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Site-specific photo-crosslinking in a double
crossover DNA tile facilitated by squaraine dye
aggregates: advancing thermally stable and
uniform DNA nanostructurest
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We investigated the role of dichloro-squaraine (SQ) dye aggregates in facilitating thymine—thymine inter-
strand photo-crosslinking within double crossover (DX) tiles, to develop thermally stable and structurally
uniform two-dimensional (2D) DNA-based nanostructures. By strategically incorporating SQ modified
thymine pairs, we enabled site-selective [2 + 2] photocycloaddition under 310 nm UV light. Strong dye—
dye interactions, particularly through the formation of aggregates, facilitated covalent bond formation
between proximal thymines. To evaluate the impact of dye aggregation on crosslinking efficiency, ten DX
tile variants with varying SQ-modified thymine positions were tested. Our results demonstrated that SQ
dye aggregates significantly enhanced crosslinking, driven by precise SQ-modified thymine dimer place-
ment within the DNA tiles. Analytical techniques, including denaturing PAGE and UV-visible spectroscopy,
validated successful crosslinking in DNA tiles with multiple SQ-modified thymine pairs. This non-photo-
toxic method offers a potential route for creating thermally stable, homogeneous higher-order DNA-dye
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assemblies with potential applications in photoactive and exciton-based fields such as optoelectronics,
nanoscale computing, and quantum computing. The insights from this study establish a foundation for
further exploration of advanced DNA-dye systems, enabling the design of next-generation DNA nano-

rsc.li/biomaterials-science structures with enhanced functional properties.

become a powerful
materials.>®

method for organizing nanoscale

1. Introduction

(cc)

DNA, a versatile and programmable nanomaterial, offers
precise control for the construction of two- and three-dimen-
sional structures through Watson-Crick base pairing." This
capability positions DNA as a promising tool in nanotechno-
logy, molecular biology, and materials science, where it serves
as a scaffold for nanostructures, a template for biochemical
reactions, and a functional material for smart, responsive
systems.>® Moreover, the assembly of DNA-based nano-
structures, leveraging self-assembly principles with program-
mable nucleobase sequences and chemical modifications, has
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Recent advances in programmable self-assembly have intro-
duced strategies such as covalently attaching dye molecules to
DNA, resulting in excitonically delocalized molecular dye
aggregates.”® The close arrangement of dyes that contain
chromophores facilitates delocalization of molecular excitons
(Frenkel excitons), enabling coherent energy transfer across
the dye molecules.”®"® DNA tiles, as stable, and modular
building blocks,"*™"” are a promising platform for integrating
those dye aggregates, enabling precise control in programma-
ble DNA-dye systems. Their robust structures can be utilized
for building devices for applications across nanoscale comput-
ing, quantum computing, organic optoelectronics, photonics,
and light-harvesting technologies by providing a predictable
framework for dye placement, which is essential for coherent
energy transfer and excitonic coupling in advanced nanoscale
devices."®?°

The ability of DNA to form well-defined higher order struc-
tures such as DNA tiles, bricks, origamis, and lattices is
central to its use in nanotechnology.>®>° This ability relies on
the precise hybridization of complementary base pairs, specifi-

This journal is © The Royal Society of Chemistry 2025
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cally adenine-thymine (A-T) and guanine-cytosine (G-C)
pairs, connected through hydrogen bonds.***' However, the
hydrogen bonds can be unstable under various conditions,
such as temperature fluctuations, ionic strength, and sequence
composition, leading to dynamic behavior known as “DNA
breathing”.”** DNA breathing involves the transient dis-
sociation and reassociation of the DNA strands, leading to
structural instability and heterogeneity with distinct sub-popu-
lations of DNA-based assemblies.***” These sub-populations
include fully paired, partially denatured, and fully denatured
states and intermediary forms that fluctuate between relative
orientations of dye aggregate configurations. This structural
variability impacts stability, binding sites, and interactions
with other molecules, especially when used as templates for
assembling functional molecules like dyes.*®**' This dynamic
behavior is particularly detrimental to higher-order DNA-dye
systems, where precise control over the structure and stability
is crucial for applications involving energy transfer processes
like exciton-based devices.*>*> The properties of dye aggre-
gates are highly sensitive to the spatial arrangement and their
local environment, making a comprehensive understanding of
dye-dye and dye-DNA interactions essential for advancing the
design and functionality of complex DNA-dye architectures.

To address these challenges, various strategies have been
explored to enhance the stability of DNA nanostructures.*®™>?
One promising approach involves using dye aggregates to
facilitate covalent crosslinking between specific nucleotides
within the DNA structure, thereby “locking” the DNA in a
desired conformation.”®** This stabilization preserves its
structure for use in nanotechnology or molecular applications
requiring precise manipulation of DNA structures where main-
taining a specific shape is crucial. Traditional crosslinking
methods often introduce phototoxic effects or molecular
damage to DNA or surrounding cellular components, caused
by light exposure, particularly during high-intensity or light-
activated processes.>>>” However, recent advances in photo-
chemistry, particularly the use of photoactive dye aggregates,
offer opportunities for more controlled and site-specific cross-
linking approaches.”>***®%° gquaraine dyes,**** known for
their strong absorption in the visible spectrum and ability to
form stable dimers and aggregates with exciton hopping para-
meters exceeding 100 meV,*>”' have shown to facilitate
thymine-thymine crosslinking via [2 + 2] photocycloaddition.
By precisely positioning near thymine pair, SQ dimers trigger
covalent bond formation between interstrand thymine bases
upon light activation by bringing the bases in proximity.>*>*

In this context, using site-selective thymine-thymine inter-
strand photo-crosslinking is an effective strategy for enhancing
the thermal stability and structural uniformity of higher order
DNA nanostructures.”>”® The [2 + 2] photocycloaddition reac-
tion between thymine bases, resulting in the formation of
cyclobutene pyrimidine dimer (CPD), is a well-known photo-
reaction that can be precisely controlled through UV
irradiation.”*®° The formation of dye aggregates plays a critical
role in ensuring effective and controlled thymine-thymine
photo-crosslinking. However, the efficiency and specificity of
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this reaction can be significantly influenced by the proximity
of the SQ-modified thymine bases.’® Aggregates enhance stabi-
lity and uniformity by promoting strong dye-dye interactions,
which bring thyme pairs into close proximity, facilitating
efficient [2 + 2] photocycloaddition reaction.’® Moreover, these
dye aggregates can be used as a sensitive probe to monitor
crosslinking efficiency and structural homogeneity of the
DNA-dye constructs.

