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Noncanonical DNA structures mediated by low-molecular-weight cofactors significantly enrich the
arsenal of the DNA toolbox and expand its functional applications. In this study, cyanuric acid (CA), a
cofactor with three thymine-like edges, is employed to assemble adenine-rich strands (A-strands) into a
parallel noncanonical A-CA triplex configuration through Watson—Crick and Hoogsteen interactions. This
assembly occurs at a system pH value below the pK, of the CA cofactor (6.9), where CA is protonated,
while its deprotonation at higher pH levels leads to the dissociation of the A-CA triplex into single
A-strands and free CA cofactors. The structural transition is fully pH reversible. The A-CA triplex is
further utilized as a crosslinking element for reprogrammable macroscopic object assembly, exemplified
by hydrogel cubes (5 x 5 x 5 mm), a topic that has been less explored compared to nano- and micro-

Received 5th February 2025,
Accepted 21st March 2025

scopic constructs. Controlled, modular assembly and disassembly of various configurations, such as
square, line, and T-shape, are demonstrated through reversible pH adjustments. This strategy offers a
DOI: 10.1039/d5sm00124b streamlined approach using a single DNA sequence and cofactor for hydrogel modification and complex

construction, providing cost-effective, recyclable, and stimuli-responsive functionality, which inspires the
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Introduction

Supramolecular assembly represents an interesting and mean-
ingful strategy for the controlled construction of functional
frameworks." Applications in diverse fields have been reported,
including mimicking cells,? cell-cell communication,’ constructing
hierarchical surfaces,® aggregation-induced emission,™® fluores-
cence modulators,” biological imaging,® light-harvesting systems,’
etc. Notably, these advancements span nano- and microscale
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development of versatile and adaptive supramolecular systems in chemistry and materials science.

assemblies and have recently extended to meso- and macroscopic
engineering, which has drawn considerable research interest."’
Examples include underwater adhesion,'"'* stereolithogra-
phic patterning,"® multiple patterns,'* data security,"® self-
propulsion systems,'® multi-responsive hydrogels,'” actua-
tors,’®'® etc. Achieving these applications relies on various
supramolecular assembly strategies, such as host-guest recog-
nition (cyclodextrin (CD)-adamantyl,*® CD-azobenzene,"' CD-
ferrocene'?), electrostatic attraction (polyethyleneimine (PEI)-
polyacrylic acid (PAA),>" PEI-gelatin,>* poly(diallyldimethylam-
monium chloride)-(polystyrene sulfonate) (PDADMAC-PSS),>*
PAA-poly(allylamine hydrochloride) (PAH),** poly([2(methacryl-
oyloxy)ethyl]trimethylammonium chloride)-poly(3-sulfopropyl
methacrylate) (PMETAC-PSPMA),"%), and dynamic covalent
interaction (acylhydrazine-tetraaldehyde'*). These strategies
typically require the precise identification of two distinct com-
ponents, necessitating the modification of one building block
with one component and the other with its corresponding
counter-component. Consequently, the recognition behaviour
occurs exclusively in a sequential manner, following an ABAB-. - -
pattern.

As a supramolecule in nature, DNA possesses numerous
advantages, including programmability, designability, specific
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Watson-Crick base-pairing, multiple stimuli-responsiveness,
etc. These properties have enabled the development of various
functional DNA constructs, such as origami,* superlattices,*®
hydrogels,”” dynamic constitutional networks,*® nano-assemblies,*
nanomachines,®® microcapsules,® molecular electronics,* logic
gates,* and fibers,>* with applications including computing,® data
storage,’® etc. Beyond nanoscale constructs, the structural character-
istics and base-pairing (A-T, G-C) of DNA make it an ideal candidate
for engineering meso- or macroscopic objects. Indeed, the assem-
blies of hydrogel cuboids through DNA recognition and binding
have been developed. For example, hydrogel cuboids modified with
rolling circle amplification-generated giant DNAs containing tandem
repeated complementary sequences were assembled into multiple
dimers.*” Similarly, hydrogel cuboids modified with short DNA
strands (25-mer*® or 16-mer*®) have been shown to form dimers
via hybridization interaction between complementary sequences.
However, these systems face challenges similar to those encountered
in traditional supramolecular recognition. Specifically, they require
the modification of macroscopic objects with two complementary
components, leading to sequential recognition behaviour in an
ABAB pattern. Additionally, the incorporation of diverse DNA se-
quences increases system complexity. Moreover, these DNA
sequences generally lack responsiveness to external stimuli, limiting
their utility in designing intelligent platforms that can adapt to
environmental cues. A further challenge lies in achieving controlled
assembly and disassembly of macroscopic objects in a random, non-
sequential manner, akin to the versatility of LEGO® bricks.*® Over-
coming these limitations is crucial for advancing the field and
enabling the creation of adaptable, responsive systems.

