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Abstract In recent years, DNA supramolecular hydrogels have attracted much attention due to their injectability,
biocompatibility, responsiveness and self-healing properties. In this work, we designed a linear DNA brick containing one
duplex with two cytosine (C)-rich sequence on both ends. This brick can first assemble to form duplex under pH 8 condition.
After adjusting the pH to 5, the C-rich sequence tends to form intermolecular i-motif structure, which joins the linear DNA
molecules together to form interlocked cyclic structures and yield the DNA hydrogel. By adjusting the length and bending
curvature of the duplex part of the molecule, one can change the basic unit of the hydrogel structure to tune the properties of
the DNA hydrogel.
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INTRODUCTION

DNA molecule is an ideal self-assembled material due to its specific base recognition, clear secondary structure,
sequence designability and various responsiveness and other excellent properties!!. In recent years, DNA
molecules have been used to construct precise nanostructures?”), devices'® °! and biomaterials!'® ', In addition
to the double helix!'?, DNA also has some more advanced structures. For example, i-motif!'> 4! is a special four-
stranded structure formed by a cytosine (C)-rich DNA sequence. In i-motif structure, the cytosine bases of two
parallel chains are combined through hydrogen bonds, so it is stable only in weak acid conditions. By changing
the pH of the system, the i-motif structure can convert between the formation and dissociation states within one
second!!*], and the reaction products are salt and water, which have no toxicity to the structure. I-motif structures
are used in various areas including molecular motor!'?), intelligent surface!'”-'*1 and nano-channel®"), etc.
Recently, DNA has attracted much attention as an assembly element to form the supramolecular
hydrogels?!!. In 2009, Liu et al. used a Y-shaped DNA scaffold to construct a pure DNA supramolecular
hydrogel with pH responsiveness through two-step assembly method and achieved controllable release of gold
nanoparticles??l. Later, they used Y-scaffold and a linear linker to form a thermal-responsive and enzyme-
responsive DNA supramolecular hydrogel under physiological conditions. The hydrogel has good
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macromolecule permeability, which contributes to its application for three-dimensional cell culture?*!. In
addition, Liu ef al. used poly-peptide as the macromolecular backbone and DNA as crosslinking point to
construct the polypeptide-DNA supramolecular hydrogel. This hydrogel is applied to three dimensional cell
printing?41,

However, to prepare the DNA hydrogels above, we need to prepare a number of DNA single strands, which
requires a lot of synthetic work and precise ratio control of different DNA strands. To solve this problem, Ke
et al. designed a single-stranded DNA containing three self-complementary sequences. In the annealing process,
the single-stranded DNA can assemble into small branched primers and then crosslink to form the DNA
hydrogels, which greatly simplified the experimental procedure!?). Liu et al. also used a single-stranded DNA
containing two self-complementary sequences and a C-rich sequence to form a pH responsive DNA hydrogel
through two-step assembly method). Their basic assemblies are both branched scaffolds. In 2014, Noll et al.
demonstrated that linear DNA scaffolds were able to form stable hydrogelsi?”. They have designed a duplex
DNA molecule with two complementary sticky ends on both ends, and the hydrogel could form by simple
hybridization of 2 mmol/L oligomers. However, the structure and the properties of the hydrogel were not
clarified. In this paper, we tried to explore the relationship between the hydrogel’s properties and the linear DNA
structures.

To verify the formation of the hydrogel with linear DNA assemblies and the effect of the unit structure on
the properties of hydrogel, we designed a random DNA sequence with half i-motif structures on both ends (161).

As shown in Scheme 1, 161 DNA first assembled with its complementary DNA strand 16ic to form a double
stranded DNA molecule. When the pH was adjusted to 5, intermolecular i-motif structure formed and linked the
molecules together to form the hydrogel. We presume that the linear DNA structure first assembled to long
nano-fibres due to formation of the intermolecular i-motif structure as the pH was adjusted to 5 and then the
circular structures were formed and nested to each other to form a network. By adjusting the length and bending
curvature of the middle duplex part of the unit, we can adjust the basic unit of the hydrogel structure and explore
the influence of the basic unit on the hydrogel formation.
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Scheme 1 Formation of the hydrogel (The molecule number of the ring is variable.)

EXPERIMENTAL

Materials
Ultrapure water was produced by Millipore water purification system (18.2 MQ/cm).

All the reagents were purchased from Sigma-Aldrich company including boric acid,
tris(hydroxymethyl)aminomethane (Tris), ethylenediaminetetraacetic acid (EDTA), Stains all, N,N,N'N'-
tetramethylethylenediamine (TEMED), acrylamide, methylene bisacrylamide, ammonium persulfate, urea,
formamide, isopropanol, trifluoroacetic acid, hydrochloric acid, 2-(N-morpholino)ethanesulfonicacid (MES),
sodium hydroxide and sodium chloride.