Additionally, the SQ-mediated crosslinking offers a non-
phototoxic  alternative  to  traditional = UV-mediated
methods.’®**  Phototoxicity in DNA occurs when light
exposure, especially UV light, generates reactive species that
cause breakage of DNA strands, and oxidative damage, com-
promising DNA integrity and potentially reducing crosslinking
efficiency.**® Specifically, DNA Holliday Junction (HJ)-tem-
plated dimers of SQ-attached thymines undergo efficient
photo-crosslinking under 310 nm UV light without inducing
phototoxicity, thereby mitigating the adverse effects typically
associated with conventional UV-mediated crosslinking.>*>*
The resulting covalent bonds can enhance the thermal stability
and structural homogeneity of the DNA-dye constructs,
making them more suitable for various applications, including
advanced photoactive materials and exciton-based devices.

In our study, we addressed the pivotal challenge of develop-
ing a reproducible technique to enhance thermal stability and
reduce structural heterogeneity of DNA-dye constructs via
interstrand thymine-thymine photo-crosslinking. We incorpor-
ated SQ dye aggregates into 2D double crossover (DX) DNA
tiles to achieve site-specific interstrand thymine-thymine
photo-crosslinking, enhancing both thermal stability and
structural homogeneity of higher order DNA-dye assemblies.
Furthermore, this photo-crosslinking method allowed us to
obtain a novel five-dimer tile configuration using denaturing
PAGE, an approach that would have been challenging to
achieve without the enhanced structural stability provided by
photo-crosslinking. A range of analytical methods, including
denaturing PAGE and UV-visible spectroscopy, were used to
evaluate the crosslinking efficiency and homogeneity of the
DNA-dye assemblies. Our findings indicate that the controlled
placement of SQ aggregates significantly boosts crosslinking
yield and stability, establishing a reproducible approach for
creating thermally stable, homogenous DNA-dye constructs.
This method presents an efficient, scalable approach to con-
structing thermally stable DNA nanostructures, setting the
foundation for their application in photoactive materials,
nanoscale computing, and quantum information systems.

2. Materials and methods

2.1. Sample preparation

The DNA oligomers, functionalized with indolenine dyes using
a single flexible linker, were purified through dual high-per-
formance liquid chromatography and acquired from integrated
DNA technology, Inc. (Coralville). Dichloro-squaraine (SQ) dyes
were synthesized and supplied by SETA Biomedicals (Urbana,
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IL).*>*° Unfunctionalized DNA oligomers, purified through
desalting, were obtained from Integrated DNA Technology, Inc.
All DNA oligomers were rehydrated to prepare approximately
100 pM stock solution in ultrapure water (Barnstead
Nanopure, Thermo Scientific). The DNA sample concen-
trations were determined spectroscopically using calculated
extinction coefficients on a NanoDrop One Microvolume
UV-Vis system (Thermo Scientific). DNA tiles were hybridized
to a final DNA concentration of 1.5 uM by adding equimolar
amounts of complementary oligomers in 1x Tris-borate-EDTA
(TBE), pH of 10x TBE purchased from Thermo Scientific: 8.3,
15 mM MgCl, buffer solution. The DNA samples were
annealed for 4 minutes at 94 °C, followed by cooling ramps of
1.0 °C min™" from 94 °C to 64 °C and 10 °C min~" from 64 °C
to room temperature (approximately 22 °C) in a Mastercycler
Nexus PCR cycler (Eppendorf).

Ten DNA tile variants were synthesized for the study, each
differing in the relative position of modified thymine labeled
with squaraine dye. We synthesized monomers, in which only
one SQ-modified thymine was attached to the DNA (Fig. S27).
Among all the monomers, C (SQ dye was attached to the C
strand) and D (SQ dye was attached to the C strand) were used
as control samples, as they are the most suitable and available
for the study. One set of dimer samples was designed with a
continuous G strand, such as Tile 1 and Tile 2 (each with a
single pair of SQ-modified thymines), Tile 3 (three pairs of SQ-
modified thymines), and Tile 4 (five pairs of SQ-modified thy-
mines). Additionally, another set of dimer samples was
designed where the strand G is split into two strands (E, and
F): Tile 5 and Tile 6 (each with a single pair of SQ-modified
thymines), Tile 7 (three pairs of SQ-modified thymines), and
Tile 8 (five pairs of SQ-modified thymines). Five non-tile var-
iants were synthesized and used as controls for the study.
Unmodified and SQ-modified single stranded DNA (ssDNA):
comprising a single chain of nucleotides, SQ modified double
stranded DNA (dsDNA), three stranded DNA, and four
stranded DNA that forms incomplete tiles.