Herein, instead of using traditional Watson-Crick base-
pairing derived recognition, we introduce low-molecular-
weight cofactor mediated oligo-adenine triplexes as stimuli-
responsive supramolecular configurations for the controlled
assembly and disassembly of macroscopic objects. The cofac-
tor, cyanuric acid (CA, pK, 6.9), features three thymine-like
faces (Fig. 1, right panel). At pH values below 6.9, the protona-
tion of CA promotes the assembly of oligo-adenine (A21) into a
supramolecular A-CA triplex, crosslinked by A-CA units. The A-
CA unit adopts a helicene-like structure stabilized by Watson-
Crick and Hoogsteen hydrogen bonding. Upon deprotonation
at pH > 6.9, the A-CA triplex dissociates into single A21 strands
and CA cofactors. The transitions are pH reversible. This

{ pK, 6.9

(o]
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N HN( T
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A21 A-CA triplex A-CA unit

Fig. 1 Schematic representation of the CA-mediated supramolecular
A-CA triplex, highlighting the pH-triggered, reversible assembly and dis-
assembly process. The right panel illustrates the helicene-like structure of
the A-CA unit framework, crosslinked through both Watson-Crick and
Hoogsteen hydrogen bonding, alongside the thymine-like faces of CA.
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cofactor CA-mediated assembly has been previously utilized
to construct supramolecular fibers,***"** stimuli-responsive
hydrogels,**** DNA structures resistant to enzymatic degrada-
tion,” and other configurations.’® Despite these advance-
ments, the potential application of CA-mediated assembly in
supramolecular DNA systems for macroscopic object construc-
tion has not yet been explored. Furthermore, this approach may
potentially address the limitations encountered in traditional
supramolecular recognition strategies, such as the reliance
on sequential ABAB patterns and the lack of stimuli-
responsiveness, thereby paving the way for more versatile and
adaptive supramolecular systems.

Results and discussion

At pH 5, the A21 strands exhibit the characteristic behaviour of
DNA, with a maximum absorbance at around A,eonm, as
depicted in Fig. 2A. Upon the introduction of CA cofactors to
the A21 strands, a hypochromic effect was observed at A,sonm,
alongside a slight redshift, indicating an enhanced base-
stacking interaction upon the generation of the A-CA triplex.
Moreover, the rising of absorbance at A,gsn, Was observed, a
feature attributed to the generation of J-aggregates due to the
stacking of ordered chromophores.*>*” In contrast, these phe-
nomena were absent at pH 8 (inset of Fig. 2A), indicating that
the protonation of CA cofactors is essential for the formation of
the A-CA triplex. Notably, no obvious absorbance peaks asso-
ciated with CA cofactors were detected at these wavelengths.**
The A-CA triplex, formed under mild acidic conditions, displays
a well-defined sigmoidal shape with a melting temperature (7},,)

. . . . 34.44
of approximately 40 °C, as reported in previous studies.”™
A B 4
PH5 12/PHE — A21
— A21+CA 04 FR=————— ———
1.2 8\
T o
3 g *
% 0.8 k)
& = 80 A-CA
o 240 260 280 300 320 a
< Wavelength / nm o e
04 -1204 pH8 pHS5
— A21 160/
00l — AcCA
240 260 280 300 320 200 240 280 320
Wavelength / nm Wavelength / nm
€ 600
thiazole orange A21+TO A-CA+TO
5 — ACA+TO (T0) P
< 400/ — A21+TO &
8 >
GC) —\+
3 Wi =
Q |
g 2004 N s %
i la} <
04

500 550 600 650 700
Wavelength / nm

Fig. 2 (A) Absorbance spectra of A21 and A-CA at pH 5. (B) CD spectra of
CA and A-CA at pH 8 and pH 5. (C) Fluorescence spectra of TO upon
binding to the A-CA triplex and single A21 strands at pH 5. The molecular
structures of TO, along with the schematic representations of TO binding
to a single A21 strand and the A-CA triplex, accompanied by a fluores-
cence intensity indicator, are presented on the right panel.

