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Rigidity-dependent formation process of DNA
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Abstract

A DNA building block with tunable rigidity was constructed, and the corresponding hydrogel formation process was
investigated accordingly. A high rigidity was demonstrated to facilitate fast gelation. Different gelation pathways of the
rigid and flexible building blocks were revealed, and a cyclized dimer intermediate was proposed. The energy barrier
of the ring-opening process was also shown to play a fundamental role in determining the gelation kinetics.
Furthermore, the hydrogel molecular network rigidity was also tuned in situ through strand displacement, which also
supports the kinetic control mechanism of the formation process of DNA hydrogels.

Introduction

Hydrogels are a class of three-dimensional network
materials with a high water content'™® that have been
widely utilized in biomedical applications*~”. During the
past few decades, DNA has arisen as a promising material
for the construction of supramolecular hydrogels through
complementary base pairing® ">, The rigid DNA duplex
network excludes small size meshes and endows hydro-
gels with high permeability'>'*, Moreover, the dynamic
properties that arise from DNA hybridization also endow
the hydrogel with excellent injectability and self-healing
and shear-thinning properties’>™'®, Furthermore, the
designability of the DNA sequence has also endowed
DNA supramolecular hydrogels with good stimulus
responsiveness'° >*, Therefore, DNA supramolecular
hydrogels have been used in three-dimensional cell cul-
ture?>?°, spinal cord repair27, osteoarthritis treatment®,
heavy metal ion detection®*°, and drug delivery® >,

Compared with that in traditional hydrogels, the dis-
tance of the crosslinking points in DNA supramolecular
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hydrogels is usually shorter than the persistence length of
the DNA double strand, which endows DNA supramo-
lecular hydrogels with rigid networks'®'*?”, It has been
well demonstrated that the rigidity of the molecular net-
work plays important roles in the mechanical properties
of hydrogels®* . For example, Liu et al. introduced the
conformational transition of the building block between a
flexible single strand and an i-motif quadruplex to tune
the rigidity of the molecular network, which increased the
mechanical strength from 250 to 1000 Pa**, The same
group also reported that the collapse of PPO (poly-
propylene oxide) segments in the hydrogel network could
increase its rigidity, thus improving the mechanical
strength®. These examples have successfully demon-
strated that the molecular network rigidity determines the
mechanical strength of DNA supramolecular hydrogels.
In previous studies, the fast formation of DNA supra-
molecular hydrogels within seconds was observed, which
was explained by the rigidity of the building blocks'’. The
rigidity potentially determines the gelation process by
tuning the dynamic balance between the cyclization and
chain extension of the building blocks, which has been
proven in linear supramolecular polymerization sys-
tems>®**°. For example, Zhang et al. designed a bifunc-
tional monomer with self-sorting properties and
demonstrated that the increased monomer rigidity could
further promote supramolecular polymerization®®. Liu
et al. also reported that the formation of a rigid duplex in

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction

BY in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-0653-7760
http://orcid.org/0000-0002-0653-7760
http://orcid.org/0000-0002-0653-7760
http://orcid.org/0000-0002-0653-7760
http://orcid.org/0000-0002-0653-7760
http://creativecommons.org/licenses/by/4.0/
mailto:dongyc@iccas.ac.cn
mailto:liudongsheng@tsinghua.edu.cn

Pan et al. NPG Asia Materials (2022) 14:92

the central part of flexible single-stranded DNA facilitated
ring-opening polymerization®”. While the importance of
monomer rigidity regarding supramolecular polymeriza-
tion has been well recognized, how the rigidity of the
building block affects the supramolecular gelation process
has rarely been studied.

Herein, we constructed a rigidity-tunable building block
to investigate the kinetic process of hydrogel formation
through backbone remodeling. Different reaction path-
ways of the rigid and flexible building blocks were
revealed, and the conversion between intramolecular and
intermolecular interactions was confirmed. Furthermore,
the hydrogel molecular network rigidity was also tuned
in situ, supporting the kinetic control mechanism. Our
results revealed the rigidity effect of building blocks on
hydrogel formation kinetics, which may benefit the
application of DNA supramolecular hydrogels in smart
devices and biomimicry materials.