2.2. UV-crosslinking

DNA tile samples (2 uM, 100 pL) in 1x TBE, 15 mM MgCl, were
exposed to UV-LED lamp (310 nm; spot size, 1 mm x 1 mm)
for 60 minutes at room temperature to monitor photoreaction
progress. This was conducted using a T-Cube LED driver
(LEDD1B; THORLABS) equipped with a high-power LED light.
The UV-LED light's power was measured with a standard
photodiode power sensor (S120VC; THORLABS), covering a
range of 200-1100 nm and up to 50 mW, and monitored by a
compact power and energy meter console (PM100D;
THORLABS). The output current was constantly set at 0.2 A,
with a maximum forward voltage of 12 V, producing an
irradiation power of 0.7 + 0.04 mW.

2.3. Polyacrylamide gel electrophoresis (PAGE)

Denaturing PAGE (12%) was used to measure the progress of
photo-crosslink reactions in DNA tile constructs. The gel was
prepared in 1x TBE with 20% urea, pre-ran at 600 V and 57 °C
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for 30 minutes. DNA samples, mixed with a formamide: 100x
TBE (9:1 v/v) loading buffer and denatured at 95 °C for
4 minutes, were loaded onto the gel and run at 350 V for
25 minutes at 57 °C. Non-denaturing PAGE was conducted to
analyze and compare DNA samples before and after cross-
linking. Non-denaturing 12% polyacrylamide gels, 1.5 mm
thick, were cast in 1x TBE, 15 mM MgCl, buffer. DNA con-
structs were mixed with a loading buffer (20% v/v Ficoll and
20% v/v  bromophenol blue, from Sigma-Aldrich).
Electrophoresis was performed at a constant voltage of 150 V
and a temperature of 17 °C with 1x TBE, 15 mM MgCl,
running buffer. Gels were then washed with ultrapure water,
placed on a phosphor plate, and imaged using UV illumina-
tion in the Cy5 channel (excitation, 632 nm; emission,
691 nm). Non-SQ samples were stained with SYBR gold and
imaged in the Cy2 channel (excitation, 475 nm; emission,
506 nm). Band intensity was quantified using ImageJ 1.53e,%”
with background adjustments made by tuning brightness and
contrast.

2.4. Optical characterization

The steady-state absorption spectra of DNA aggregates were
monitored using a Cary 5000 UV-Vis-NIR spectrophotometer
(Agilent Technologies) with a dual-beam setup. DNA-templated
SQ samples were placed in a quartz cuvette with a 1 cm path
length (Starna), and the spectra were recorded over a wave-
length range of 230-800 nm. Circular dichroism (CD) measure-
ments were conducted using a JASCO ]-1500 spectrometer. For
these measurements, DNA-templated SQ samples (100 pL)
were placed in a 1 cm path length microcuvette (Jasco), and
the CD spectra were recorded in the 200-800 nm wavelength
range at a scanning speed of 200 nm min .

The melting profiles of DNA constructs were recorded using
the Cary 5000 UV-Vis-NIR spectrophotometer (Agilent
Technologies) equipped with a thermal probe (Agilent
Technologies Cary temperature controller). Samples were
degassed for 2 minutes at room temperature (22 °C) and then
equilibrated at 25 °C for 2 minutes before initiating a tempera-
ture ramp of 1 °C from 25 °C to 95 °C.

2.5. Modeling of absorption and circular dichroism spectra

We utilized our in- house KRM model simulation tool, which
is based on the theoretical framework developed by Kiihn,
Renger, and May, to model experimental spectra.®® This tool
incorporates dye properties derived from experimental data
and employs an extended dipole model within a Holstein like
Frenkel Hamiltonian to calculate theoretical absorption and
circular dichroism spectra corresponding to specific dye geo-
metries. A stochastic search method was used to iteratively
perturb to dye geometry, with each iteration generating spectra
that were compared to experimental results. The optimal geo-
metry was selected based on the best fit to the experimental
data. A detailed description of the KRM model simulation tool
has previously been published.**

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 DNA tile sequence and structures. (a) lllustration showing the dx tile with a continuous G strand. (b) Illustration of the dx tile structure with a
G strand divided into two strands (E and F). (c) The ssDNAs constituting tiles are labeled A, B, C, D, E, F, and G. Each strand is color-coded to corres-
pond to the constructs in the top panel. (d) The chemical structure of the SQ-labeled thymine modifier, including the C6 dT linker incorporated into
the oligonucleotide, highlighting how the dye is attached to the DNA for visualization. (e) Sequence of SQ-modified DNA nanostructure design.

3. Results and discussion

3.1. Molecular design and construct

We designed and synthesized two types of unmodified DNA
tiles: one featuring a continuous strand G, and another where
strand G is divided into two strands, labeled E and F. The
unmodified tiles, composed of single-stranded DNAs (ssDNAs)
labeled A, B, C, D, E, F, and G, were designed with carefully
selected sequences to ensure precise hybridization and tile for-
mation (Fig. 1a-c) (Fig. S1t). For thymine-thymine (T-T) cross-
linking experiments, we designed a series of tile constructs
functionalized with dichloro-squaraine dyes (SQ) (Fig. S2 and
S31). The SQ-labeled thymine modifier was attached to the
DNAvia a C6 dT linker (Fig. 1d). Ten SQ-modified DNA tile var-
iants were designed, each with a unique arrangement and
number of SQ-labeled thymines, including monomer C and
monomer D. We designed three sets of DX tile samples for
crosslinking study: tiles with a single pair of SQ-modified thy-
mines (e.g., Tile 1, Tile 2, Tile 5, and Tile 6), tiles with three
pairs (e.g., Tile 3 and Tile 7) of SQ-modified thymines, and tiles
with five pairs of SQ-modified thymines (Fig. 1e and S2, S37).