fluorescence
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Circular dichroism (CD) spectroscopy was adopted to further
verify the formed A-CA triplex secondary structures at acidic pH
value. As shown in Fig. 2B, a strong negative band peaking at
Azsonm 1S observed for the A-CA triplex at pH 5. However, the
intensity of this band significantly diminishes at pH 8, a
change attributed to the disassembly of the A-CA triplex caused
by the deprotonation of CA cofactors. These results are con-
sistent with previous studies,**** demonstrating that CA cofac-
tors mediate the assembly of A21 strands into a helicene-like
A-CA triplex structure through both Watson-Crick and Hoogs-
teen interactions. In the A-CA configuration, the stoichiometry
of CA cofactors to adenine bases was determined to be 1,
consistent with a 1:1 CA:adenine ratio in the helicene-like
structure.*”> Notably, in the absence of CA cofactors, A21
strands exhibited similar CD spectra at pH 5 and pH 8
(Fig. S1, ESIt). Additionally, no characteristic CD peaks corres-
ponding to CA cofactors were observed (Fig. 2B).

To further differentiate between the A-CA triplex and single
A21 strands, a fluorescent indicator, thiazole orange (TO), was
employed. TO is an asymmetric cyanine molecule composed of
conjugated benzothiazole and quinoline aromatic rings linked
with a single methine bond. (Fig. 2C). The free intramolecular
rotation of TO along the methine bond leads to a nonradiative
decay of its excited state, resulting in negligible fluorescence
(Fig. S2, ESIt). However, when TO molecules bind to rigid DNA
duplexes, a 10°fold enhancement of fluorescence was
reported.*®* Similarly, a substantial increase in TO fluores-
cence was detected upon its binding to the A-CA triplex at pH 5
(Fig. 2C). This enhancement is attributed to the intercalation or
stacking of TO molecules within the helicene-like structure of
the A-CA triplex. The rigid A-CA triplex restricts the torsional
motion and maintains the planarity of TO, resulting in higher
fluorescence compared to TO binding with single A21 strands,
which exhibit random flexible coils in solution. The greater
flexibility of single A21 strands imposes fewer restrictions on
the free rotation of TO molecules, resulting in lower fluores-
cence. While at pH 8, nearly identical fluorescence behaviour of
TO was observed for A21 strands, regardless of the presence or
absence of CA cofactors (Fig. S3, ESIt). These results confirm
that the protonation of CA cofactors is a prerequisite to gen-
erate A-CA triplex configurations. Notably, neither CA cofactors
alone nor the mixture of TO with CA exhibited detectable
fluorescence (Fig. S2, ESIT).

After confirming that protonated CA cofactors induce the
formation of A-CA triplexes, we further investigated the strand
orientation of A21 within these configurations. Previous studies
using CD spectra and thermal denaturation have established
the parallel orientation of A-strands in A-CA triplexes.** Herein,
pyrene (Py)-modified A21 strands (Py-A21) were employed to
explore the strand orientation further. Py is a fluorophore with
spatial sensitivity, which exhibits aggregation-induced emis-
sion (AIE) upon the formation of excimers via n-n
stacking.>>*! As demonstrated in Fig. 3A, Py-A21 strands exist
as single coils with Py in the monomeric state at pH 8, even in
the presence of CA cofactors. However, upon changing the
system pH value to 5, CA cofactors mediate the formation of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Schematic demonstration of the CA-mediated assembly of
single Py-A21 strands into a Py-A-CA triplex, exhibiting fluorescence at
Ja70nm generated by the pyrene trimer. (B) Absorbance spectra and (C)
fluorescence spectra of Py-A21 and the CA-mediated Py-A-CA triplex at
pH 5. (D) Fluorescence spectra of Py-A21 with and without CA cofactors at
pH 8.

the Py-A-CA triplex, resulting in the close proximity of Py
monomers and the formation of Py excimers (Fig. 3A). At pH
5, Py-A21 strands display the characteristic absorbance peaks of
DNA (A260nm) and Py (A3zonm; 4346nm) (Fig. 3B). With the intro-
duction of CA cofactors, a hypochromic effect was also observed
at Ayeonm, consistent with the formation of the A-CA triplex
(Fig. 2A). In contrast, no such absorbance changes were
observed at pH 8 (Fig. S4, ESIt). These results show that the
modification of Py at the 5’-terminal of A21 does not impede
the efficient assembly of Py-A21 strands into Py-A-CA triplexes.

