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Nonenzymatic isothermal nucleic acid self-assembly techniques (e.g.,
the hybridization chain reaction, HCR) hold potential in building
materials and biological sensing. However, a traditional HCR is trig-
gered by the random diffusion and disordered conformations of
ssDNA initiators, resulting in asynchronous initiation and inherently
highly heterogeneous products that do not meet the standards of
well-defined nanomaterials. Herein, we developed a nanomechanical
restricted strategy directed by tetrahedral DNA frameworks (TDFs) to
control HCR self-assembly. We found that the restricted initiator at
TDF vertices could induce DNA hairpin assembly to form homoge-
neous products in solution. Mechanistically, we found that TDFs
accelerated the strand displacement rate of the starting H1 and
synchronized the assembly process of the HCR. Furthermore, the TDF
exhibited strict vertex specificity for HCR controllable assembly, and
side extension of the initiator could not result in homogeneous
products. This work presents a straightforward and efficient approach
for controlling the living self-assembly of macromolecular DNA, thus
providing a novel tool for HCR-based nanomanufacturing and quan-
titative sensing applications.

In nature, organisms guide molecular building blocks through
specific physicochemical microenvironments to undergo
ordered assembly, leading to the construction of functional
higher-order  structures to execute their intricate
functionality.’ Inspired by biological systems, controlled self-
assembly in vitro can provide a route to understanding the
mechanism of biological processes while offering promising
prospects for the development of precise nanomanufacturing
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with sophisticated functions.”® For example, Nils and
coworkers recently achieved control of supramolecular poly-
merization processes by simulating crowding effects in biolog-
ical systems.” Unlike traditional assembly control, there is no
need to change external parameters such as solvent or
temperature; moreover, more product morphologies can be
obtained by restricting the molecular state. In the field of
supramolecular assembly, DNA self-assembly technology is
a prominent example. Owing to their unique predictable and
programmable properties, DNA molecules have been used for
bottom-up assembly of various complex functional
materials.’®*® In particular, the hybridization chain reaction
(HCR), a type of toehold-mediated strand displacement reac-
tion, involves the addition of DNA initiator strands under mild
conditions, leading to the alternating hybridization of two
metastable complementary DNA hairpins.”” With its enzyme-
free nature, isothermal conditions, and simple protocols, the
HCR has been a popular toolbox in biosensing,'®*® bioimag-
ing,**** DNA computing,”® and nanodevice construction.>*>*
However, in traditional HCR systems, the uncontrolled free
state of initiator strands in solution leads to asynchronous
initiation and extension reactions, ultimately causing self-
assembled products to exhibit unpredictable high dispersity,
thereby preventing formation of a well-defined nanomaterial
(Scheme 1A).

In recent years, numerous strategies have been employed to
control HCRs. Some cationic polymers, such as poly(i-lysine)-
graft-dextran (PLL-g-Dex), have been introduced to accelerate
both the initiation and subsequent amplification rates of the
HCR.” Furthermore, Li designed a metastable domain region
on the initiator strand H2, adjusting the number of spacer bases
between H1 and the metastable domain region to accelerate
both initiation and propagation rates of the HCR.?® In addition,
the initiator or hairpin strands have been fixed on DNA origami
or magnetic columns, increasing their local concentration and
thereby promoting reaction rates.””*®* However, although these
strategies enhance the reaction rates of the HCR, they do not
effectively reduce the production of heterogeneous products. To

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic of TDF-directed HCR controlled self-assembly.
Traditionally, HCR initiators in solution vary in their degree of curling,
affecting the rate at which the initiator H1 opens and leads to asyn-
chronous assembly processes and resulting in heterogeneous prod-
ucts. In TDF-directed HCR systems, the TDF vertex restricts initiators
and maintains these initiators in an extended state, synchronously
accelerating the opening of H1. This synchronization extends to
subsequent propagation reactions, producing homogeneous
products.

address this issue, Mirkin et al introduced mismatched
sequences on the initiator and hairpin strands to regulate the
initiation and propagation rate, thereby achieving homoge-
neous self-assembled products.** However, this method is only
suitable for high-concentration reactions (micromolar level)
and requires a long reaction time (~16 h). More importantly,
the introduction of mismatched bases limits the availability of
HCR sequences. Therefore, controlling HCR polymerization
through a simple and efficient method remains a significant
challenge.