Results and discussion

As illustrated in Fig. 1, the branched DNA molecule (B-
i) was composed of three identical arms, which were
chemically bonded to a central unit. A half i-motif
sequence was integrated at the end of each arm as a
crosslinker (11 nt, blue), which could be partially proto-
nated and formed a full quadruplex i-motif structure with
another arm under acidic conditions. For B-i, the core
region was a 15 nt single-stranded DNA, which was
longer than its persistent length of 1nm and can be
defined as a flexible building block*'. To tune the rigidity
of the building block, a backbone segment (15 nt, orange)
was also designed in the core region. With the addition of
the complementary sequence cBi, duplex structures were
formed, whose lengths were shorter than the estimated
persistence length®*™**, thus transforming into a rigid
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Fig. 1 Schematic of the gelation pathways of flexible or rigid
building blocks. The flexible building block could only slowly form a
DNA supramolecular hydrogel through backbone remodeling and a
subsequent ring-opening process, while the rigid building block
underwent a fast gelation process.
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form (RB). Then, the different gelation kinetic processes
between the flexible and rigid building blocks were
investigated by changing the order of pH adjustment and
DNA hybridization.

As previously reported'®, commercially available bran-
ched phosphoramidite was employed for the synthesis of
branched B-i molecule (the sequence can be found in
Table S1). The detailed synthetic process can also be
found in Fig. S1, and the product was characterized by
20% denaturing polyacrylamide gel electrophoresis
(PAGE). As shown in Fig. 2a, the sharp and clear band
(Lane 4) indicated the high purity of the synthesized
product. Compared with the linear sequences I, 21, and 3I
(with the same repeated sequence as B-i, illustrated in
Table S1), B-i showed a slower migration rate, which was
due to the larger hydrodynamic volume of the branched
structure. The molecular weight was detected as 23,926 g/
mol by matrix-assisted laser desorption/ ionization time-
of-flight mass spectrum (MALDI-TOF MS, Fig. S2),
which matched the theoretical molecular weight of
23,913 g/mol. These results indicated that the branched
DNA molecule B-i was successfully synthesized and
purified.

Then, the assembly behavior of B-i was studied. As
shown in Fig. 2b, under 10% native PAGE, when cBi
(sequence can be found in Table S1) was added to B-i in a
molecular ratio of 3:1 at pH 8.00, the clear band suggested
efficient hybridization between B-i and cBi (Lane 5).
Furthermore, when the molecular ratio decreased to 2:1,
four bands appeared (Fig. S3, Lane 3), which corre-
sponded to B-i, B-i+cBi, B-i + 2¢Bi, and B-i + 3cBi. These
results can be explained by the fact that the assemblies of
each arm of B-i and cBi were random and independent of
each other. The assembly behavior of B-i and cBi under
basic conditions suggested that we could construct a rigid
building block (RB) through DNA hybridization.

Next, we investigated the formation of the i-motif by
circular dichroism (CD) spectroscopy. As shown in Fig. 2¢
and Fig. S4, there was a positive peak at 282 nm, a nega-
tive peak at 246 nm and a crossover at 257 nm under
acidic conditions for both B-i and RB, which reflected the
formation of the i-motif. It is worth noting that the CD
intensity of the i-motif was very similar at different pH
values for B-i (Fig. 2c), while the i-motif signal intensity
decreased with increasing pH for RB (Fig. S4). As a con-
trol, the CD spectrum of linear sequence I was also
investigated, which could only form an intermolecular
i-motif. The pH-dependent density of I was observed (Fig.
S5) to be similar to that of RB, suggesting the potential
intermolecular i-motif in RB and the intramolecular
i-motif in B-i. These results indicated that the rigidity
difference of the branched units would result in different
crosslinking types, thus allowing the tuning the gelation
kinetic process of hydrogel formation.
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at different pH values.
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Fig. 2 Synthesis and assembly behavior of B-i. a Characterization of the synthesis of B-i by 20% denaturing PAGE. Lane 1 to Lane 4: 1, 21, 3, B-i.
b Characterization of the assembly behavior of B-i at pH 8.00 by 10% native PAGE. Lane 1 to Lane 5: 1, cBi, I + cBi, B-i, B-i: cBi = 1:3. ¢ CD spectra of B-i
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Fig. 3 Formation and rheological properties of DNA supramolecular hydrogel prepared from the rigid building block at pH 5.50. a Digital
photographs of the gelation process of the rigid building block. b Rheological test of the gelation process by a time sweep test with a fixed strain of
1% and frequency of 1 Hz at 25 °C. ¢ Rheological test of strain scanning of the DNA hydrogel with strains ranging from 0.1 to 1000% at 25 °C and 1 Hz.
d Rheological test of temperature scanning of the DNA hydrogel with temperatures ranging from 25 to 45 °C with a fixed strain of 1% and frequency

of 1Hz.