As depicted in Fig. 3C, Py-A21 strands exhibit the character-
istic fluorescence peaks of Py monomers at A3g4nm and Azggnm in
the absence of CA cofactors at pH 5. Upon the introduction of
CA cofactors, a new Py excimer emission peak at A47onm
emerged, accompanied by a decrease in fluorescence intensity
at Azganm and Azegnm. This appearance of the Py excimer peak
confirms the parallel strand orientation in the Py-A-CA tri-
plexes, which facilitates the stacking of Py monomers. While
at pH 8, Py-A21 strands remained as single random coils,
regardless of the absence or presence of CA cofactors, as
indicated by the fluorescence of Py monomers (Fig. 3D).

As an example of macroscopic object assembly, hydrogel
cubes with dimensions of 5 x 5 x 5 mm were first prepared. As
depicted in Fig. 4A, the chemical ingredients including acryla-
mide (AA)/bis-acrylamide (BIS), acrylamide-polyethylene glycol-
azide (ACA-PEG-N;) and deoxyribonucleic acid sodium salt
from salmon testes (DNAss) were copolymerized in custom
cube molds via free radical polymerization with ammonium
persulfate (APS) and N,N,N’,N'-tetramethylethylenediamine
(TEMED) as the initiator/accelerator. The as-prepared hydrogel
cubes were opaque (cube-o, Fig. 4B), due to the incorporation of
ACA-PEG-N3;, which introduced azide functional groups on the

Soft Matter, 2025, 21, 3393-3398 | 3395
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Fig. 4 (A) Schematic representation of the synthesis of hydrogel cubes.
(B) Transmittance and (C) rheology measurements of hydrogel cubes
prepared with (cube-o) and without (cube-t) ACA-PEG-Ns.

cube surfaces, facilitating the subsequent modification with DNA
strands. Without the addition of ACA-PEG-N3, the prepared cubes
are transparent (cube-t, Fig. 4B), which exhibit a significant
decrease in transmittance in the UV region. Rheology measure-
ments also distinguished the two types of hydrogel cubes, with the
storage modulus (G') value of cube-o (G’ ~ 1850 Pa) being much
higher than that of cube-t (G’ ~ 1250 Pa) (Fig. 4C). This result
demonstrates that the incorporation of ACA-PEG-N; into the
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hydrogel cubes introduced additional polymer chains, resulting
in a more rigid structure.

To differentiate the hydrogel cubes, fluorescent DNA inter-
calators, such as DAPI, GelRed, SYBR Safe, and SYBR Gold, were
used to stain these cubes, which exhibited fluorescence under
UV light irradiation (Zzesnm)- This fluorescence was a result of
the intercalation of these dyes to double-stranded DNAss within
the hydrogel cubes. To facilitate the linkage of A21 strands onto
the surfaces of hydrogel cubes with azide functional groups,
5'-terminal dibenzocyclooctyne modified A21 (DBCO-A21)
strands were employed. Using the strain-promoted azide-
alkyne [3+2] cycloaddition (SPAAC), which is a widely adopted
orthogonal interaction in biochemistry, A21 strands were
attached to the surfaces of hydrogel cubes (Fig. 5A). The
attached average amount of DBCO-A21 onto each hydrogel
cube was calculated to be ~ 3.9 nmol, determined by subtract-
ing the amount of unbound DBCO-A21 remaining in the buffer
solution after incubation from the initial amount added. As
shown in the scanning electron microscopy image (Fig. S5,
ESIY), the surface morphology of the hydrogel cubes exhibited
no obvious change after the conjugation of DBCO-A21 strands.

With the introduction of CA cofactors at pH 5, the formation
of supramolecular A-CA triplexes bridges the macroscopic
hydrogel cubes into desired configurations. When the pH value
was adjusted to 8, the deprotonation of CA cofactors resulted
in the dissociation of the A-CA triplex bridges into A21 single
strands and free CA cofactors and consequently the

A Ns Ns
N3 Nas I |
1 : DAPI KNS \ N%)M
}@3 N%?% GelRed W gl click reaction
N Ns —— > — Y
| | SYBR Safe DBCO-A21
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Fig. 5

(A) Schematic representation of preparing fluorescent dye-stained hydrogel cubes, followed by modification with DBCO-A21 via a click reaction