DNA oligomers were designed and analyzed on www.idtdna.com (sequences are shown in Table S1, in
supporting information, SI) and were synthesized by Bioautomation Mermade-12 DNA synthesizer and purified
with Agilent 1260 high performance liquid chromatography (HPLC).
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Synthesis and Purification of DNA Oligomers

The controlled pore glass (CPG)-loaded DNA synthesis column was introduced into a DNA synthesizer and a
pre-designed DNA sequence was synthesized by solid phase synthesis of phosphoramidite®. Then the DNA
oligomer ligated CPG was put into a 1.5 mL Eppendorf tube and ammonia was added. The mixture was heated at
60 °C for 3 h to separate the DNA from the CPG. After cooling down, the mixture was kept in a rotating
concentrator for 40 min to remove the ammonia. The sample was then filtered and purified by high performance
liquid chromatography (HPLC). The collected sample was concentrated and then trifluoroacetic acid
(CF3COOH) was added to remove the protecting group 4,4’-dimethoxytriphenylmethyl (DMT). The sample was
then transferred to an ultrafiltration tube with a molecular weight cut-off of 3000, and the salt in the sample was
sufficiently removed to obtain a pure DNA aqueous solution.

Concentration Definition

The single-stranded DNA absorption spectra were recorded with Varian Bio Cary-100 UV-Vis spectrometer at
the scanning wavelength range of 220-320 nm and scanning rate of 1 nm/min. Using the absorbance at A =
260 nm, the concentration of single strand DNA was determined by Lambert-Beer’s law: Abs = ébc (When Abs
is 0.2-0.8.). The required amount of single-stranded DNA aqueous solution was taken in separate tubes and
frozen to powder state with a freeze dryer. The powder samples were placed at —20 °C condition for storage.

Polyacrylamide Gel Electrophoresis (PAGE)

Single-stranded DNA gel electrophoresis experiment: 50 mL of 20% denatured gel monomer solution
(acrylamide:methylene bisacrylamide = 19:1, W:W, urea 7 mol/L, 1x Tris, boric acid, EDTA (TBE) buffer) was
added to a beaker together with ammonium persulfate (APS) and methylethylenediamine (TEMED), and the
contents were uniformly mixed by stirring and then poured into a 30 cm % 10 cm X 1 mm gap between two glass
plates which was previously fixed with a tape. The gel was used for PAGE after polymerization. The
electrophoresis lasted for 3 h at room temperature with a voltage of 450 V. After completion, the gel was stained
with Stains all for 10 min and pictured with a gel imager (Bio Rad, ChemiDOC XRS +). All the single-stranded
DNA sequences are demonstrated by this method (Fig. S1, in SI).

Assembled DNA structure gel electrophoresis experiment: 25 mL of 20% native gel monomer solution
(acrylamide:methylene bisacrylamide = 19:1, W:¥), 5 mL of 10x corresponding buffer and 20 mL of water were
mixed in a beaker, and gel polymerization procedure was the same with the above-mentioned denatured gel.
Electrophoresis was performed in the 4 °C refrigerator. The voltage was 350 V and electrophoresis for 2 h. After
the electrophoresis was completed, the gel was stained with Stains all for 10 min and pictured with a gel imager
(Bio Rad, ChemiDOC XRS +).

Determination of Melting Point of DNA Assembly

The DNA assembly was diluted to 5 umol/L, 500 pL and loaded into a quartz cuvette (with a plug to prevent
evaporation of the sample). The optical path was 1 cm. The normalized derivation of the sample was measured
with Varian Bio Cary-100 UV-Vis spectrometer. The wavelength was 260 nm, the temperature range was 4 °C
to 95 °C, and the heating rate was 1 K/min. After testing of the assembly, the data were processed with origin
program to get the melting temperature.

Determination of Circular Dichroism Absorption Spectra (CD Spectra)

The assembly was diluted to 5 umol/L, 500 uL and loaded into a quartz cuvette with an optical path length of 1 cm.
The absorbance values of the samples were measured at wavelength range of 220-300 nm using Applied
Photophysics’ Chirascan CD at room temperature. The scanning speed was 0.5 nm/s and the band width was 1 um.

Preparation of Hydrogel

The equimolar amount of complementary single-stranded DNA was dissolved in buffer (50 mmol/L MES,
100 mmol/L NaCl, pH 8.0) at 1:1 molar ratio to the desired concentration. Then the solution was heated to 95 °C
for 5 min followed by slowly cooling down to 25 °C. After 30 min stability at 4 °C, 1.4 uL of HCI was added to
the solution to adjust the pH to 5, and it quickly became viscous and the hydrogel formed.
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Rheological Characterization
The mechanical properties of hydrogel samples were tested by Malvern’s Kinexus rheometer. 40 uL of DNA
hydrogel was placed on the test bench. Diameter of the parallel fixture was 8 mm and spacing between parallel
fixture and sample bench was 0.15 mm. Parameters are as indicated below:

Time scan test: 1% strain, 1 Hz, 25 °C, 3 min.