To investigate the rigidity effect, we first prepared a
DNA supramolecular hydrogel from a rigid building
block. After the hybridization of B-i and c¢Bi at a molar
ratio of 1:3 at pH 8.00, acidic buffer was added to tune the
pH to 5.50 and obtain final concentrations of 750 uM for
B-i and 2250 pM for cBi. As shown in Fig. 3a, the clear
slope appearing in the tube within seconds after pH

adjustment indicated the fast gelation process, which was
consistent with the quick formation of the i-motif.
Rheological tests were then performed to study the
properties of this DNA supramolecular hydrogel. As
shown in Fig. 3b, the mechanical strength stabilized
quickly, and the storage modulus (G’, 221.9 Pa) was higher
than the loss modulus (G”, 1.7 Pa), implying a quick
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Fig. 4 Formation and rheological properties of DNA supramolecular hydrogel from the backbone remodeling of the flexible building

block at pH 5.50. a Digital photographs of the gelation process through backbone remodeling. b Rheological test of the gelation process by a time
sweep test with a fixed strain of 1% and frequency of 1 Hz at 4 °C. ¢ Rheological test of strain scanning of the DNA hydrogel with strains ranging from
0.1 to 1000% with a fixed frequency of 1 Hz at 25 °C. d Rheological test of temperature scanning of the DNA hydrogel with temperatures ranging
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gelation process at pH 5.50. G’ was higher than G” over
the frequency sweep range (Fig. S6), which is typical
hydrogel behavior. In the oscillatory strain-dependent
rheology test (Fig. 3c), the G’ of the hydrogel decreased
rapidly after 40% strain and had a crossing point with G”
at 80% strain, which implied that this hydrogel exhibited a
non-Newtonian fluid shear-thinning property. In the
temperature mode rheology test (Fig. 3d), as the tem-
perature increased, G’ decreased, and both G’ and G” were
lower than 10 Pa after 33 °C, indicating a gel-sol transi-
tion. Hence, the rigid building block could quickly form a
DNA supramolecular hydrogel with shear-thinning and
temperature responsive properties.

Following the same pH adjustment strategy, we also
applied a flexible building block to prepare a DNA
supramolecular hydrogel. As shown in Fig. S7, small
droplets on the inner wall of the EP tube were observed in
the invert-vail test, indicating that the system remained in
a solution state. Then, the solution was incubated at 4 °C
for 24 h, but no hydrogel was formed. Based on the
rigidity difference between B-i and RB, we assumed that
the molecular rigidity of the building block was critical to
gelation and that the increased rigidity of B-i would
facilitate gelation under acidic conditions.

Backbone remodeling was then employed to reveal the
dynamic effect. After the pH was adjusted to 5.50, ¢Bi
was added to increase the rigidity of the flexible building
block (B-i). The system gradually lost its fluidity in the
invert-vail test and finally formed a hydrogel after several
hours (Fig. 4a), which was different from the rapid
gelation process in RB. The rheological properties of this
DNA supramolecular hydrogel were also studied, and G’
gradually increased from 4 to 120 Pa in ~5 h (Fig. 4b). In
subsequent tests, the hydrogel was incubated at 4 °C for
24h after backbone remodeling to achieve complete
gelation. The mechanical strength of this hydrogel (G’,
211.8 Pa) after incubation was similar to that of the
hydrogel in RB (G’, 221.9 Pa). Furthermore, the same
shear-thinning and temperature responsive properties to
the RB hydrogel were also confirmed by rheological tests
(Fig. 4c, d). We also applied field emission scanning
electron microscopy (FE-SEM) to investigate the
micromorphology transition during the gelation process.
As shown in Fig. S8a, the pore size was very small, and
no lamellar structure was observed at Oh. After incu-
bating for 4h, the pore size increased, and the walls
became thicker (Fig. S8b). After 24 h of incubation, a
morphology similar to that of RB hydrogel was observed
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Fig. 5 Effects of pH and rigidity on the assembly behavior of B-i. a Characterization of the assembly behavior of B-i at pH 5.50 by 10% native
PAGE. Lane 1 to Lane 7: Random, B-i at 10 uM, 50 uM, 100 uM, RB, backbone remodeling of B-i and subsequently incubated for 24 h, cBi.

b Characterization of the assembly behavior of B-i at pH 5.00 by 10% native PAGE. Lane 1 to Lane 8 Random, B-i at 10 uM, 50 uM, 100 uM, RB,
backbone remodeling of B-i after subsequently incubating for 10 days, for 24 h, and cBi.

