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Understanding and controlling exciton coupling in dye aggregates has become a greater focus as poten-
tial applications such as coherent exciton devices, nanophotonics, and biosensing have been proposed.
DNA nanostructure templates allow for a powerful modular approach. Using DNA Holliday junction (HJ)
templates variations of dye combinations and precision dye positions can be rapidly assayed, as well as
creating aggregates of dyes that could not be prepared (either due to excess or lack of solubility) through
alternative means. Indodicarbocyanines (Cy5) have been studied in coupled systems due to their large
transition dipole moment, which contributes to strong coupling. Cy5-R dyes were recently prepared by
chemically modifying the 5,5'-substituents of indole rings, resulting in varying dye hydrophobicity/hydro-
philicity, steric considerations, and electron-donating/withdrawing character. We utilized Cy5-R dyes to
examine the formation and properties of 30 unique DNA templated homodimers. We find that in our
system the sterics of Cy5-R dyes play the determining factor in orientation and coupling strength of
dimers, with coupling strengths ranging from 50-138 meV. The hydrophobic properties of the Cy5-R
modify the percentage of dimers formed, and have a secondary role in determining the packing charac-
teristics of the dimers when sterics are equivalent. Similar to other reports, we find that positioning of the
Cy5-R within the HJ template can favor particular dimer interactions, specifically oblique or H-type
dimers.
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Considerable effort has been expended to understand and
control exciton coupling in dye aggregates going as far back as
the 1930s."? The first successful transition, starting in the
1970s, was the spectral sensitization of the silver halide crys-
tals embedded in photographic films.>* Since then potential
applications have increased to include coherent exciton
devices, nanophotonics, light harvesting/solar energy conver-
sion, and biosensing.” > Dye-aggregates have been studied in
solution, within crystals, and at surfaces and interfaces,
demonstrating unique properties.”*'* A recent focus is on the
use of DNA templates, which provide a unique handle for con-
trolled aggregation both through covalent and non-covalent
binding of dyes.">'® DNA templates provide modular tem-

tElectronic supplementary information (ESI) available: Oligonucletide table,
additional steady-state absorption, circular dichroism, and fluorescence spec-
troscopy, and additional theoretical calculation and simulation (PDF). See DOI:
https://doi.org/10.1039/d2nr05544a

3284 | Nanoscale, 2023, 15, 3284-3299

plates where designer 1-, 2-, and 3-D structures can be pre-
pared at high fidelity with nm scale features.'” This allows for
hundreds of variations of, for example, dye combinations and
dye positions, to be rapidly assayed which could not be done

This journal is © The Royal Society of Chemistry 2023
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with chemical approaches.’®! Importantly, due to the pro-
grammable nature of DNA nanotechnology and the nm scale
of the DNA double helix, the positioning of dyes can be con-
trolled down to the single nm level.”>*" By placing multiple dyes
within a small area of the DNA scaffold, precise aggregates can
be formed at low concentrations, which is something particularly
challenging when dealing with both highly soluble or highly in-
soluble dyes. While computational chemistry offers great
insight,>* the varying factors that regulate coupling such as
energy levels, transition dipole moments (TDM), electrostatics,
hydrophobicity, etc., are hard to capture without experimental
data to support the models. This holds particularly true for the
complex landscape of DNA templates. Therefore, experimental
confirmation of aggregates and their structure are required.

Cyanine dyes are fluorescent molecules, composed of
heterocyclic units conjugated through a polymethine bridge.
Cyanines have become workhorses of many fields, including
cellular microscopy, flow cytometry, and bioassays.
Importantly, they are also readily available as labels of oligonu-
cleotides from commercial vendors.>’ The red-shifted indodi-
carbocyanines (Cy5, having a five methine bridge) have been a
recent focus because of the large TDM (the absolute square of
the TDM being proportional to the measured molar absorptiv-
ity, ~250000 M~' em™" at peak), which contributes to produ-
cing strong coupling.”** Additionally, their absorption and
fluorescence spectra are in the visible light range, allowing for
detailed characterization of monomers and aggregates on
common spectroscopic systems. A final consideration is the
capability of chemically synthesizing variants of the Cy5 dye.*
Specifically, position 5 and 5’ on the indole rings can be modi-
fied without disrupting the conjugation, while still leaving a
biorthogonal handle available for DNA conjugation. Work by
the Armitage and Takahashi labs demonstrated that 5 and 5’
substitutions did result in changed cyanine properties (e.g
sterics and hydrophobicity) and that this subsequently
resulted in changes in the propensity to form aggregates from
freely diffusing dyes, yet in these studies, the final form of the
aggregates was not changed.>®*’

The study of the unmodified Cy5, which we will also
denominate Cy5H, and its scaffold directed aggregation has
been approached from a few angles in recent years. These
include investigation into dimers formed by labeling two
complementary ssDNA to initially form a Cy5H dimer on
dsDNA.>*?%2829 Ag the concentration of Mg®" was modified
the dsDNA dimer coupled with a second dsDNA dimer via
branch migration to form a four-armed junction that resulted
in a Cy5H tetramer.”® It was suggested that the dye properties
were favoring these dimer-tetramer transitions. Subsequent
work focused on using static four-armed junctions formed
from four non-homologous ssDNA, i.e. Holliday junctions (HJ),
to look at the Cy5H aggregates.*® They observed that the aggre-
gate characteristics depended largely on the position of the
dyes within the HJ structure. This key discovery motivated our
work to determine what other variables can tune the aggregate
properties of Cy5 dye, or Cy5-R, where R is the 5,5-substituent
of the indole rings.

This journal is © The Royal Society of Chemistry 2023
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Other work focused on modifying the DNA template, for
example, the use of modified nucleotides (e.g. locked nucleic
acids and bridged nucleic acids) replacing natural nucleotides
resulted in an increase in Cy5H coupling strength.*' It was
also reported that the properties of heterogeneous aggregates
of Cy5H and Cy5.5 also depended on the position of the dyes
within the HJ structure.®” This foundation of work focused on
modifying the scaffold, either the design of the DNA itself or
even chemically modifying the nucleotides of the oligos. The
work of Mass and co-workers refocused the question of dye
aggregate formation on the properties of the dyes themselves,
even within DNA scaffolds.*® Specifically, their work harkened
back to the classic work in the field where hydrophobicity of
the dye moiety and solvent polarity were the principal levers
driving aggregations.***** Their work looked at the effect of
dye hydrophobicity of modified squaraines and the aggregates
templated by DNA HJ structures in aqueous solutions.*® They
concluded that the greater the hydrophobicity of the substi-
tuted squaraine dyes the greater the coupling strength of the
exciton within the aggregates.*?

We reiterate the interest in Cy5 dyes, due to the above-men-
tioned properties, and the observation that positioning within
DNA scaffolds, along with the dye attributes themselves,
strongly modify aggregate properties. Recently, we have tai-
lored the properties of Cy5-R by chemically modifying the 5,5"-
substituents, resulting in varying dye hydrophobicity/hydrophi-
licity, steric considerations, as well as the electron-donating/
withdrawing character which tunes absorption and emission
properties (i.e. energy levels).® Here we utilize these chemi-
cally modified dyes to examine the formation and properties
of 30 unique homodimers of Cy5-R. We find that positioning
of the Cy5-R within the HJ template can favor either oblique
dimers (adjacent HJ dimers) or H-type dimers (transverse HJ
dimers), where HJ dimers refer to Cy5-R dimers assembled
using DNA HJ as the template. More importantly, we show that
in our system the sterics of Cy5-R play the determining factor,
in orientation and coupling strength of dimers within DNA
HJs. However, the hydrophobic properties of the Cy5-R do play
a role in determining the percentage of dimers formed, and
when steric considerations are equal, can determine the
packing characteristics of the dimers.