3.2. Formation and structural integrity of DNA tiles

We assessed three types of DNA tiles to serve as controls to
investigate successful assembly and the influence of strand
continuity on tile formation: the unmodified tile (with a con-
tinuous G strand), and SQ-modified monomers C and D. The

This journal is © The Royal Society of Chemistry 2025

successful assembly of these tiles was confirmed using absorp-
tion spectroscopy and native polyacrylamide gel electrophor-
esis (PAGE), as illustrated in Fig. 2.

Absorption spectroscopy provided an initial validation of
tile formation. The absorption peak at 260 nm confirmed the
presence of DNA, while the distinct peak profiles observed in
the controls (unmodified and modified tiles) suggested suc-
cessful assembly of properly folded DNA nanostructures, as
random or misfolded structures often display broader, less
intense peaks due to irregular base stacking or incomplete
hybridization. In contrast, the additional peaks observed in
the SQ-modified monomers C and D (solid lines) corre-
sponded to absorption from SQ dyes, confirming successful
dye incorporation and monomer formation. The monomers
exhibited characteristic spectral features of squaraine, includ-
ing a prominent absorption band with a peak maximum at
645 nm, accompanied by a smaller vibronic shoulder (Fig. 2b
and S87).

Controls of non-tile DNA variants including single, double,
three, and four-stranded configurations were designed to form
incomplete tiles, further demonstrating how variations in
strand composition affect the optical properties compared to
organized tile-based assemblies. Fully complete tile structures
exhibit enhanced absorption due to their organized and
densely interconnected arrangements compared to simpler,
non-tile DNA structures. Additionally, in the single-stranded
configuration, the monomers displayed the characteristic spec-

Biomater. Sci,, 2025,13,1742-1757 | 1745
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Fig. 2 Comparison of DNA tile structures and formation efficiency verified by native PAGE gel. (a) Schematics of DNA nanostructure designs of
unmodified DNA and monomers. In the modified strands, the incorporated dye-labeled thymines are represented as “Cyan rectangles”. Non-tile
control samples were used as single-strand, partial complementary two-stranded, three-stranded, and four-stranded configurations. (b) Absorption
spectra comparing fully formed tile, and non-tile samples. (c) 12% native PAGE gel of fully formed tile and non-tile samples.

tral features of SQ, whereas SQ-dimer formation became
apparent in the incomplete tile structures comprising three
and four strands (Fig. 2a and b). The native PAGE analysis
(Fig. 2c, Gel 1) offered more detailed insights into the struc-
tural integrity of the tiles. Fully formed tiles, such as unmodi-
fied full tile, exhibited a clear and distinct band, indicative of
successful assembly. However, the appearance of additional
bands in the unmodified tile lane indicates transient struc-
tural intermediates or incomplete assemblies, potentially
arising from minor deviations in molar ratios of strand.
Similarly, monomeric tiles containing SQ dye tethered to C or
D strands (Monomer C, MonomerD) also displayed distinct
bands, confirming the complete assembly of these modified
structures. In contrast, an incomplete tile with three strands
showed a band that migrated further in the gel than the fully
formed tiles, suggesting lower molecular weight and incom-
plete assembly. Control non-tile samples including single
strands, double strands, and incomplete tiles containing 4
strands, exhibited less distinct bands and smeared patterns,
indicating poor formation and assembly compared to the fully
formed tiles. Overall, the data obtained from native PAGE gel
analysis underscores the formation of fully formed DNA tiles
compared to non-tile or incomplete structures. This analysis
provides a fundamental understanding of how different strand
configurations and modifications influence DNA tile assembly
and stability. Specifically, as the complexity and number of
strands increase, such as in multi-stranded tile configurations,
the structures become more stable and organized due to stron-
ger base-pairing interactions and stacking between nucleo-

1746 | Biomater. Sci, 2025,13, 1742-1757

tides. These structural reinforcements enhance the cohesion
and rigidity of the DNA tile, making it less prone to degra-
dation. In contrast, simpler non-tile configurations, like
double strands or incomplete tiles with three or four strands,
lack these stabilizing interactions and exhibit lower structural
integrity. Such insights are critical for subsequent crosslinking
experiments where maintaining the structural integrity of DNA
tiles is essential for achieving precise and efficient crosslinking
reactions.

3.3. Structural confirmation and purity of SQ-modified tile
constructs

To confirm the successful formation and assembly of the SQ-
modified dimer constructs used for crosslinking experiments,
control samples, monomers C and D were systematically evalu-
ated (Fig. 3a and b). This assessment involved verifying
through PAGE gel that the dimers were properly assembled
into the intended tile structures. This validation step was criti-
cal to confirm that any observed differences during the cross-
linking experiments were a result of the crosslinking process
itself and not due to pre-existing structural anomalies in the
samples.

The comparison of SQ-monomer and dimer constructs
using native PAGE (Fig. 3c and d) provided clear evidence of
the expected formation of these DNA constructs. Monomer C
(MmerC) and Monomer D (MmerD) were used as controls to
verify the fully formed tile structures and showed distinct
bands that confirmed the integrity and correct assembly of the
monomers. These bands served as references against which

This journal is © The Royal Society of Chemistry 2025
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the dimer samples were compared. Gel 2 presents various fully
formed tiles with a continuous G strand, such as Tile 1 and
Tile 2, Tile 3, and Tile 4. Gel 3 displays the results for dimer
samples of the dx tile where strand G is split into two strands
(E, and F): Tile 5, Tile 6, Tile 7, and Tile 8. Fully formed tiles
exhibited bands at higher molecular weight positions com-
pared to non-tile control ssSQ-C, consistent with their larger
size and more complex structure. The increased mass and
potential interactions such as base stacking, hydrogen
bonding, and hybridization between strands in fully formed
tiles were expected to drive this migration pattern in gel elec-
trophoresis. Conversely, incomplete stacking, weak bonding,
or poor strand hybridization cause structural inconsistencies,
can produce smeared or diffused bands that indicate partial
formation, degradation, or heterogeneous structures.