(Fig. S8c, d). These results indicated that compared with
the rigid building block, the backbone remodeling of the
flexible building block facilitated a slow formation of the
hydrogel through different microscopic processes, but
the same molecular topological network could be
achieved.

To reveal the pathways of the gelation process from
different building blocks, we further explored the assem-
bly behavior of B-i and RB at different pH values. At pH
5.50, as illustrated in Fig. 5a, large aggregates were formed
in the RB sample after pH adjustment (Lane 5), indicating
the formation of a network assembly. On the other hand,
the single band of B-i (Lanes 2—4) was observed to have a
slower migration rate than a random branched molecule
(the sequence can be found in Table S1), which indicated
that a specific assembly containing at least two B-i was
formed. Combined with the CD spectrum of B-i (Fig. 2c),
it can be assumed, as illustrated in Fig. 1, that two adja-
cent arms in the same molecule formed an intramolecular
i-motif and the remaining arm formed an intermolecular
i-motif with another molecule. The backbone remodeling
process from the flexible building block to the rigid
building block was also investigated, and as illustrated in
Fig. 5a, similar aggregates (Lane 6) were also observed
after the introduction of cBi to flexible Bi at pH 5.50 (Lane
5) and subsequent incubation at 4 °C for 24 h, indicating
the complete transition from the flexible state to the rigid
state.

Based on the above experiments, we put forward the
following molecular mechanism: Under acidic conditions,
for the rigid building block RB, the DNA duplex in the core
region could inhibit intramolecular cyclization and pro-
mote the quick formation of an intermolecular i-motif
network. In contrast, the flexible building block B-i pre-
ferred to form a thermodynamically stable dimer structure
(as illustrated in Fig. 1), which cannot form a crosslinked
hydrogel molecular network. The hybridization of cBi to

flexible B-i under acidic conditions could enhance its
rigidity, which would potentially break the intramolecular
i-motif and subsequently form the intermolecular i-motif
network. The stability balance between the i-motif and the
duplex played an important role in this backbone remo-
deling process, and therefore, the corresponding gelation
was a slow process.

To further reveal the mechanism of the ring-opening
process, the pH-dependent gelation process was investi-
gated. As the pH decreased from 6.00 to 5.00, the stability
of the intramolecular i-motif was increased (indicated by
the melting temperature, summarized in Table S2), which
raised the energy barrier. In the gelation experiments, we
found that RB could still form a hydrogel quickly after the
pH was adjusted to 5.00 (rheological properties are shown
in Fig. S9). However, the flexible Bi was still in the solu-
tion state under the same pH even after 24 h at 4 °C with
the addition of cBi (Fig. S10), indicating that the stable
intramolecular i-motif inhibits ring opening. Native PAGE
also supported this conclusion, and at pH 5.00 (Fig. 5b),
no larger assembly was formed after 24 h (Lane 7), while
most dimers were retained after 10 days (Lane 6). On the
other hand, when the pH was tuned to 6.00, the flexible Bi
could form the hydrogel ~4h after the addition of cBi
(Fig. S11), which can be explained by the higher stability
of the duplex than the i-motif. It should be noted that due
to the low stability of the i-motif, the hydrogel could not
be maintained at room temperature under pH 6.00, which
was consistent with the rigid system (Fig. S12). However,
the faster gelation speed at pH 6.00 (<4 h) than that at pH
5.50 (~5h) at 4°C could still support the ring-opening
mechanism. These results showed the important role of
the energy barrier in opening the ring and further indi-
cated the importance of the rigidity of the building blocks.

The molecular network of the hydrogel rigidity was also
tuned in situ through strand displacement (Fig. 6a). We
have prepared a Lc sequence, which extended toward cBi
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Fig. 6 In situ tuning of DNA supramolecular hydrogel molecular network rigidity through a strain displacement reaction. a Schematic of the
network remodeling process. b Characterization of the strand displacement reaction at pH 5.50 by 10% native PAGE. Lane 1 to Lane 7: Random, B-,
Lc, B-ilLc = 1:3, BiLc:Fuel = 1:3:3, Lc+Fuel, Fuel. ¢ Characterization of the strand displacement reaction at pH 5.50 by fluorescence 10% native PAGE.
Lane 1 to Lane 4: Lc, B-i:Lc = 1:3, BilLc:Fuel = 1:3:3, Lc+Fuel. d Rheological test of strain scanning of the DNA hydrogel with strains ranging from 0.1 to
1000% with a fixed frequency of 1Hz at 4°C and pH 5.50. e Mechanical strength of the hydrogels before or after strand displacement at 4 °C and
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(the sequence can be found in Table S1). As illustrated in
Fig. 6b, this Lc-RB could also form the molecular network
(Lane 4) and the hydrogel (Fig. S13). Then, a fuel strand
(fully complementary to Lc, Table S1) was added to
remove Lc from the network to change its rigidity at 4 °C
for 24 h. To demonstrate successful strand displacement,
fluorescence-labeled Lc was applied and analyzed by
native PAGE. After incubation, we found that the