Results
Assembling Cy5-R HJ structures

As noted above the intent was to utilize the Cy5-R we prepared
previously through symmetric 5,5-substituents to determine
which physicochemical properties (e.g. hydrophobicity and
electrostatics) affected dimer coupling and packing. As the
Cy5-R shown in Fig. 1 (the substituents being: n-hexyloxy (hex),
triethylene glycol monomethylether (Peg), tert-butyl (¢Bu), and
chloro (Cl)) are not commercially available, nor can the dye-
labeled DNA be purchased without expensive special orders,
extensive work was done to synthesize and characterize the
dyes, integrate them into DNA oligos through phosphorami-

Nanoscale, 2023,15, 3284-3299 | 3285


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr05544a

Open Access Article. Published on 27 Phesekgong 2023. Downloaded on 2025-10-16 18:11:27.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

baper Nanoscale
A Adjacent B Transverse C A%?”'C:’n t Tfaélismvgrf ”
HJ Dimer HJ Dimer
A B A B
a —
, D C D c
\ X =Cy5R A | B
R=H/Cl/hex/
HJ DNA structure Peg/tBu
, ) D C
5’ ey, 3

1 ey &
200 - < S Toe A
N N -Cl cys-cl E, &
8. O N Cy5-hex A
, 1 W, G g © 29 — i
<P o o=F\"°J'2§ 0O~ 0O~ Cy5-Peg X
d o O. 1 5
o % Cy5-tBu G,
Svﬁo — Monomer H-Dimer  Oblique  J-Dimer
Fig. 1 (A) Schematic of AB adjacent homodimer. Dye position represents initial localization based on base pair site and not the position adapted

upon dimer formation. (B) Schematic of AC transverse homodimer. Dye position represents initial localization based on base pair site and not the
position adapted upon dimer formation. (C) Simple line schematic of the representative HJ structures. Black lines in this case represent the DNA,
with the arrow denoting the 5’ to 3’ direction, and red bowtie the Cy5-R dye. We note that adjacent dimers can be represented: [AB, BC, CD, or AD]
while transverse dimers: [AC and BD]. Monomers include the [A, B, C, and D] conformations. (D) Chemical structure of the Cy5-R showing the two-
point attachment to DNA. The R groups are shown to the right. (E) Schematic of the TDM alignments and coupling of the energy levels in the
dimers. Red bowties as in C, while the white arrows represent the TDM alignment. The upward arrows indicate absorptive transitions from the

ground state, where a dark grey arrow indicates an allowed transition and a light gray arrow indicates a forbidden transition.

dite incorporation, and purify the final product. The details of
this and the characterization of the dyes and the dye-labeled
oligos as single stranded (ss)DNA is available in our previous
publication by Meares et al.>® The sequences of the specific
DNA oligos and a structure showing the double attachment of
the Cy5-R to the oligos are available in the ESI Table S1 and
Fig. S1.T We note that our approach to dye integration into the
DNA utilizes a double conjugation approach with relatively
short three carbon linkers. This approach was undertaken to
minimize dye mobility and sample heterogeneity.>”**

The work of Mass et al®® confirmed the hypothesis that
increasing dye hydrophobicity increases dye packing on DNA
scaffolds when other factors, such as dye steric effects, are not
in play. In this work we take the subsequent step of further
testing this hypothesis by using Cy5-R variants where dye
steric effects are varied through the properties of the added
substituent. The HJ structures®® were prepared by combining
equimolar amounts (10 pM) of each unlabeled or dye-labeled
DNA strand [A, B, C, and D] in a 1x TAE (40 mM tris(hydroxy-
methyl)Jaminomethane, 20 mM acetic acid, 1 mM ethylenedia-
minetetraacetic acid, pH 8.0) + 15 mM MgCl, aqueous
buffer.?> Proper structural formation was driven by an over-
night annealing program which heated the solution to 95 °C
then very slowly lowered the temperature to 4 °C, at which
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point the samples were stored in the dark at 4 °C until
measured. Within the HJ structures there are two confor-
mations of homogenous dimers (see Fig. 1), the first being the
adjacent dimers (i.e. dye modifications are on DNA strands
that are partially dimerized to each other within the HJ: [AB,
BC, CD, AD]), and the second the transverse dimers (i.e. dye
modifications are on DNA strands that do not dimerize to each
other within the HJ: [AC, BD]). As demonstrated in other
works, when properly positioned within H] DNA structures
Cy5 dyes form dimers that support delocalized excitons.”*?>*3°
The position of the dimer, adjacent or transverse, can have
considerable effect on the relative dye orientation and there-
fore the type of aggregate the dimer forms.

The three types of dimers, as seen in Fig. 1E, are: (1)
H-dimer, a stacked form with parallel transition dipoles,
(2) J-dimer, a collinear (i.e. head-to-tail) alignment of TDMs,
(3) Oblique, an intermediate angled configuration.*®"* The
coupled dimers have photophysical properties that depend on
dye orientation.”® H-type aggregates have blue-shifted absor-
bance peaks relative to the monomer, strongly quenched fluo-
rescence, and large Stokes shifts. J-type aggregates, have a red-
shifted absorbance, and a relatively sharp emission peak with
a small Stokes shift. The Oblique dimers have a mix of H- and
J-aggregate properties, e.g. they display Davydov splitting of the

This journal is © The Royal Society of Chemistry 2023
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absorbance spectrum. The degree to which these properties
are observed is dependent on the coupling or delocalization
strength, which in turn is dependent on the positioning (dis-
tances and angles) of the dyes within the dimers, as well as the
inherent energetic and dipole properties of the particular dyes.
To uncover the photophysical properties, a suite of biophysical
characterization and steady-state spectroscopic measurements
were performed on the varying structures. This data set was
then analyzed with a Kithn-Renger-May (KRM)*' interdye
vibronic coupling model to determine packing characteristics
as detailed in later sections.