The rapid development of DNA nanotechnology offers
a precise method for creating addressable DNA nanostructures,
enabling a thorough understanding and manipulation of DNA
hybridization from a nanomechanical perspective.’*®*' In
particular, tetrahedral DNA frameworks (TDFs) have been re-
ported to improve the recognition hybridization of their vertex
extension ssDNA with their complementary strand.**-** Herein,
we constructed a TDF nanotrigger to control HCR oligomeri-
zation (Scheme 1B). We found that the TDF restricts via vertex-
specific initiators and synchronously initiates and accelerates
HCR polymerization, resulting in uniform and homogeneous
self-assembled products.

We hypothesize that the TDF-triggered HCR can produce
uniform-length self-assembling products (Fig. 1A). Initially, we
designed a tetrahedral DNA vertex-modified HCR initiator
strand, termed TDF-In (Fig. S1t). TDF-In was self-assembled by
four single-stranded DNA components (A—C, and D-In in Table
S17) as detected using polyacrylamide gel electrophoresis. The
morphology of TDF-In was then confirmed through AFM
imaging, which demonstrated a characteristic tetrahedral
framework structure. Zeta potential analysis indicated that the
synthetic TDF-In exhibits a strong negative charge, further
confirming its successful assembly (Fig. S11). To investigate the
characteristics of HCR products induced by TDF-In, we incu-
bated TDF-In/In with the hairpin chains H1 and H2 in a 1:5
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Fig.1 Homogeneity analysis of HCR/T-HCR products. (A) Schematic
of the T-HCR. (B) Agarose gel (2.5%) electrophoresis of HCR and T-
HCR products. (C) AFM images of HCR and T-HCR products. Scale bar
=200 nm. (D and E) The length frequency distribution of HCR and T-
HCR products.

ratio (200 mM : 1000 mM) in PBS/Na* (100 mM Na') at 22 °C for
1 hour. Gel electrophoresis analysis using 2% agarose gel
showed dispersed bands in the conventional HCR. Interest-
ingly, T-HCR products exhibited relatively aggregated bands
and clustered around 250 bp, which was close to the ideal ex-
pected product size (275 bp) (Fig. 1B). AFM imaging demon-
strated that HCR products comprise dot-like short chains and
variably sized linear chains, with lengths approximately aver-
aging at 103.7 £ 78.85 nm, while T-HCR products primarily
comprised uniform-sized linear chains, with lengths approxi-
mately averaging at 115.2 £ 22.52 nm (Fig. 1C and D). To
summarize, these results indicate that the TDF can control HCR
oligomerization to produce homogeneous self-assembled
products.

Previous research has shown that TDFs can facilitate the
hybridization of ssDNA with complementary strands owing to
the framework effect and electrostatic repulsion.**** To inves-
tigate whether TDF vertices can accelerate the H1 strand
displacement reaction initiating the formation of DNA duplex
structures, we conducted fluorescence quenching experiments.
The stem-loop region of the H1 hairpin was labeled with a Cy3
fluorescent group (H1-Cy3), and the 5’ end of the initiator chain
was modified with a quenching group black hole quencher (In-
BHQ/TDF-In-BHQ) (Fig. 2A). We observed that the fluorescence
quenching half-life of the TDF-restricted group was approxi-
mately 56 seconds, which was about five times faster than that
(212 s) of the In-free group (Fig. 2B and C). These results indi-
cate that the TDFs successfully accelerate the HCR initial strand
displacement reaction rate.

To investigate the influence of temperature on the TDF-
directed HCR, we conducted T-HCR experiments at various
temperatures. T-HCRs (TDF-In: H1:H2 was 1:5) were per-
formed at 4 °C, 22 °C, 37 °C, and 45 °C for 1 hour, followed by
characterization of assembly products using 2% agarose gel
electrophoresis. As depicted in Fig. 3A, at 4 °C, 22 °C, and 37 °C,
T-HCR assembly products showed aggregated states, with
increasing product sizes observed as the temperature rose.
However, at 45 °C, the electrophoretic bands of T-HCR products
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Fig. 2 The hybrid kinetic of the T-HCR. (A) Schematic of kinetic
quenching experiments. (B) Patterns of fluorescence intensity decay
over time in the HCR and T-HCR. (C) The half-life of fluorescence
decay in the HCR and T-HCR. Data are represented as mean + SD.
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Fig. 3 T-HCR under different conditions. (A) Agarose gel (2%) for T-
HCR products in the characterization of different temperatures. The
initiator and hairpin strands (TDF-In: H1: H2 was 1: 5) were incubated
in PBS/Na* (Na* 100 mM) buffer for 1 h. (B) Agarose gel (2%) charac-
terization of the reaction products of the HCR and T-HCR with
different initiator chain ratios and reaction times. Lane C served as
a control, which only had hairpin H1 and H2 strands and no initiator
strands. Lanes 1, 3, and 5 were HCRs corresponding to initiator to
hairpin chainratiosof1:1,1:2.5,and 1: 5, respectively. Lanes 2, 4, and
6 are T-HCRs corresponding to initiator to hairpin chain ratios of 1:1,
1:25, and 1:5, respectively. The corresponding reaction times were
1h, 2 h, and 3 h, respectively.