To further assess the structural integrity of the DNA-dye
assembly, the fully formed bands were excised from the gel for
additional purification. The results of this purification step are
shown in the native gels presented in Fig. 3e. These gels reveal
clear, distinct bands for each purified sample, with significant
differences between purified and non-purified samples. The

This journal is © The Royal Society of Chemistry 2025

non-purified controls (Mmer C and ssSQ-C) exhibited smeared
bands and less defined structures, indicating the presence of
impurities and incomplete assembly. In contrast, the purified
samples displayed sharp, well-defined bands, confirming suc-
cessful purification and the uniformity of the DNA tiles.

3.4. Thymine-thymine photo-crosslinking and its impact on
DNA-dye constructs

The DNA constructs for the crosslinking study were designed by
tethering SQ dyes to the thymine bases, with each construct
labeled to indicate specific sites of thymine modification, (cyan
rectangles; Fig. 4a). These modifications represented potential
sites for thymine-thymine crosslinking upon exposure to UV
irradiation. Denaturing PAGE gel electrophoresis was employed
to monitor the change in mobilities of DNA constructs after UV
irradiation, which induced the thymine-thymine crosslinking
process (Fig. 4b). Urea in denaturing PAGE stimulates de-
stabilizing conditions, as urea disrupts hydrogen bonds, challen-
ging DNA stability. Tile 4 and Tile 8, which contained five
thymine pairs, exhibited distinct bands with lower mobility post-
irradiation, indicating successful crosslinking. The intensity of

Biomater. Sci, 2025,13,1742-1757 | 1747
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Fig. 4 Analysis of thymine—thymine crosslinking and conformational changes. (a) Schematic representations of DNA constructs used for cross-
linking, labeled with modified thymine (cyan rectangles). The Red diamond symbol indicates a crosslinked sample. (b) Denaturing PAGE gel electro-
phoresis images showing mobility shift upon irradiation. A band with lower mobility on the denaturing PAGE gel indicates successful crosslinking.
Time course studies suggest that Tile 4 (Gel 7) and Tile 8 (Gel 8) reacted under UV irradiation. Constructs with a single pair of thymine showed no
crosslinked band, while those with three thymine pairs exhibited multiple bands (Gel 9). Constructs with five thymine pairs showed a distinct band
corresponding to crosslinked structures. In comparison to the non-irradiated sample, an additional band of higher order structure is visible indicated
in the black rectangle (Gel 10). (c) Native PAGE gel analysis of all irradiated samples revealed a single band, indicating that the overall DNA structure
remained intact after irradiation (Gel 11). (d) Spectroscopic comparison of crosslinked (solid line) and non-crosslinked (dash line) samples. Each spec-
trum is color-coded to correspond to the constructs in the top panel, with a red diamond symbol indicating irradiated samples.

these bands increased progressively over time, correlating with
prolonged UV exposure, indicating an ongoing crosslinking reac-
tion (Gels 7 and 8). The optimal UV irradiation time for achiev-
ing maximum crosslinking without side reactions was deter-
mined to be 4 hours. During this period, a gradual increase in
crosslinking yield was observed at intervals of 0.5h, 1h, 2h, 2.5h,
3h, 4h, and 5h. The crosslinking yields were recorded as 12%,

1748 | Biomater. Sci., 2025,13,1742-1757

17%, 22%, 29%, 33%, 37%, 43%, and 55% for Tile 4 (Table S17)
and 7%, 9%, 23%, 25%, 34%, 39%, 41%, and 42% for Tile 8
(Table S2t). Notably, samples irradiated for 5 hours exhibited
multiple bands, suggesting the formation of various crosslinked
structures.

Constructs containing only a single pair of SQ-dimer func-
tionalized thymines, such as Tile 1, Tile 2, Tile 5, and Tile 6,

This journal is © The Royal Society of Chemistry 2025
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did not show any significant bands corresponding to cross-
linked samples, highlighting the need for multiple SQ-dimer
functionalized thymines to achieve efficient crosslink for-
mation under UV irradiation (Gel 9 in Fig. 4b and Fig. S67T). A
single interstrand crosslink between one SQ-modified thymine
pair, connecting only two strands, is insufficient to hold the
entire tile together under denaturing conditions. This is
because the overall structure requires multiple points of cross-
linked attachment or reinforcement to prevent disassembly
under environmental conditions due to thermal fluctuations,
exposure to urea, or physical agitation. In contrast, incorporat-
ing multiple SQ-functionalized thymine pairs enhances the
structural stability of the tiles by providing additional cross-
linking points, which reinforce the overall assembly. This is
evident in the multiple bands displayed by Tile 3 and Tile 7,
which contained three SQ-functionalized thymine pairs (Gel
9), indicating the formation of various crosslinked species.
Constructs with five SQ-functionalized thymine pairs, Tile 4
and Tile 8, showed a distinct band corresponding to cross-
linked structures, with an additional band indicative of higher
order structures, suggesting the formation of complex cross-
linked assemblies (Gel 10). The absence of multiple bands and
smearing indicates that the crosslinked tile is fully formed and
structurally homogeneous. The comparison of Tile 3, Tile 7,
Tile 4, and Tile 8 demonstrates that the number of SQ-dimers
is a critical factor in crosslinking efficiency and determining
the structural outcomes of the constructs. While three
thymine pairs result in limited and heterogeneous cross-
linking structures, five thymine pairs lead to distinct, stable,
and higher-order crosslinked assemblies.

