light blue curves correspond to the cy3 monomer, while the green
and orange curves correspond to the Cy3 dimer with 1 base and 0 base distance respectively.
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Figure 3.
Comparison of weighted linear combination of TD-DFT simulated spectra (solid red line)

and experimentally obtained spectra from the construct “dimer 0” on dsDNA (solid blue
line). Simulated spectra of monomer and dimer are shown in black (dashed and dotted lines
corresponding to monomer and dimer, respectively). The intensities of the experimental
spectra were fitted best when assuming one-third of dimer and two-third of monomer
contribution.
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Figure 4.

CD measurements of all dSDNA constructs. A) Spectra of thymine-labeled Cy3-dsDNA
constructs, showing an increasing CD signal as the distance between dyes decreases. B)
Spectra of doubly labeled Cy3-dsDNA constructs, showing a CD signal for the dimer with 0
bases in between dyes and no signal for both the monomer and the dimer with 6 bases in
between dyes.
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Figureb5.
Snapshots of MD simulations at the specified time frames. The Cy3 molecules are visible on

the left and they are located, throughout the whole simulation, close to the DNA backbone.
No intercalation is observed during the observation time of 2 ns. The molecules show a non-
prefect parallel alignment and a fluctuating reciprocal position, which is consistent with the
experimental observations of CD and the co-existence of monomer and dimer peaks.
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Table 1

Vertical excitation energies Eyg, 0scillator strengths f and the involved transitions for the lowestlying excited

states of monomer and stacked dimer obtained with TD-DFT/B3LYP/6-31G(d) in water (PCM). The
calculations are performed for a model system with inserted sulfur atoms instead of C(CH3), shown in

Supporting Figure S6. For the monomer there is only one excitation of importance with an energy of 2.61 eV.
In the case of the dimer only the S, state contributes significantly to the absorption and is clearly blue-shifted
compared to the monomer with an energy of 2.8 eV. The corresponding orbitals can be seen in Supporting
Information Figure S7.

State | Transition Weight (%) | Eyert (€V) F
Monomer | S; HOMO -> LUMO 100 2.61 1.6014
Dimer Sy HOMO-1 -> LUMO 11 2.18 < 5*10°
HOMO -> LUMO+1 89
S, HOMO-1 -> LUMO+1 | 40 2.22 0.0424
HOMO -> LUMO 60
S3 HOMO-1 -> LUMO 89 2.43 < 5*10°
HOMO -> LUMO+1 11
Sy HOMO-1 -> LUMO+1 | 60 2.80 2.8945
HOMO -> LUMO 40
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