Comparing Cy5-R properties as ssDNA and within HJ

For a more in-depth look at the dyes and the dye labeled
ssDNA we direct the reader to the previously published report
by Meares et al.’>® To summarize, the dye properties can be
described in terms of increasing hydrophobicity (measured by
log(P) determined through the use of Percepta software from
Advanced Chemistry Development, Inc. (Toronto, Canada)):
Peg ~ H (1.7) < Cl (2.3) < tBu (3.4) < hex (5.7).%° The electron
donating capability of the substituent group (measured by the
para-position Hammett parameter, o,) is tBu (—0.20) < Peg
(-0.26) ~ hex(—0.27), with CI in fact being a weak acceptor
(0.22) and the unmodified Cy5H defined as null (H = 0).*> The
greater the electron-donating character, the greater the batho-
chromic shift, which was observed in the dye-labeled ssDNA.
Finally, we utilize A-values as a representation of bulkiness or
steric hindrance of the substituent group.** The A-value is
defined as the difference in energy between the equatorial

AL
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(favored) and axial cyclohexane conformation, ie. the bulkier
the substituent the larger the A-value. The traditional A-value
is therefore a representation of gauche interactions. In this
case for increasing A-values, Cl (0.48 keal mol™") < Peg ~ hex
(~0.9 kecal mol™) < tBu (~4.9 kcal mol™"), with again the
unmodified Cy5H defined as null (H = 0).** Deeper analysis
led us to recognize that these values may not be the optimal
representation for our system, Boiadjiev and Lightner devel-
oped an alternative approach that actually utilizes exciton
coupling measured through CD on a bilirubin template to
assess head-to-head steric compression, which better aligns
with our system.** The key result of that work is to diminish
the relative bulkiness of the tBu as compared to other substitu-
ents; as such we consider the ¢Bu value to still be the bulkiest
but with a lower value of 1.85 kcal mol *.** The authors did

Table 1 Average photophysical properties of HJ monomers. All spectra
available in ESI Fig. S27

Abs max 1 (range) Fluor. Em. max 1

Dye [nm] (range) [nm] Fluor. QY ¢
Cy5H 654 (650-656) 665 (662-667) 0.29 + 0.07
Cy5hex 680 (678-683) 702 (700-706) 0.10 + 0.02
Cy5Peg 675 (673-677) 695 (694-697) 0.09 + 0.02
Cy5tBu 661 (658-663) 679 (675-682) 0.27 £ 0.03
CysCl 661 (659-664) 678 (675-682) 0.26 + 0.04

“The QY reported are the average of the four monomer positions, with
uncertainty arising from the difference in the four positions as well as
other experimental propagations.
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Fig. 2 Monomer Spectra. (A) Normalized absorbance spectra of Cy5-R HJ monomers. (B) Normalized fluorescence emission spectra of Cy5-R HJ
monomers excited at 615 nm. (C) Absorbance spectra of Cy5-Cl monomer. (D) Fluorescence emission spectra of Cy5-Cl monomer excited at
615 nm. The spectra in (C) and (D) are representative of the variation observed in the different DNA scaffolds. The spectra for the remaining dyes are

available in the ESI Fig. S2.1 All measurements were performed at 20 °C.
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not study our other substituents but their analysis appears to
support the pre-existing values and relative steric consider-
ations of each dye modification. Our analysis focused on these
dyes within the more rigid structure of the DNA HJs, as such
we refer to fully formed HJ structures where only one strand
(A, B, C, or D) is dye modified as our monomer dyes.

We find that the relative properties of the free dyes and the
respective dye-labeled ssDNA generally transfer to the mono-
mers. The electron donating or withdrawing character of the
substituent determines the absorbance and emission
maximum, with the stronger the electron donating or with-
drawing character the more red-shifted the peak maximum
(see Fig. 2, and Data in Table 1). The Stokes shift is smallest
for Cy5H, 11 nm, and slightly larger the more electron donat-
ing/withdrawing the substituent group is going to 17 nm for
Cy5Cl and 22 nm for Cy5hex. Consistent with observations in
the ssDNA, the particular nanoenvironment of the dye has
considerable effect on its photophysical properties, i.e. the HJ
monomers are distinct if they are A, B, C, or D.*®> This applies
to the peak position, where a 5 nm range was observed for the
absorbance maximum, and a 3-7 nm range was observed for
the emission maximum just within different H]J. Interestingly,
the HJ A monomer had the reddest absorbance and emission
for all the measured samples, while the HJ C tended to be
more blue-shifted. If we consider the nearest neighbor base
pairs in each monomer we find that the A monomer is flanked

View Article Online
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by two —CG- pairs, monomers B and D, are flanked by a -CG-
and a -AT- pair, while monomer C is flanked by two -AT-
pairs.”® The Stokes shift value does not appear to correlate to
any particular monomer.

Fluorescence quantum yields (QY) were also determined for
each sample. Here again, the QY generally correlated with the
electron donating character of the substituent, the stronger
electron donating substituents (hex and Peg) had QYs near
10% within the HJs while the others had QY near 26% (see
Table 1). There did not appear to be a clear trend with the pos-
itional monomer QYs, except that H] D monomer was gener-
ally on the low end of the QY range. As seen with most cyanine
dyes the QY increased within the more rigid HJ DNA structures
as compared to ssDNA.*® In this case the increase in QY
appeared to correlate with dye hydrophobicity, the Cy5Peg and
Cy5Cl increased about 1.5-fold while the Cy5hex and Cy5¢tBu
increased around 2-fold over the ssDNA.

Steady-state spectral characterization of dimer HJ structures

The use of DNA scaffolding allows for the creation of dye
aggregates that would otherwise be inaccessible due to their
solubility. The DNA scaffold provides structural variance by
comparing either adjacent or transverse dimers (see Fig. 1). It
has been shown that the positional variations of dimers within
HJ structures can lead to completely different energetic pro-
perties.>® As such we undertook a full steady-state spectro-
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Fig. 3 Steady state spectra of average HJ homodimers. (A—C) Absorbance, CD, and normalized emission spectra (excitation 615 nm) of HJ trans-
verse homodimers of Cy5-R. (D—F) Absorbance, CD, and normalized emission spectra (excitation 615 nm) of HJ adjacent homodimers of Cy5-R. All

measurements were performed at 20 °C.
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scopic characterization of the homodimers of the four Cy5 var-
iants. This involved absorbance, circular dichroism (CD), and
emission/excitation fluorescence spectroscopy for the six
dimer variations (four adjacent and two transverse HJ dimers)
for each dye. Fig. 3 shows the average spectra (the ESI contains
all spectra in Fig. S31) for each dye in the adjacent and trans-
verse conformation. It is very important to note that though
the transverse spectra are well represented by their average, in
the case of the adjacent spectra there is greater variability and,
for example, some adjacent dimers composed by the AB
strands differ from the BC version. This will be discussed in
greater detail in the modeling and discussion sections.

The absorbance spectral shapes of the transverse dimers
are all generally similar, exhibiting a strongly coupled H-like
blue shifted absorbance peak (with respect to the monomer
absorption, see Fig. 2) with a less prominent red-shifted
shoulder, with the particular positioning of the peak corres-
ponding to the electronic properties of the substituent, in line
with the monomer trend. Comparatively, the Cy5H and Cy5Cl
have a much greater intensity of the red-shifted peak and the
splitting is smaller (~950 c¢m™) than the other dyes
(~1350 cm ™). The red-shifted shoulder absorbance aligns well
with the monomer peak absorbance of the same dye. Note that
the ionic strength experiments detailed in the next section
demonstrate that the absorbance peak is composed of a small
monomer component in addition to its being principally part
of the H-type aggregate spectra. The CD signals for the trans-
verse conformations are not as similar, the more hydrophilic
substituents (H, Peg, and Cl) have larger signals, for both the
positive and negative Cotton effects; the hydrophobic substitu-
ents have minimal signals in the CD. When the absorbance
and CD spectra are observed in conjunction, the far red edge
of the absorption spectra (centered near 700-730 nm) aligns
with the strong CD bands on the red edge (in cases where the
CD signal is strong enough to see them). The Cy5-Peg trans-
verse dimer is a good example of alignment of weak absor-
bance and a relatively strong CD peak near 725 nm. These
correspond to the lowest energy weakly allowed exciton states
for H-like aggregates.