The native PAGE gel analysis of all irradiated samples
revealed a single band (Fig. 4c¢, Gel 11), indicating that the
overall DNA structure remained intact after irradiation. This
finding implies that the crosslinking process occurs without
significant disruption to the DNA’s native conformation,
thereby preserving its structural integrity. Spectroscopic ana-
lysis (Fig. 4d and S9, S107) provided a complementary view of
the structural modifications associated with crosslinking. The
steady state absorption spectra of non-crosslinked samples
serve as controls, offering a baseline for the comparison. All
dimer samples exhibited similar optical properties with evi-
dence of strongly coupled H-aggregates between SQ dyes, as
indicated by the blue-shift in absorption maxima relative to
the monomer absorption maximum. No significant spectral
changes were observed in the samples with either single or
three pairs of SQ-modified thymine after 4 hours of irradiation
at 310 nm. However, crosslinked samples (solid lines) dis-
played distinct spectral features compared to their non-cross-
linked counterparts (dashed lines) in Tile 4 and 8, both con-
taining five pairs of SQ-modified thymine. In the crosslinked
Tile 4 and Tile 8 constructs, peak widths in the dye absorption
region were slightly reduced, suggesting structural changes
possibly due to the formation of covalent bonds between the
thymine bases. These covalent bonds likely induced local con-
formational changes in the DNA or its surrounding environ-
ment, such as altering the spacing or orientation of the dye

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

aggregates associated with the thymine pairs. Additionally,
crosslinking likely reduced structural flexibility, leading to a
more ordered arrangement of the dye aggregates, reflected in
the narrower absorption peak compared to the non-cross-
linked samples. The broader absorption peaks observed in the
non-crosslinked samples suggest structural heterogeneity,
where the DNA and dye molecules could adopt a range of con-
figurations. In contrast, crosslinking covalently links thymine
bases, effectively locking certain molecular orientations in
place and reducing the inhomogeneous broadening typically
associated with structural variability. Notably, no significant
changes were observed in the DNA absorption region at
260 nm for any of the crosslinked samples, further indicating
that the overall DNA structure remained intact post-irradiation.
Additional spectral analysis was conducted to confirm the
proper formation of the dye aggregates in the crosslinked con-
structs. Linear combinations of individual dimer spectra were
compared with multi-dimer tile absorption spectra, verifying
that tiles 3 and 8 contain three and five dye pairs, respectively
(Fig. S117). The analysis of absorption line shapes confirmed
that the multi-dimer tiles can support up to five strongly
coupled dimers without any unwanted inter-dimer
aggregation.

Circular dichroism (CD) spectra of the squaraine labeled
constructs showed no significant changes in either DNA
region or the dye region after 4 hours of irradiation. This
suggests that the crosslinking process did not substantially
alter the overall chiral environment of the dimers or the DNA
secondary structure. The absence of significant change in the
CD spectra implies that crosslinking primarily affected loca-
lized regions, such as the thymine pairs, without disrupting
the associated dime’s chiral structure.

To assess the impact of crosslinking on the optical pro-
perties of templated dye aggregates, we employed KRM model
simulation tool to model absorption and CD spectra of SQ
dimers in Tile 1 and Tile 5 (Table 1, Fig. 5 and Fig. S127). In
all cases, experimental absorption maxima were significantly
blue-shifted compared to the monomer absorption maximum,
with an induced cotton effect in the CD spectra at the absorp-
tion maximum and an optically forbidden lower exciton state.
These results are consistent with the expected characteristics
of close-packed, face-to-face (H-like) dye arrangements. KRM

Table 1 Summary of key KRM modeling outputs, including the exciton
hopping parameter, J,, ., center-to-center dye separation, R, the two
slip angles, the twist angle, and «, the total angle between dipole
moments in three dimensions.? Red diamond symbol indicating irra-
diated samples

Parameter [, , (meV) Osiip1 (°)  Osiip2 (°)  Oewise (°)  a(¢) R (nm)
Tile 1 126.7 85.9 87.9 -9.0 10.9 0.40
Tile 1 ¢ 127.1 81.1 86.8 —-6.8 8.8 0.40
Tile 5 126.4 81.7 87.7 -9.1 10.9 0.40
Tile 5 ¢ 124.1 82.8 89.5 -8.1 10.5 0.41

“See section ESI5T for complete modeling results. ¢ Crosslinked.
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modeling confirmed the H-like packing geometry, with
modeled dimers adopting a nearly parallel, nearly planar, face-
to-face packing arrangement. The modeled transition dipole
moments (TDMs) showed a total deviation from parallel («) of
less than 11° in all cases, and an out-of-plane twist (Ouyis)) Of
less than 10°. Notably, s is reported as a negative value by
convention, indicating “right-handed” chirality. The slip
angles, measuring the angle between each TDM and the line
connecting their centers, were all below 10°, and the center-to-
center distance (R) was less than 0.5 nm, collectively describ-
ing the close-packed H-like dimer geometry.

An important dimer parameter derived from KRM model-
ing is the exciton hopping parameter,*® J,, ., which quantifies
the strength of TDM-TDM coupling and exciton delocalization
with in the dimer. The modeled dimers exhibited j,, ,, values of
approximately 125 meV, both before and after irradiation, indi-
cating that irradiation did not impact excitonic coupling
within the templated dimers. These values are among the
highest reported J,,, values for DNA-templated dye aggregates
and align with previous reports for dichloro-squaraine
dimers.®’

The consistency of modeling results across all four dimer
models suggests that irradiation had no discernable effect on
dimer geometry or aggregate coupling behavior. The formation
of SQ dimers takes place in the absence of crosslinking. This
result supports our explanation that the SQ aggregates
attached to thymines promote proto-crosslinking by bringing
the thymine bases in proximity. Furthermore, the comparable
behavior of Tile 1 and Tile 5 dimers implies favorable dimers
interaction with the DNA tile, regardless of their position. We
hypothesize that the dimers interact with the nearby crossover
junction to minimize solvent exposure, as observed in a pre-
vious study. The feasibility of the crossover junction, compared
to the canonical double helix, likely facilitates dimer accom-
modation, while the length of the linkers and the position of
attachment points provide sufficient freedom for the dyes to
reach the junction. These findings indicate that crosslinking
had minimal impact on the overall dimer assembly structure
and the templated dimers maintain stable H-aggregate geome-
try and exciton coupling post-irradiation.