Strain scan test: 0.1%—1000% strain, 1 Hz, 25 °C.

Temperature scan test: 1% strain, 1 Hz, 10—60 °C.

RESULTS AND DISCUSSION

Design and Formation of DNA Hydrogel

To demonstrate the structure of the hydrogel, we should first demonstrate the formation of duplex and i-motif
structures. Solutions of the single-stranded DNA (16i and 16ic, 60 pL, 50 umol/L) were mixed together at molar
ratio 1:1 in MES buffer (50 mmol/L, pH 8, 100 mmol/L NaCl) and heated to 95 °C for 5 min followed by slowly
cooling down to room temperature. And then the assembly was tested by PAGE. As shown in Fig. 1(a), samples
in lanes 1 and 3 are single-stranded DNA 16i and 16ic, and sample in lane 2 is the assembly of 16i + 16ic. The
sample in lane 2 moved obviously slower than those in lane 1 and lane 3, which indicated the formation of the
assembled duplex.After that, 1.5 uL of HCI (6 mol/L) was added to 50 UL of sample assembled above to adjust
pH from 8 to 5. Then the assemblies in conditions pH 8 and pH 5 were diluted to 5 umol/L, 500 uL for circular
dichroism. As shown in Fig. 1(b), the positive peak of the assembly under pH 8 is at 276 nm, which is the
characteristic peak of DNA B-duplex, while the positive peak of the assembly under pH 5 is at 287 nm, which is
the characteristic peak of i-motif structure. This result showed that under pH 8 condition, B-duplex was formed
while i-motif did not, and once pH was adjusted to 5, i-motif structure formed and the positive peak had a
red shift.

However, the stability of duplex under pH 5 condition is unknown. To figure out this issue, we designed a
16mid DNA sequence, which is the middle part of 161 without half i-motif sequence to avoid the influence of
i-motif structure on melting point. 500 uL of 5 umol/L 16mid and 16ic were mixed at 1:1 molar ratio in MES
buffer (50 mmol/L, 100 mmol/L NaCl) under pH 5 and pH 8 condition, respectively. The systems were heated to
95 °C and then slowly cooled down to room temperature. As shown in Fig. 1(c), melting point of duplex under
pH 8 condition is 61.7 °C, while that of duplex under pH 5 condition is 48.6 °C. The result showed that melting
point of duplex decreased when the pH was adjusted from 8 to 5, but both are higher than room temperature
(around 25 °C). So even if the duplex under pH 5 condition is less stable than that under pH 8 condition, it is still
stable enough at room temperature.
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Fig. 1 (a) 10% PAGE analysis of 16i + 16ic DNA assembly; (b) The circular dichroism spectra (CD) of 161 + 16ic
DNA assembly in buffers of pH 5 and pH 8; (c) The melting points of 16mid + 16ic in buffers of pH 5 and pH 8

DNA hydrogel was then prepared following the method in preparation of hydrogel section. To confirm the
formation of hydrogel, we completely tested the mechanical properties of the DNA hydrogel following the
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rheological characterization method. As shown in Fig. 2(a), the storage modulus (G") of the hydrogel is 266.3 Pa
on average, while the loss modulus (G”) is 12.7 Pa. G’ is greater than G", indicating that the hydrogel formed™®..
We also tested the mechanical strength of the hydrogel following the change of strain. As shown in Fig. 2(b),
when the shear strain is below 24%, the modulus of the DNA hydrogel remains stable. When the shear strain is
more than 24%, the storage modulus of DNA hydrogel begins to decrease with the increase of shear strain, and
the loss modulus starts to increase. When the shear strain increases to 90%, the intersection is observed for the
two parameters, and then the storage modulus is less than the loss modulus. This result shows that the
mechanical strength of the hydrogel is stable when the shear strain is less than 24%, and then it begins to
decrease with the increase of shear strain. When the shear strain increases to 90%, it reaches the gel-sol
transition point, which proves that the hydrogel has good shear thinning property. We also studied the effect of
temperature on the mechanical strength of hydrogels. As shown in Fig. 2(c), with the increase of temperature, G’
of the hydrogel decreases slowly and intersects with G” at 39.6 °C, which shows that the hydrogel is stable at
room temperature and its gel-sol transition point is 39.6 °C.