aggregates still existed (Fig. 6b, Lane 5), but no fluores-
cence signal could be observed in the sample well under
fluorescence imaging (Fig. 6¢c, Lane 3). We found that
after strand displacement, the hydrogel state was still
maintained (Fig. S11), which indicated that the hydrogel
network would not collapse even when Lc was completely
removed. We also applied a rheological test to investigate
the properties of the hydrogel after strand displacement.
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As shown in Fig. 6d and e, G’ decreased from 1230 to
443.7 Pa, and the gel-sol transition point increased from
18.0 to 55.4% during the strain sweep after backbone
remodeling. These results indicated that the flexible net-
work was thermally stable and that gelation was kineti-
cally controlled by the ring-opening process. Our strategy
has also allowed the preparation of hydrogels with both
rigid and flexible networks, which determines the rheo-
logical properties of the hydrogel.

Conclusion

In summary, the rigidity effect of the building blocks on
the formation process of DNA hydrogels has been inves-
tigated. By tuning the hybridization state, the rigidity of the
branched DNA molecule was adjusted, and different gela-
tion pathways of the rigid and flexible building block sys-
tems were revealed. It has been observed that a high
rigidity could inhibit the intramolecular cyclization of the
branched molecule and promote the quick formation of the
hydrogel network. The energy barrier of the ring-opening
process can be affected by the stability balance between the
rigid and flexible states of the building block, which
therefore plays a fundamental role in determining the
backbone remodeling process. We also proved that the
molecular network could still be maintained after the
building block was adjusted to the flexible state, which
further demonstrated that gelation is kinetically controlled
by the ring-opening process. It is anticipated that our
results could further deepen the understanding of the
relationship between building block rigidity and the gela-
tion process, which would expand the application of DNA
hydrogels in biomimetic materials and smart devices.

Materials and methods

Materials
Acrylamide, N,N-methylene bis-acrylamide, ammo-
nium  persulfate  (APS), ammonium hydroxide

(NH3+H,0), 2-morpholineethanesulfonic acid (MES),
trifluoroacetic acid, sodium chloride (NaCl), tris(hydrox-
ymethyl)-aminomethane  (Tris),  ethylenediaminete-
traacetic acid disodium salt (EDTA«2Na), boric acid
(B(OH)3), hydrochloric acid (HCI), sodium hydroxide
(NaOH), triethylamine, and acetic acid were purchased
from Sigma-Aldrich. A branched phosphonamidite called
Long Trebler was purchased from Glen Research. All
reagents used for DNA solid-phase synthesis (CPG, four
phosphoramidite monomers, oxidant, activator, acetoni-
trile, Cap A, Cap B) were purchased from Hebei Dinax-
ingke (China). A 0.22um polyether sulfone filter
membrane was purchased from Millipore.

DNA synthesis
All the molecules were synthesized by a Mermade 12
DNA synthesizer (Bioautomation Company) using
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commercially available phosphonamidites and CPG on a
1 umol scale. For the synthesis of B-i, the coupling time of
Long Trebler was increased to 15 min. After the synthesis,
the CPG loaded with oligonucleotides was placed in
concentrated ammonium hydroxide and heated at 60 °C
for 3h to cleave the DNA from CPG. Then, the oligo-
nucleotides were purified by RP-HPLC (Agilent Tech-
nologies) using acetonitrile and triethylammonium
acetate buffer for elution. The purified oligonucleotides
were treated with trifluoroacetic acid to remove the DMT
group at the 5" end and remove salts by ultrafiltration. All
synthesized DNA molecules were characterized by 20%
denaturing PAGE and MALDI-TOF (Shimadazu Biotech
Axima Performance).