1750 | Biomater. Sci, 2025, 13, 1742-1757

Results from denaturing PAGE gel electrophoresis and spec-
troscopic studies provide a detailed understanding of
thymine-thymine crosslinking in DNA constructs. Distinct
bands on denaturing PAGE gels indicate successful crosslink
formation in constructs with multiple thymine pairs under-
scoring the necessity of having multiple thymine pairs for
efficient crosslinking. Increasing band intensity over time in
the time course study further supports the progressive nature
of the crosslinking reaction. The absence of crosslinking
bands in constructs with a single SQ-functionalized thymine
pair highlights the requirement for multiple thymine sites to
achieve significant crosslinking. Constructs with five thymine
pairs displayed a distinct higher-order band, suggesting the
formation of more complex crosslinked structures. Native
PAGE gel analysis, showing a single band in all irradiated
samples, confirmed that the overall DNA structure remained
intact after irradiation, suggesting that thymine-thymine
crosslinking occurs without major disruptions to the DNA’s
native conformation. The spectroscopic data suggest that
crosslinking induces localized modifications by introducing
covalent bond formation between thymines without compro-
mising the overall structure of the DNA-dye construct. KRM
analysis further corroborates these findings, confirming the
preservation of structural integrity post-crosslinking.

3.5. Analysis of purified crosslinked tile

The crosslinked DNA samples with five crosslinking points,
Tile 4 and Tile 8, were subjected to purification to obtain struc-
turally uniform crosslinked constructs. Denaturing PAGE gel
analysis (Fig. 6a) provided clear evidence of the successful
purification (Fig. S71). The presence of a distinct sharp band
in both purified Tile 4 and Tile 8 samples, comparable to the
ssDNA and non-purified Tile 4 controls (Gel 12), indicates
high purity and homogeneity in the purified samples, with no
detectable contamination or degradation. In contrast, the mul-
tiple bands and smearing observed in the non-purified Tile 4
control suggest the presence of impurities, incomplete pro-
ducts, or degraded DNA fragments. This contrast between pur-
ified and non-purified samples underscores the effectiveness
of the purification process in isolating high-quality, structu-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Analysis of crosslinked structure and melting temperature. (a) Denaturing PAGE gel showing purified Tile 4 and Tile 8 samples compared to
controls, single-strand DNA and non-purified Tile 4. (b) Spectroscopic comparison of purified (solid line) and non-purified (dotted line) crosslinked
samples, revealing structural differences due to purification. (c) Melting profiles of crosslinked and non-crosslinked samples (Tile 4 and Tile 8) moni-

tored by absorption at 260 nm with thermal denaturation. Insets show the
precise melting temperature (T,,,) determination. Red diamonds indicate da

rally uniform crosslinked DNA. The enhanced stability from
crosslinking enabled the successful isolation and purification
of the novel five dimer configuration, a process that would
have been otherwise challenging due to potential dissociation
or partial assembly in non-crosslinked constructs.
Spectroscopic analysis further highlighted the differences
between purified and non-purified samples. The spectroscopic
profiles of the purified Tile 4 and Tile 8 samples (dotted line;
Fig. 6b) exhibited distinct and sharp peaks and absorption fea-
tures reflecting strongly coupled H aggregates, indicative of a
high degree of structural integrity and minimal degradation or
modification. Crosslinking likely enhances the excitonic inter-

This journal is © The Royal Society of Chemistry 2025

first derivative as a function of temperature and fitted Gaussian curves for
ta points corresponding to irradiated samples.

action by locking the chromophores into a fixed, favorable
orientation, thereby reducing the number of possible elec-
tronic transitions and contributing to the narrower peak.
Conversely, the broader peaks observed in the non-purified
samples (solid line), particularly in the 500-700 nm range
where dye absorption is observed, indicate the presence of
aggregated or partially assembled structures. A heterogeneous
mixture of H-like aggregate subpopulations and residual impu-
rities such as single strands, or other intermediates in the
non-purified samples likely contributed to increased peak
widths. These impurities likely stem from incomplete cross-
linking or the presence of unreacted compounds, compromis-
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Fig. 7 Analysis of structural stability of crosslinked samples. (a) Denaturing PAGE gel showing the stability of crosslinked samples at room tempera-
ture and at 4 °C after 5 days of storage. (b) Native PAGE gel showing the stability of crosslinked samples at room temperature and 4 °C after 5 days of
storage. (c) Melting profiles of crosslinked samples, Tile 4 and Tile 8 stored at room temperature and 4 °C, monitored by absorption at 260 nm with
thermal denaturation. Insets display the first derivative as a function of temperature and fitted Gaussian curves for precise melting temperature (T,
determination. The red diamond symbol indicates data points from crosslinked samples.

ing structural uniformity, or from strong dye-dye interaction
that promotes the multiple dimer tiles to capture additional
dye-labeled strands from the solution.