The adjacent conformation has greater variability not only
within each dye set, but from dye to dye as well. Initially focus-
ing on the absorbance spectra, it can be seen that the Cy5¢Bu
has a similar H-type spectral shape as the transverse confor-
mation, while the other three present oblique type spectra
with clear Davydov type splitting. Conversely, the CD spectra
are similar, though shifted to lower or higher wavelengths
according to the dyes respective energy profile. They all have
an initial positive Cotton effect as they approach from the red-
end of the spectra, with a subsequent negative signal as the
spectra scans toward lower wavelengths.

Fig. 3C and F shows the fluorescence emission spectra.
Consistent with previous reports, the fluorescence spectra are
quite similar to the monomer version of the respective
dyes.?>?*3° This is due to the strong quenching observed upon
formation of H-type and oblique dimers of the Cy5 family of
dyes.”® We suspect that a majority of the emission is arising
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from monomer type structures (i.e. small minority of HJ struc-
tures that have positioned the dyes in such a way that they are
unable to come into close contact, e.g. increased dye separ-
ation from DNA breathing, or in perfectly crossed or
X-aggregates).”” The work of Huff et al. went into detailed ana-
lysis on this mechanism for unmodified Cy5 and the evidence
suggests it translates directly to our study as well.”***
Additional evidence that the emission arises from monomers
was provided by the relative quenching (Q) of each dimer. The
fluorescence of the six dimers was compared to the fluo-
rescence intensity of the respective monomers taking into
account the extinction coefficient at the 615 nm excitation

wavelength, represented by the following equation
()
Q= Y,A—’J,f,, where ¥ is the integrated fluorescence and A
i 0J
(Ai - Aj)

the absorbance at 615 nm of dimer ij, composed of monomer i
and monomer j. The ¥ and A values for both monomers and
dimers were obtained experimentally from the spectra in Fig. 2
and 3. For the more hydrophobic dyes the relative quenching was
indistinguishable between the adjacent and transverse confor-
mations, the values being Cy5¢Bu (0.990 + 0.005) and Cy5hex
(0.991 + 0.003). For the more hydrophilic dyes there was a statisti-
cally significant difference between the adjacent and transverse
conformations. For Cy5Peg the adjacent quenching was 0.96 +
0.01 and the transverse was 0.982 + 0.003, while for the Cy5Cl the
adjacent quenching was 0.956 + 0.005 and the transverse was
0.975 + 0.003. In both cases the transverse conformation had
greater quenching than the adjacent conformation.

The steady-state absorbance and CD spectra of each particu-
lar dye and position homodimer were utilized in conjunction
with theoretical models to determine coupling parameters,
these results and analysis are presented in the KRM section.

Biophysical characterization of dimer HJ structures

The HJ DNA nanostructure has been very successful at templat-
ing dimers of dyes that could not be obtained in other ways
due to their solubility. Yet, there are conformational distri-
butions and limits on the formation efficiency of the DNA HJ
that previous studies have shown can hamper the interpret-
ation of optical characterization measurements.*® To address
these issues biophysical characterization was undertaken
using PAGE electrophoresis, the effect of divalent ions on H]J
conformation, and determination of the HJ melting tempera-
tures. The results demonstrated that our chosen structures
were well formed, that the dyes were not disruptive of the HJ
formation, and that 15 mM Mg>" is sufficient to obtain the
desired conformation.

DNA hybridization must overcome the electrostatics of two
very negatively charged biopolymers coming into close proxi-
mity, to this end, divalent ions, such as Mg>", are required to
obtain proper structure formation. Even beyond initial hybrid-
ization, Mg>* may be utilized to direct the DNA towards the
desired conformation and to tighten DNA hybridization. We
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prepared the HJ AB and HJ AC dimers of each Cy5 homodimer
at 1x TAE with increasing amounts of Mg**: 0, 3.75, 7.5, 15,
and 30 mM. The absorbance, CD, and fluorescence spectra of
each sample were recorded; example spectra are presented in
Fig. 4A and B with the additional data available in the ESI.f The
spectra show that for the HJ dimers the general spectral shape
of all Cy5 dyes, including the unmodified Cy5, are obtained
already at 3.75 mM Mg”*. At 0 mM Mg>" we see greater intensity
in the spectral region where the monomer has peak absorbance
for all the samples, which correlates with the fact that it is
always the sample with the greatest fluorescence intensity. In
the case of the transverse HJ AC structures, they still have the
H-type aggregate shape, even at 0 mM Mg>*, with the resonant
strength becoming more distributed towards the principal blue-
shifted peak as the ion concentration increases. The adjacent
HJ AB structure has a clearer monomer absorbance peak (gener-
ally between the two split peaks) at 0 mM Mg”* that decreases
strongly at 3.75 mM Mg>* with subtle changes as the Mg con-
centration continues to increase.

The fluorescence intensity has an asymptotic relation with
the ionic concentration (see Fig. 4C), since the fluorescence
intensity correlates to the monomer-like conformation, it is
clear that as the Mg”* concentration increases the amount of
monomer decreases.>® Interestingly, when observing the H]J
dimers the relative quenching at 0 mM Mg** appears to
depend on both the conformation and the hydrophobicity of
the dye. The hydrophobic dyes (¢Bu, hex) already have Q values
of 0.978 + 0.002 at 0 mM Mg”" in both conformations. The Peg

A 17
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2 04
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and Cl only have 0.947 + 0.003 and 0.971 + 0.002 for the AB
and AC conformation, respectively. It would appear that at
lower Mg>* the hydrophobicity of the dyes still partially drives
their interaction and that the transverse conformation posi-
tions the dyes closer together in the case of the hydrophilic
dyes. Yet, as noted above, at higher Mg>* concentrations the Q
values continue to increase, as DNA further drives the inter-
actions. These experiments confirmed that the choice of buffer
with 15 mM Mg*>* provided an adequate experimental con-
dition to study the dye coupling within HJ structures. A result
confirmed by running a 10% PAGE gel showing both the
decreased mobility upon complementary strand addition (i.e.
A+ B+ C+ D) as well that the structural integrity of the HJ was
not adversely affected by inclusion of any of the dyes in this
buffer condition (see Fig. S4T). Importantly, it also confirmed
that the red-shifted peak in the H-type aggregate co-inciden-
tally overlaps with the monomer peak. If this peak is entirely
due to monomer-like species then they would account for 25%
of the ensemble, which would result in a much stronger fluo-
rescence signal than what was observed. As the samples are
quenched down to more than 99% it cannot be the case that it
is a true monomer peak. This same logic confirms that the
structures are forming very efficiently, with Q values approach-
ing 100%, almost all HJ structures must have been formed
with both dyes integrated into the structure and almost every
labeled ssDNA integrated into HJ structures. This, however,
still does not eliminate the possibility of heterogeneity within
the HJ dimers as discussed below.