Polyacrylamide gel electrophoresis (PAGE) analysis

The 20% denaturing PAGE (Acrylamide: Bis-acryla-
mide =19:1, 7M Urea) was used to characterize the
synthesis of oligonucleotides with 1x TBE (Tris-B(OH)3-
EDTA+2Na) as running buffer. For the analysis of the
assembly behavior, pH 8.00 10% native PAGE (acrylami-
de:bis-acrylamide = 19:1) with 1x TBE as running buffer
and pH 5.00/5.50 10% native PAGE with MES buffer
(50 mM MES and 12.5 mM MgAc,) as running buffer was
performed at 4°C. For fluorescence native PAGE, 2%
FAM-modified Lc was added.

Circular dichroism (CD) spectrum measurement

The oligonucleotides were dissolved in MES buffer
(50 mM MES and 137 mM NaCl) at different pH values, and
then the samples were heated to 95 °C for 5 min and gently
cooled to room temperature. The circular dichroism spec-
trum of the sample in the wavelength range of 225-320 nm
was collected by an Applied Photophysics Chirascan Spec-
tropolarimeter at room temperature with a 1.0 cm sample
cell. Each sample was measured three times and averaged.
The scan of the buffer alone was used as a control and
subtracted from the average scan for each sample.

Melting point measurement

The melting profile of the i-motif was measured by an
Applied Photophysics Chirascan Spectropolarimeter. The
temperature was scanned from 5 to 90°C at a scan rate of
1 °C/min. For both B-i and I, the CD signal at 282 nm was
detected. The melting profile of the DNA duplex was
measured by an ultraviolet and visible (UV-Vis) spectro-
photometer (Agilent Cary 100), and the absorbance at
260 nm was detected. The cell length was 1.0cm in all
measurements. The melting point (Tm) was obtained from
the peak of the corresponding differential melting curve.

Preparation of DNA supramolecular hydrogels
For rigid building blocks, both B-i and cBi were first
dissolved in pH 8.00 MES buffer (5 mM MES and 137 mM



Pan et al. NPG Asia Materials (2022) 14:92

NaCl), heated to 95°C for 5min and cooled to room
temperature naturally. Then, 500 mM MES buffer (pH =
5.00/5.50/6.00) was added to the sample to tune the
buffer to acidic with a final MES concentration of 50 mM.
The final concentration of B-i was 750 pM, and that of cBi
was 2250 uM.

For the flexible building block, B-i was directly dissolved
in an acidic MES buffer (50 mM MES and 137 mM Na(Cl,
pH = 5.00/5.50/6.00) and further incubated at 4°C for
24 h. The concentration of B-i was 750 uM.

For the backbone remodeling process, both B-i and cBi
were individually dissolved in an acidic MES buffer
(50 mM MES and 137 mM NaCl, pH = 5.00/5.50/6.00) to
reach a concentration of 1.5 mM for B-i and 4.5 mM for
cBi. Then, these two solutions were mixed in equal
volumes and incubated at 4 °C for 24 h to form the DNA
hydrogel. The final concentration of B-i was 750 pM, and
that of cBi was 2250 uM.

For the in situ tuning of the rigidity of the hydrogel
molecular network through strand displacement, both B-i
and Lc were first dissolved in pH 8.00 MES buffer (5 mM
MES and 137 mM NaCl), heated to 95°C for 5min and
cooled to room temperature naturally. Then, 500 mM MES
buffer (pH =5.00/5.50/6.00) was added to the sample to
tune the buffer to acidic with a final MES concentration of
50 mM. After 24 h of incubation at 4 °C, a fuel strand fully
complementary to Lc was added and further incubated at
4.°C for another 24 h to ensure complete strand displace-
ment. The final concentration was 750 uM for B-i and
2250 uM for Lc and the fuel strand.

Rheological tests

A Kinexus Pro+ rheometer (Malvern Instruments) was
used to test the rheological properties of the formed DNA
hydrogels in the following mode: (i) a time sweep test was
carried out at a fixed strain of 1% and frequency of 1 Hz at
25°C for 5 min; (ii) strain sweep tests were carried out
from 0.1 to 100% with a fixed frequency of 1 Hz at 25 °C;
(iii) a frequency sweep was performed from 10 to 0.01 Hz
with a strain of 1%. (iv) Temperature tests were performed
at a frequency of 1Hz, strain of 1%, and heating rate of
1°C/min over different temperature ranges.

Field emission scanning electron microscopy (FE-SEM) test

Samples were collected at different incubation time
points during gelation. Then, they were lyophilized for
24h. The freeze-dried samples were broken off with
tweezers and fixed on the sample plate with conductive
adhesive. The samples were coated with gold before
testing.
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