(SPAAC, dashed box). At pH 5 and with CA cofactors, the generation of supramolecular A-CA triplex bridges facilitates the assembly of macroscopic

hydrogel cubes into desired architectures, which disassemble upon adjusting

the system pH to 8. (B) Photographs showcasing the assembly of hydrogel

cubes into various architectures at pH 5 and their disassembly at pH 8. The dimensions of the hydrogel cubes are 5 x 5 x 5 mm. The images were taken

under UV light (365 nm).
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deconstruction of the macroscopic structures (Fig. 5A). This
process is trigger-reversible, resembling the construction and
deconstruction of LEGO®™ bricks. As exemplified in panel i
(Fig. 5B), a square shape consisting of four hydrogel cubes was
assembled in a Petri at pH 5 (a pH indicator paper was inserted
to demonstrate the pH value). A video showing the movement
of the assembled macroscopic structure is provided (Video S1,
ESIT). When the system pH was adjusted to 8, the square shape
disassembled into single hydrogel cubes (panel ii, Video S2,
ESIt). Reconfiguration of the hydrogel cubes into a linear shape
was achieved at pH 5 (panel iii, Video S3, ESI{), and upon
adjusting the pH to 8, the structure disassembled into single
cubes again (panel iv, Video S4, ESIt). A reassembled T-shape
structure was subsequently demonstrated at pH 5 (panel
v, Video S5, ESIt), which reverted to single cubes at pH 8 (panel
vi, Video S6, ESIt). The observed color loss in panel vi might be
attributed to photobleaching caused by prolonged exposure to
UV irradiation. To provide a clearer comparison, an enlarged
version of panel vi, highlighting the differences, has been
included as Fig. S6 in the ESL{ Theoretically, the assembly
and disassembly of these hydrogel cubes could be recycled
multiple times, much like LEGO® toys. However, during the
reconstruction processes, potential damage to the A21 strands
attached on the surfaces of hydrogel cubes might lead to
reduced assembly efficiency. By exploiting CA cofactors
mediated supramolecular DNA configurations in the controlled
assembly and disassembly of macroscopic objects, several
merits are desirable. For example, unlike previous studies that
require at least two complementary DNA sequences to modify
two hydrogel cubes,***? only one DNA sequence is required in
this study, simplifying the modification process. Moreover, the
pH-triggered A-CA triplex bridges enable the responsiveness of
the constructs to external stimuli. This pH-reversibility
enhances cost-effectiveness, simplicity, and recyclability, which
are not typically present in complementary DNA strand-based
systems.’®*® Additionally, unlike the sequential ABAB.--
pattern assembly of one block and its counterpart, the current
method allows for arbitrary and reprogrammable construction
of hydrogel cubes through CA cofactor-mediated supramolecu-
lar A-CA triplexes.

Conclusion

In summary, cyanuric acid (CA), a low-molecular-weight cofac-
tor bearing thymine-like edges, facilitates the assembly of
adenine-rich strands (A-strands) into a supramolecular A-CA
triplex structure. Involving both Watson-Crick and Hoogsteen
interactions, the noncanonical A-CA triplex resembles a heli-
cene configuration. Spectroscopic studies demonstrated the
formation and dissociation of the A-CA triplex at pH 5 and
pH 8, respectively, corresponding to the protonation and
deprotonation of CA cofactors (pK, 6.9). The parallel orienta-
tion of the strands was further investigated by using a spatially
sensitive fluorophore, pyrene, modified A-strands, which exhib-
ited the pyrene excimer fluorescence upon aggregation-induced

This journal is © The Royal Society of Chemistry 2025
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emission in the assembled A-CA triplex. Moreover, the pH-
responsive noncanonical A-CA triplex was developed as a cross-
linking element for the reprogrammable assembly of
macroscopic objects (hydrogel cubes with the dimensions of
5 x 5 x 5 mm). The controlled, modular assembly and
disassembly of various configurations, including square, line
and T-shape, were successfully demonstrated. And the merits of
exploiting the CA cofactor-mediated A-CA triplex for macro-
scopic object assembly were also discussed, highlighting their
superiority over conventional assembly strategies. Inspired by
this study, future advancements in cofactor-mediated DNA
conformations in nano/micro-object construction, drug release,
nanomachines and structured materials can be envisaged. By
leveraging artificial intelligence and machine learning based
techniques, the discovery and investigation of new cofactors
and their functions in mediating noncanonical DNA structures
could lead to exciting innovations in the field and beyond.
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