The thermal stability of the crosslinked and non-cross-
linked DNA samples was evaluated using DNA melting experi-
ments, monitored by absorption at 260 nm (Fig. 6¢). The cross-
linked samples, Tile 4 and Tile 8, exhibited higher
melting temperatures (7T},) compared to their non-crosslinked
counterparts (69.9 °C and 70.0 °C vs. 67.4 °C and 67.5 °C
respectively), indicating that the introduction of crosslinks

1752 | Biomater. Sci, 2025, 13,1742-1757

enhanced the thermal stability of the DNA tile. This enhance-
ment likely arises from the crosslinks reinforcing the structural
integrity of the DNA, thereby reducing the flexibility and inhi-
biting the unwinding of the double helix at elevated tempera-
tures. The first derivative of the melting curves (insets; Fig. 6¢),
and Gaussian-fitted curves further confirmed the
increased thermal stability in the crosslinked samples. The
consistent Ty, values across different crosslinked samples
suggest a reproducible enhancement of thermal stability due
to crosslinking.

This journal is © The Royal Society of Chemistry 2025
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3.6. Stability of crosslinked DNA constructs

The structural stability of crosslinked DNA samples was evalu-
ated using denaturing PAGE, native PAGE, and thermal dena-
turation profiles under different storage temperatures (4 °C
and 25 °C). Denaturing PAGE with urea assesses the structural
stability by disrupting hydrogen bonds, allowing covalently
bonded crosslinked structures to resist dissociation under
denaturing conditions. Native PAGE, which preserves DNA’s
native conformation, allows stable complexes to migrate as
expected without dissociation, indicating intact structures.
Thermal denaturation profiles reveal the temperature at which
DNA strands separate, with higher melting points signifying
greater stability, thereby providing insight into the thermal
resilience of the crosslinked samples. Together, these methods
offer a comprehensive evaluation of structural stability in
crosslinked DNA constructs.

Denaturing PAGE analysis revealed that crosslinked
samples stored at both 4 °C and 25 °C retained consistent
band patterns after 5 days, indicating that the crosslinked
structures remained largely intact under these conditions
(Fig. 7a). However, a decrease in band intensity was observed
due to elevated storage temperatures. In contrast, samples
stored at 4 °C maintained consistent band intensity,
affirming the preservation of structural integrity at lower
storage temperatures. These results indicate that while cross-
linking significantly enhances stability, higher storage temp-
eratures may still induce some degree of structural
degradation.

Further insights into the structural stability were gained
through native PAGE analysis. The crosslinked samples exhibi-
ted consistent banding patterns at 4 °C, indicating the preser-
vation of their native 2D structure (Fig. 7b). In contrast,
samples stored at 25 °C displayed a higher mobility band,
similar to that observed for the ssDNA control, suggesting
partial denaturation of the DNA structure. The non-crosslinked
Tile 8 control exhibited multiple bands, indicative of structural
deformation over time, further highlighting the stabilizing
effect of crosslinking. The clear, distinct bands observed for
crosslinked samples at 4 °C suggest that these structures are
highly stable under cold storage, making them suitable for
long-term storage applications.

The thermal stability of samples stored at 4 °C and 25 °C
was further assessed through melting profile analysis. Samples
stored at 4 °C showed sharp transitions and consistent T,
values, with Tile 4 and Tile 8 displaying Ty, values of 68.5 °C
and 68.4 °C, respectively (Fig. 7c). This stability indicates that
the crosslinked structures are not only preserved at lower
temperatures but also maintain their thermal robustness. In
contrast, samples stored at 25 °C exhibited slightly lower T},
values (67.2 °C for Tile 4 and 67.9 °C for Tile 8), suggesting
that prolonged exposure to higher temperatures can slightly
reduce thermal stability. However, the decrease in T, was
modest, indicating that crosslinking still provides substantial
protection against thermal degradation, even at elevated
storage temperatures.

This journal is © The Royal Society of Chemistry 2025
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4. Conclusion

This study collectively examines the formation, stability, and
crosslinking efficiency of DNA double (DX) tiles, comparing con-
tinuous and split strand designs and evaluating the role of SQ
dye aggregation in site-specific interstrand thymine-thymine
photo-crosslinking. Successful assembly of DNA tiles was con-
firmed using PAGE analysis, with distinct bands indicating fully
formed tiles. Thymine-thymine crosslinking efficiency under UV
irradiation was analyzed by denaturing PAGE, revealing that
multiple thymine pairs are required for effective interstrand
thymine-thymine photo-crosslinking through [2 + 2] photocy-
cloaddition reaction. Notably, urea in denaturing PAGE was used
to stimulate destabilizing conditions by disrupting hydrogen
bonds, and the resilience of crosslinked structures in urea
demonstrated the effectiveness of SQ dye-mediated crosslinking.

PAGE purification improved structural uniformity, and
crosslinked samples exhibited thermal stability and resilience
under challenging conditions, such as urea and light exposure.
By facilitating site-specific crosslinking through strategically
placed SQ dye aggregates, the study addresses a key challenge
in DNA nanotechnology: achieving stable, homogeneous struc-
tures that can withstand varying environmental conditions.

Moreover, SQ dye aggregates function as structural stabilizers
and functional probes, allowing monitoring of crosslinking
efficiency and structural uniformity via PAGE and spectroscopic
analysis. Results indicate that increasing the number of SQ-modi-
fied thymine pairs improves crosslinking efficiency and structural
integrity, providing insights for optimizing DNA-dye constructs for
specific nanotechnological applications. This scalable, non-photo-
toxic crosslinking approach offers new possibilities for designing
robust, stable DNA nanostructures suitable for advanced appli-
cations in optoelectronics, photonics, and quantum computing.

Future research will focus on exploring the adaptability of
SQ dimer-mediated crosslinking across diverse DNA structures
and further elucidating the mechanisms governing dye aggre-
gate interactions within DNA scaffolds, aiming to optimize
these constructs for a wide range of nanotechnological and
molecular computing applications.
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