cysCl

——HJABOmM Mg
084 HJ AB 15 mM Mg

——HJAC 0 mM Mg
HJ AC 15 mM Mg

0.6

0.4+

Absorbance

0.2+

A

N

0 == T T T —
500 550 600 650 700
Wavelength [nm]

750

Cy5tBu HJ AC -
24 260 nm Abs
—e— 600 nm Abs
+-600nm CD
250 nm CD

T
N

CD [mdeg]

Absorbance

F-24

F-30

—— T T T
30 35 40 45 50 55 60 65 70 75 80
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Fig. 4 (A) Absorbance spectra of Cy5tBu AB and AC dimer at 0 or 15 mM Mg?* concentration in buffer. (B) Absorbance spectra of Cy5Cl AB and AC
dimer at 0 or 15 mM Mg?* concentration in buffer. The spectra in panels A and B were measured at 20 °C. (C) Q value (for 615 nm excitation) of a
representative selection of Cy5-R dimers in different conformations at varying Mg?* concentration in 1x TAE buffer. (D) Melting curve of Cy5tBu AC

dimer showing absorbance and CD changes.
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Table 2 Melting temperature of dye dimer HJ DNA structures

Melting temp [°C]

Cy5H Cy5tBu Cy5hex Cy5Peg Cy5Cl
HJAB 57.0+13 60.8+09 60.1+12 573+09 58.6+0.2
HJAC 59.8+0.7 61.1+0.8 62.0+1.6 582=*1.7 60.5+0.7

Unlabeled HJ structure: 59.6 + 0.3 ©°C. Melting temperatures
determined by fitting curves to Boltzmann sigmoidal equation.
Reported values are the average of the four curves (CD and absorbance
of DNA and dye spectral components). Uncertainty determined from
curve fittings and value deviation of average.

The melting temperatures of the HJ structures were deter-
mined by following changes in the absorbance and CD spectra
as a function of solution temperature (Fig. 4D and S9A-Kt).
The intent was to determine the effect of the particular dyes
on structural stability. An example set of curves is present in
Fig. 4D with the data presented in Table 2. We looked at both
the DNA only part of the spectra (CD signal at 250 nm and
absorbance at 260 nm) as well as the dye only part of the
spectra (CD and absorbance signal at 600 or 620 nm depend-
ing on the dye). We observed no statistically significant differ-
ence upon determining the melting temperature by utilizing
the DNA or dye portion of the spectra, signifying that local
stabilizations within the structure are unlikely.

Two observations can be made from the melting tempera-
tures of the HJ structures. The first is that the hydrophobic
dyes (¢Bu and hex) result in increases of 2-3 °C in the melting
temperature over the unmodified Cy5; the PEG and Cl modifi-
cations do not alter the melting temperature. This is in-line
with the Mg*'-dependent spectra, where the hydrophobic
modifications of the Cy5 led to stronger dye-dye interactions,
and as such had greater quenching at 0 mM Mg>". The second
observation is that the HJ AC had a higher melting tempera-
ture for all five dyes, though many of the differences were not
statistically significant. This is noteworthy due to the overall
stronger dye-dye coupling strengths observed for the trans-
verse HJ conformation, discussed in detail in the next section.

Kiihn-Renger-May theoretical modeling to determine dye
coupling and packing

We employed the theoretical work of Kiihn, Renger, and May
(KRM)*' through our KRM Model Simulation Tool to under-
stand how the Cy5 modifications influence dye coupling and
aggregate packing.*' The KRM Model Simulation Tool utilizes
experimental absorbance and CD spectra to extract relative
orientation information for two or more coupled dyes. The exci-
tonic coupling strength (given by J., ») was determined using an
extended dipole approximation which gives more accurate results
than the point-dipole approximation when dye separations are
on the same order as the size of the dyes themselves.**! This
approach has been applied successfully to cyanine dyes as well as
a multiplicity of other dyes.”**'?**>%">3 The unmodified Cy5
and the four Cy5 modifications were modeled in each of the six

This journal is © The Royal Society of Chemistry 2023
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conformations using this approach. Within the KRM Model
Simulation Tool, dyes are modeled as TDM vectors that are
assumed to be oriented along the long axis of the Cy5 molecule.
The key parameters determined by the Tool (seen in Fig. 5) are:
the excitonic hopping parameter (., ), center-to-center dye-dye
separation (R), oblique angle (the deviation from parallel of the
TDMs, a), and relative slip and twist angles (6; and 6,
respectively).

The first result presented by the model is the confirmation
that the HJ dimers are composed of either H-type or oblique
aggregates. Utilizing the results of the model (seen in Fig. 5
and Table 3, with the full data set available in the ESI}) we
begin to discern the variability between the packing of the
modified dyes. Depending on the dye, there can be differences
between the adjacent and transverse conformations, and even
between the specific structures of the adjacent conformation
in some cases. We also note that in a few cases the data were
best fit by assuming two distinct populations of aggregates.
This approach was motivated by recent photo-selective transi-
ent absorption (TA) experiments, which indicated that struc-
tural heterogeneity in Cy5 HJ dimer can lead to co-existing
sub-populations of dimer conformations.>* In most cases this
resulted in dimer pairs with opposite chirality and nearly iden-
tical packing parameters. As such, the interpretation is not
modified by representing these cases as a single population of
dimers. Further insight and detail are provided in the ESI
(Table S3 and Fig. S11f and complete fitting data for each
system available in pages S12-S477). We note that experiments
which provide information on potential structural heterogen-
eity in Cy5-R HJ dimers would sharpen KRM fitting by justify-
ing single-conformer or multi-conformer fitting.

Below we interpret the results of the KRM modeling. The
hypothesis for these observations will be delineated in the dis-
cussion sections. The two relative slip angles, 6; and 6;,, are
defined as the angles between each TDM and the separation
vector, R, and generally relate to aggregate packing type. H-type
aggregates will have slip angles near 90°, whereas J-like aggre-
gates will have slip angles close to 0°. The twist angle, 6, gives the
rotation about the separation vector, R, and generally correlates
with the magnitude of the observed CD signal.”* The dyes in this
study tend to pack in a somewhat planar arrangement, and thus
the twist angles tend to be close to zero. To simplify the analysis,
we will discuss a as a global representation of the angular align-
ment of the TDMs. Relative to H-type aggregates—and when
comparing oblique with H-type aggregates—smaller values of
alpha are associated with smaller dye-dye separations and higher
values of Jn,,. We note that in general, when comparing two
oblique aggregates, the subtleties of the extended dipole approxi-
mation can complicate this trend.