exhibited pronounced dispersion. Further grayscale analysis
revealed that the reaction efficiencies of the T-HCR were 59%
and 72% at 4 °C and 45 °C, respectively. In contrast, the reaction
efficiencies of the T-HCR were 83% and 84% at 22 °C and 37 °C,
indicating that these temperatures promoted the assembly of
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the HCR (Fig. S21). The traditional HCR exhibited the same
trends (Fig. S21). These findings suggest that within a certain
temperature range, increasing temperature accelerates T-HCRs,
whereas excessively high or low temperatures reduce assembly
efficiency. The T-HCR demonstrates optimal controllable
assembly efficiency at 22 °C.

For the traditional HCR, increasing the
monomer ratio enhances the average molecular weight of self-
assembled products and is accompanied with an increase in
oligomer dispersion. To investigate whether the introduction of
the TDF can generate homogeneous products under varying
initiator-to-monomer ratios, we targeted an HCR product with
DPn of 2, 5, and 10. We conducted reactions at 22 °C in PBS/Na*
(100 mM Na') solution with an initiator chain concentration of
20 nM for different durations. As shown in Fig. 3B, as the
initiator-to-monomer ratio increases, traditional HCR and T-
HCR products exhibit noticeable upward shifts in gel electro-
phoresis bands, indicating a positive correlation between the
product size and initiator-to-monomer ratio. Interestingly,
under different initiator-to-monomer ratios, T-HCR products
consistently display fewer bands on electrophoresis gels than
traditional HCR products, suggesting that the T-HCR can
generate homogeneous products even at high initiator-to-
monomer ratios. With an increase in the reaction time, the
number of bands in T-HCR groups slightly increased, but the
products remained homogeneous. In addition, we observed
that high sodium ion concentrations promote the heteroge-
neous of T-HCR products (Fig. S37), possibly owing to the strong
screen electrostatic forces between the TDF and initiators.*

To explore the effect of the positioning of the initiator strand
in TDFs on mediating the HCR response, based on the precise
addressing capability inherent in TDFs, we designed TDF
nanostructures with initiator chains extended from the vertices
or edges of the tetrahedron (position 13, TDF13-In) (Fig. 4A). Gel
electrophoresis analysis indicated that TDF13-In migrated
slower compared to TDF-In, confirming the successful synthesis
of its structure (Fig. 4B). Subsequently, agarose gel character-
ization demonstrated that assemblies induced by TDF13-In and
TDF-In. TDF13-HCR products exhibited heterogeneity (Fig. 4C).
Furthermore, the reaction efficiency of the T13-HCR was
significantly lower (70%) than that of the T-HCR (87%)
(Fig. S47). The distinct differences in the HCRs may be attrib-
uted to spatial hindrance introduced by edge-modified initiator
chains on the tetrahedron, which can lead to reduced efficiency

initiator-to-
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Fig. 4 Modified initiator in different positions on the TDF. (A) Sche-
matic of the modifiable sites of the initiator on the TDF edge. (B)
Polyacrylamide gel (6%) electrophoresis (PAGE) image of TDFs and
TDFs-13. (C) Agarose gel (2%) characterization of reaction products
triggered by modification of initiators at different sites on TDFs.
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in interacting with hairpin strands. These findings highlight the
vertex-specific of controlled HCRs induced by TDFs.

In this study, we employed tetrahedral DNA frameworks as
restricted nanotriggers to control HCR self-assembled living
polymerization, achieving homogeneous product control. This
strategy is easily implemented and avoids complex design. This
nanomechanical-restricted DNA polymerization provides insights
into understanding molecular assembly mechanisms and lays the
groundwork for creating well-defined materials that can be used
in quantitative biosensing, drug delivery, and other applications.
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