We begin by reporting on the Cy5Cl and Cy5H, which are
consistently oblique type aggregates, independent of the adja-
cent or transverse conformation, while Cy5¢Bu is consistently
an H-type aggregate. The respective dyes also represent the
extremes of the coupling and packing. The Cy5¢Bu has the
largest J;m ., with the smallest R and a, while the Cy5Cl and
Cy5H have the inverse. For both dyes, the transverse confor-
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Table 3 KRM determined parameters for Cy5-R in the adjacent and transverse single dimer conformation

Dye Type ]m,n [meV] Rm,n [nm] am,n [O] 951/952 [o] 9:
Adjacent

Cy5tBu H-like 115.0 £ 3.0 0.4 £0.0 7.2+1.7 85.0 +£2.9/87.2 +2.5 4.4+1.8
Cy5hex H-like® 92.6 +24.1 0.7 +0.3 27.2 +25.6 69.4 +15.2/84.0 £ 10.8 45+1.4
Cy5Peg Obliqueb 64.9 +20.8 1.0+0.3 57.9+29.1 59.9 + 18.6/62.4 + 18.4 3.3+1.3
Cy5Cl Oblique 49.4+2.3 1.3+0.1 80.9+£9.1 36.4 +5.4/61.0 + 5.6 1.9+0.6
Cy5-H Oblique 52.5+3.3 1.2+0.1 75.4+11.6 57.3 £15.8/47.3 £ 9.7 1.3+0.5
Transverse

Cy5tBu H-like 131.2+9.1 0.4 +0.0 3.2+0.6 87.7 £1.2/85.7 £ 2.2 2.5+0.1
Cy5hex H-like 120.4 £ 22.8 0.5+0.1 9.1+6.1 88.4 +£1.4/83.2 + 8.3 2.6 +0.8
Cy5Peg H-like 127.5+4.9 0.4 £0.0 5.8+0.1 82.9+2.2/82.1+4.1 3.6 1.3
Cy5Cl oblique 82.3+£3.9 0.6 + 0.0 20.2 +0.2 73.5+1.2/86.9 + 0.6 51+1.3
Cy5-H oblique 69.7 + 4.0 0.8+ 0.0 35.9+0.6 80.8 £0.1/64.0 + 1.3 6.7 +4.1

The mean + standard deviation of each geometrical parameter (see Fig. 5) of four adjacent or two transverse dimers are reported. “ The HJ BC

structure is oblique. ? The HJ AB structure is H-like.

mation increases the J,. Although the Cy5tBu observes
slightly tighter packing of the already favored H-type dimer;
the Cy5Cl and Cy5H have considerably tighter packing in the
transverse conformation. For example, R decreases by a factor
of 2 for transverse Cy5Cl compared to the adjacent Cy5Cl,
resulting in a 50-60% increase in Jy, .

3292 | Nanoscale, 2023, 15, 3284-3299

The KRM modeling of Cy5hex generally gives parameters
that are closest to ideal H-dimers, but there are strong pro-
portion of oblique like characteristics in the adjacent dimers.
In fact the adjacent HJ BC structure we would characterize as
an oblique aggregate. Although the boundaries between
H-type, oblique, and J-type aggregates are somewhat ambigu-
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Fig. 6 KRM determined packing parameters as function of Cy5-R properties. (A) J,, as a function of dye hydrophobicity. (B) Jn n as a function of
electron donating capability of the substituent. (C) J,, as a function of steric hindrance of the substituent. (D) a as a function of steric hindrance of
the substituent. (E) R as a function of steric hindrance of the substituent. Additional graphs of a and R as functions of dye hydrophobicity and elec-
tron donating capability can be found in the ESI (Fig. S10) along with the fitting details of the curves found in the A-value graphs (Table S2+).

ous,”” we consider aggregates to be oblique when a > 30° for
small twist angles.

Cy5Peg demonstrates the most variability; the adjacent con-
formation strongly favors an oblique dimer, while the trans-
verse conformations are strongly coupled H-type dimers. If we
compare the adjacent oblique dimers to the transverse dimers
of Cy5Peg a nearly 2-fold increase in the J, , from 69 + 18 to
128 + 4 meV is observed.

The clearest trend from the KRM modeling is that the trans-
verse conformation strongly favors sandwich type n-n stacking
and cofacial H-like dimers much more than the adjacent con-
formation, which favors a T-type n-n stacking (i.e. the indole
ring of one dye is perpendicular to that of the second Cy5-R),
independently of the inherent properties of the modified
Cy5-R. This is seen in the larger J,, and smaller R and «
values for transverse conformations while the adjacent confor-
mations result in a as high as 83 + 10° and the subsequent
increase in R. This correlates to the results of the HJ melting
experiments in which the melting temperature of the trans-
verse AC structure was higher than the adjacent AB structure
when comparing within the same dyes.

Discussion

As we have analyzed our particular system, DNA HJ nano-
structures with 5,5-modified Cy5 dyes as dimers at the cross-

This journal is © The Royal Society of Chemistry 2023

over point, we have observed that the coupling and packing of
the dimers is both conformation and dye dependent. The
question remains: what are the variables that best predict how
the dimers will form? As with any real world system, the modi-
fied Cy5 molecules’ variables are inherently intertwined. In
this case our initial variable of interest was dye hydrophobicity,
but the electrostatics and the steric components were also
modified. We therefore compared the packing parameters pro-
vided by the KRM model to the three dye characteristics:
hydrophobicity (log(P)), electron donating capability (op), and
steric component (A-value). The results can be seen in Fig. 6.
We note that no evidence for higher order structures was
observed for HJ dimers in the Mg>" experiments nor in the
melting curves. Furthermore, due to the greater DNA pro-
portion and increased steric hindrance of the dyes within the
H]J conformation the likelihood of higher order structures is
small.

We have chosen to separate the transverse and adjacent HJ
conformation results as it appears clear that the placement
within the scaffold results in unique interactions in all cases
except for Cy5¢Bu. Observing the data presented in Fig. 6, the
parameter with the clearest trend is the correlation of increas-
ing A-value to increasing cofacial H-type dimer packing. This
in turn correlates to greater J,,, and smaller R and «a values
(see Fig. 6C-E). Our interpretation arises from the fact that
only A-value graphs can be fit by simple continuous regression,
while the hydrophobicity and electron donating graphs cannot

Nanoscale, 2023,15, 3284-3299 | 3293
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be fit beyond complex polynomials that do not correlate with
any physical explanations. The logistic fits used in Fig. 6C-E
(R?* > 0.97, except for adjacent fit in Fig. 6C where R* = 0.90,
see Table S2 in the ESI}) provide a bit more information.
Logistic functions are generally used to model the probability
of a binary outcome as a function of an independent vari-
able.”® This approach is most common in dose-response
curves, but is also used in describing molecular states.>®”” In
our system it models the probability of the dimers taking an
oblique like or H-type packing, with this packing then correlat-
ing with the J,, », R, and a values. Pertinently, the transition
value, i.e. the center of the fit, is unique for the adjacent and
transverse dimers yet similar throughout Fig. 6C-E. For adja-
cent dimers the transition from oblique to H-type packing
being more likely when the substituents have A-values greater
than 0.89 + 0.04 kcal mol™", yet for the transverse dimers the
value is only 0.53 + 0.06 kcal mol™". Hydrophobicity and elec-
tron donating strength likely play a more subtle role.
Particularly hydrophobicity appears to drive the distinction
between Cy5hex and Cy5Peg, which are very similar in op and
A-value, into H-type and oblique dimers, respectively, in the
adjacent HJ conformations.

We hypothesize that the sterics play a key role in the
packing as they strongly favor sandwich type n-n stacking
(H-like) over the T-type n—= stacking (oblique) of the dyes with
smaller substituents. This is particularly notable in the unmo-
dified Cy5. The n-n stacking interactions are relatively weak
(<10 keal mol™")*® with shallow potential energy landscapes that
can be tuned through substituents. The traditional concept of
n-n stacking is the Hunter-Sanders model; in this model the
aromatic ring is considered a positively charged ¢ framework
and a negatively charged = cloud.” As such, the more electron
withdrawing a substituent group is the more it minimizes
electrostatic repulsion of the n-clouds and therefore the greater
the interaction. If the model holds true for our system we would
expect Jm n to correlate with o,,. As we see in Fig. 6B Cy5Cl has a
greater Jn, , than Cy5H as would be predicted by the model, but
it is the electron donating groups that have the greater J,, , by
approximately 2-fold in contraposition to the model. Other
experimental reports have shown that the Hunter-Sanders
model is often in disagreement with the experiment and does
not account for significant steric interactions.®*°!

Pertinent to our work, the Sherrill lab recently published
studies comparing sandwich and T-style n—n stacking utilizing
a more complex symmetry-adapted perturbation theory, which
considers the electrostatic, London dispersion forces (LDF),
induction, and exchange-repulsion components of the inter-
action energy.®”> A key conclusion was that LDF, i.e. induced
dipole-induced dipole or van der Waals forces, are the predo-
minant force that determines interaction strength.®* This is
particularly important in T-shaped stacking, where distances
between aromatic rings are already further apart, as LDF decay
with distance to the sixth power. In other words, the possibility
of stabilizing T-shaped n-n stacking is proportional to how
close the aromatic rings can approach each other. It then cor-
relates that the greater the steric repulsion, i.e. larger A-values,
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the less favorable T-shaped stacking is. In this case inhibition
of T-shaped stacking favors sandwich type n-n stacking which
has greater J,, . This trend was observed clearly in Fig. 6C.
This results in the first design rule for template dimers: substi-
tuents with larger A-values hinder the formation of oblique
aggregates.

We then look at Cy5Peg vs. Cy5hex, where both the o, and
A-value were almost identical but with orders of magnitude
difference in hydrophobicity. Here we see that the hydrophobic
dye has a greater propensity to interact, avoiding oblique like
dimers. This is seen by looking at the adjacent dimers, where
Cy5hex has more H-like character and greater J, . It would
appear that Cy5Peg also has a greater monomer proportion
due to its lower hydrophobicity seen in the lower J,,, and
lower quenching proportion in both adjacent and transverse
conformations. This suggests that relative hydrophobicity is
beneficial to maximize dimer formation, and subsequently
plays a considerable, yet secondary, role in the conformation
of the dimer.

The third, perhaps intuitive, rule: the initial position of the
dyes relative to each other within the template helps determine
the final dimer conformation. It appears clear from the data
that transverse HJs favor cofacial interactions that lead to
H-type aggregates while adjacent dimers favor T-shaped n-n
stacking and oblique dimers. This was supported by the fits
that resulted in transition points where the H-type is favored
over oblique dimers if the substituents have A-values greater
than 0.53 + 0.06 kcal mol™" for transverse dimers while the
value increased to 0.89 + 0.04 kcal mol™" for adjacent dimers.
Some evidence has been reported that for unmodified Cy3
dyes, in the case of dSDNA,*® even the particular sequence can
determine the coupling orientation of the dye aggregate,
which is supported by the variance observed between the four
adjacent conformations.

We proceed to compare this work to previous studies and
compare the hypothesis stated by their conclusions. We begin
by quickly distinguishing the work of modifying freely-
diffusing cyanines, in those cases the hydrophobicity of the
dyes was key to driving aggregation.’®*”°* In our work the
Cy5-R are conjugated to ssDNA which dictates the overall solu-
bility of the system, and the hybridization of the DNA strands
is what in fact drives aggregation. Clearly, within this context
dye hydrophobicity plays a more subtle role. The work of
Stadler, Armitage, and colleagues also looked at the modified
cyanines in combination with DNA as a non-covalent nuclea-
tion site.>® They reported that increased hydrophobicity did
enhance dimerization on the DNA, but also that steric con-
siderations created by the hydrophobic modifications (mainly
methyl substituents) did limit the range of extended helical
aggregates. Though their system was non-covalent, their
hypothesis that hydrophobicity can drive dimerization pro-
portions, but also that the sterics created by the modifications
inherently limit some forms of aggregates (e.g. extended
helical aggregates)*® is in line with what we observed in our
covalent system. Albeit, they did not provide insight on how to
exploit the sterics for designer structures. We found that more

This journal is © The Royal Society of Chemistry 2023
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hydrophobic dyes (¢Bu, hex) have greater dimer proportions
than the more hydrophilic substituents, this is seen most
clearly in the zero Mg>" experiments. Yet, as we discussed
above, it is the sterics which principally drive the H-type or
oblique like packing.

The most pertinent comparison is to the work of Mass and
colleagues looking at the effect of hydrophobicity on DNA HJ
templated squaraine dye dimers.>® We highlight three differ-
ences, the first being of course the choice of dye, second, the
range of hydrophobic variation in the squaraines was smaller
than our study (the R = hex or ¢Bu is orders of magnitude
more hydrophobic than the most hydrophobic CI they syn-
thesized), and, importantly, the approach to dye conjugation.
The last point is particularly important, though both the
squaraine dyes and Cy5-R dyes in this study were covalently
bound to the nucleotides, the squaraines utilized a flexible
single-point attachment (fully extended length of 2.1 nm)
while the Cy5-R were attached using a short 3C two-point
attachment. The long linker and subsequent flexibility allows
for greater degrees of freedom of approach between the squar-
aine dyes and also that the initial positioning of the dyes can
be much further apart than in the case of the Cy5-R in our
system. In fact, in their system the transverse dimers generally
had smaller J,,, , than the adjacent dimers. This result corre-
lates with dye attachment points for transverse dimers being
further apart than for adjacent dimers, thus, reducing the
probability of the coming together of dyes with lower hydro-
phobicity. Resultantly, hydrophobicity played a more impor-
tant role in the dimer formation of the squaraines. Due to the
shorter linker and two-point conjugation, this was not a
crucial variable in our system. In addition, we performed an
analysis of their results by considering the A-values of their
substituents (we used 1.0 and 1.2 for -CH; and SO;H, respect-
ively) and did not observe any correlation as we did in the Cy5-
R system. Overall, the results of these two studies are consist-
ent, once more, in that hydrophobicity is key to driving the
proportion of dimer formation, but we hypothesize that due to
the conjugation approach of the dye the rules for determining
the dimer properties are not translatable from one system to
the other. It would be of interest to invert the conjugation
approaches of the dyes and to validate this hypothesis.

Finally, we mention that for close range dye packing (Rm,n =
3.5-4.0 A) one anticipates the possibility of relaxed excited
states such as excimers, exciplexes, and/or charge transfer
species. However, we have not observed the signatures of
relaxed excited states from fluorescence spectra of Cy5-R
dimers or in transient absorption studies that our groups have
performed on Cy5 dimers on DNA.>*?° There could be several
reasons for not observing relaxed excited states in Cy5-R
dimers at close range, including that charge transfer states
occur at energies that are too high/low to allow strong mixing
with the molecular exciton wavefunctions, or that these
relaxed excited state species do occur, but they are beyond the
wavelength range that we are able to measure, or that at room
temperature the relaxed excited states decay too rapidly to be
observed by standard fluorescence detection.

This journal is © The Royal Society of Chemistry 2023
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Conclusion

In conclusion, we have begun to elucidate how three factors
can be used to direct coupling strength and packing para-
meters of DNA scaffolded Cy5-R dimers. The principal con-
clusion is that sterics, as estimated by A-values, play a key role
in orienting the dimers and therefore the coupling strength.
Additionally, the hydrophobic properties of the Cy5-R play a
role in determining the percentage of dimers formed (though
within our HJ template system the effect is small), and when
steric considerations are equal can determine the packing
characteristics of the dimers. Consistent with other reports,
the attachment position of the dye within the DNA HJ is very
important, comparing both adjacent to transverse HJ dimers
results in distinct coupling that favored either H-type or
oblique dimers.>*?? Overall it is important to remember that
no single dye property is changed in a vacuum and that
attempting to change one, for example hydrophobicity, also
changes the electrostatics and the steric considerations of the
Cy5-R and these must be considered. In order to purposefully
control dye coupling and packing on DNA scaffolds, more
studies are required to better understand the interplay
between dye molecule properties, and the interactions between
dyes and DNA.

We highlight that though we formed principally H-type and
oblique dimers, there is some evidence that some systems may
be heterogeneous with a portion of J-type aggregates as well
(part of a follow-up study). Cofacial n—n stacking, observed in
H-aggregates, are avenues for charge transport and increased
charge carrier mobility."* These properties would have direct
application to developing organic dye based electronic devices.
There are also reports of H-aggregates being applied as photo-
thermal therapy and photoacoustic imaging agents.®>%®
Oblique packing aggregates have also shown some optimal
fluorescent properties within crystals, such as the work of the
Tian group with 9,10-bis-(2,2-diphenylvinyl) anthracene, where
amplified spontaneous emission and electroluminescence
were observed.®” Finally, the ability to control exciton coupling
in larger dye aggregates on DNA scaffolds is central to the
development of exciton devices and circuits®®®® for a variety of
photonic applications including light harvesting and nano-
scale computing.

The final question that arises is how the steric hypothesis
can be further tested and exploited. It would be of interest to
test Cy5-R options with A-values between the transition point
of the adjacent and transverse dimers (0.5-0.9 kcal mol™"). For
example, O-acetyl or O-tosyl substituents have A-values of
~0.7 keal mol™*,** which by our hypothesis should form H-like
dimers in transverse conformations but oblique dimers in
adjacent conformations. As part of a follow-up study we are
designing heterogeneous dimers to test our theory. From our
above results, we would expect that the formation of oblique
dimers would be favored by the inclusion of a low 4-value Cy5-
R (e.g Cy5H or Cy5Cl) even in combination with a large
A-value Cy5-R. Furthermore, we imagine that the specific
ordering of the two dyes should be deterministic of the final
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packing characteristic. In other words, a heterogeneous AB
dimer should be distinct from a BA dimer. This also opens up
the question of utilizing non-symmetrical cyanine dyes to
further tune the coupling and packing. The Wiirthner group
demonstrated that dipolar effects of non-symmetrical merocya-
nine dyes could be used to enhance aggregation in freely
diffusing dyes in organic solvents.®* Work with charged
cyanine dyes found a minimal effect in similar conditions. The
question is whether DNA templated cyanine dyes would prove
to resemble either, or demonstrate unique properties.

Methods

The unmodified ssDNA oligos were acquired from Integrated
DNA Technologies (Coralville, IA, USA) as lyophilized samples
which were reconstituted to 100 pM solutions in molecular
biology grade water for use. Cy5-R ssDNA oligos were syn-
thesized following previously published protocol and were also
reconstituted into 100 pM solutions in molecular biology
grade water for use.’® DNA HJ structures were assembled by
combining 10 pM equimolar of A, B, C, D DNA strands or their
dye analogues (see Table S1f) in 1x TAE + 15 mM MgCl,
buffer. The samples were assembled via thermal annealing
using the previously reported protocol.*>>' Samples were used
for downstream analysis without any further purification and
were stored at 4 °C otherwise.

Polyacrylamide gel electrophoresis (PAGE) analysis shown
in Fig. S41 was performed on a 10% pre-cast PAGE gel in 1x
Tris Borate EDTA buffer. Each sample was prepared by combin-
ing 4 pL of sample (at 10 pM) with 10x GelRed stain and non-
SDS loading buffer (New England Biolabs, Ipswich, MA, USA).
A 50 bp DNA Ladder (New England Biolabs) was used as a
reference molecular weight marker. Electrophoresis conditions
were set at 12 V cm ™" at room temperature for 25 min. Gel was
imaged using BioRad Gel dock under UV trans-illumination.

Absorption spectra were measured at 20 °C using a Cary 60
UV-Vis spectrophotometer for all samples. Measurements were
performed within the spectral range of 200-900 nm, with 1 nm
step intervals and a 0.1 second integration time. 2 pM solution
of each sample in a 10 mm path length quartz spectrophoto-
meter cell was used for the measurements.

Circular dichroism measurements (CD) were performed at
20 °C using a JASCO J-1500 CD spectrophotometer.
Measurements were performed within the spectral range of
200-850 nm, with 1 nm step intervals, at 100 nm min™", 4 s
digital integration time, at 20 °C. 2 pM solution of each
sample in a 10 mm path length quartz spectrophotometer cell
was used for the measurements.

Fluorescence emission spectra were measured at 20 °C
using a TECAN plate reader exciting from above. An excitation
wavelength of 615 nm was used to excite the sample and the
fluorescence emission was measured from 630-900 nm with
1 nm steps. 100 pl of a 1 pM solution was added to a 96 well
black plate, resulting in a 1.25 mm pathlength and a
maximum OD of 0.05 avoiding inner filter effects.
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Fluorescence QYs of Cy5H were obtained against the refer-
ence dye Oxazine 720 (excite at 615 nm with QY = 0.63 + 0.05)
in 1x TAE with 15 mM MgCl,.>* The fluorescence spectra were
collected on a Fluoromax 4 (Horiba) fluorescence spectrometer
using an orthogonal excitation/detection geometry. All solu-
tions were dilute to a peak optical density < 0.1 to ensure a
uniform excited volume, and the linearity of the fluorescence
spectra with concentration was confirmed. The Cy5-R QYs
were determined by utilizing the Cy5H as a secondary standard
in the above mentioned fluorescence conditions. The QYs are
reported as an average of three measurements with an uncer-
tainty given by the standard deviation.

The absorption and circular dichroism spectra of the Cy5-R
homodimers were used to extract relative orientation infor-
mation based on Kithn—Renger—May (KRM) theory"! using the
KRM Model Simulation Tool (version 13.5). A complete
description of the Tool has recently been published else-
where.?! Briefly, the Tool uses key parameters extracted from
experimental single-dye (monomer) spectra and the excitonic
hopping parameter - Ji, ), determined using an extended
dipole approximation - to populate a Holstein-like Frenkel
Hamiltonian.”””! The Hamiltonian is diagonalized on an
appropriate Hilbert space and the results are used to compute
theoretical absorbance and CD spectra arising from a given
orientation. The tool uses an iterative approach to evaluate
spectra from many orientations to find the best match
between calculated and experimental spectra.
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