Concentration is also a key point in the formation of the hydrogel. As shown in Fig. 2(d), G' and G" are
both around 0 Pa when the concentration is lower than 500 umol/L. Then G’ is greater than G” when the
concentration is raised to 1 mmol/L and G’ increases with the increase of concentration, indicating that the
hydrogel formed when the concentration was greater than 500 umol/L and the mechanical strength was
positively related to concentration.
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Fig. 2 Rheological testing of the hydrogel: (a) time-scan test, (b) strain-scan test, (c) temperature-ramp test and
(d) relationship between modulus and concentration of 16i + 16ic

The network might be formed of quadraplex of the half i-motif structure or interlocked rings (Scheme 1).
However, when we replaced the half i-motif structure with CCCC sequence, which is one fourth of i-motif
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structure, the hydrogel did not form (data not shown), indicating that the quadruplex structure is not the main
donor to the formation of the hydrogel. Further, because of the existence of i-motif structure, the hydrogel has
good pH responsibility and reversibility (Fig. S2, in SI).

Influence of Duplex Length to DNA Hydrogel

We changed the length of duplex to 12 bp and 20 bp respectively to explore the influence of duplex length on
DNA hydrogel. The duplex of 12 bp and 20 bp were stable under both pH 5 and pH 8 conditions, and the i-motif
structure could form with the existence of duplex in pH 5 buffer (Fig. S3, in SI), which means that we have got
stable primers of hydrogel formation. Then we prepared the DNA hydrogels following the method in preparation
of hydrogel section. As shown in Figs. 3(a) and 3(b), for every kind of samples, G’ is greater than G”, which
means that the hydrogels were formed. And as the duplex length increased, G’ increased from 59.75 Pa to
387.82 Pa, indicating that the mechanical strength increased. There are two reasons for the increase. First, the
stability of the duplex increases with the increase of duplex length (Fig. S3d, in SI), which contributes to the
enhancement of mechanical strength. Second, longer duplex may form larger rings, increasing the possibility of
interlocking between circular rings and contributing to the enhancement of mechanical strength.
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Fig. 3 Rheological testing of the hydrogels with different duplex lengths: (a) time-scan test, (b) mechanical strength
comparison of the hydrogels, (c) strain-scan test and (d) temperature-ramp test

Changing the length of the duplex would not change the thixotropic property and temperature
responsiveness of the hydrogel. As shown in Fig. 3(c), the gel-sol transition occurred as the shear strain
increased, and the intersections of G’ and G” were 70%, 90% and 110% as the duplex lengths were 12, 16 and
20 bp. As for the sol-gel transition temperature, Fig. 3(d) shows that the gel-sol transition temperatures of the
hydrogels were 38, 42 and 48 °C as the duplex lengths were 12, 16 and 20 bp, indicating that the longer the
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duplex is, the higher the transition temperature is. This might relate to the stability of duplex. When the duplex
partly disassembled, the rings of the hydrogel became soft and the network collapsed.

Influence of Duplex Bending Curvature to DNA Hydrogel

The circular structure is also related to the bending of the units. Since the short linear DNA molecules are rigid,
the bending of individual molecules is caused by the angle between the double-stranded structure and the i-motif
structure. We increased the curvature of the entire molecule by adding 1 T base (MC) or 3 T bases (3MC) in the
middle of double-stranded structure. Stability of the double-stranded structure with extra T bases in the middle
was proven by PAGE (Figs. S4a and S4d, in SI) and the i-motif structure was proven by CD spectra (Figs. S4b
and S4c, in SI). As shown in Figs. 4(a) and 4(b), with 1 T base addition, G’ decreased from 266.8 Pa to 29.42 Pa,
and with 3 T bases addition, the hydrogel did not form. As shown in Fig. S4(d) (in SI), melting points of 16mid
+ MC and 16mid + 3MC under pH 5 condition were only 43.6 and 41.7 °C respectively, which were almost
4 and 7 °C lower than that of 16mid + 16ic. These results show that the increased bending curvature of the single
molecule makes the hydrogels less stable and even cannot form. The reason might be that the increased bending
curvature makes ring structure shrink and reduces the chances of nesting between the rings, making the network
structure less stable and even cannot form. In Fig. 4(c), all kinds of hydrogels showed gel-sol transition as the
shear strain increased, showing that change of bending degree of the duplex did not influence the hydrogel’s
thixotropic property. And Fig. 4(d) shows that gel-sol transition temperature decreased to 27 °C with one T base
addition, which is influenced by the stability of duplex as described above (Fig. S4d, in SI).
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Fig. 4 Rheological testing of the hydrogels with different bending degrees: (a) time-scan test, (b) mechanical strength
comparison of the hydrogels, (c) strain-scan test and (d) temperature-ramp test
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CONCLUSIONS

We have designed a linear DNA molecule composed of a duplex part with two half i-motif structures at both
ends. When pH was adjusted to 5, linear DNA molecules were polymerized to form long linear assemblies and
then the hydrogel formed. This hydrogel might have a network of interlocked rings. Changing of duplex length
and bending curvature could obviously influence the mechanical strength or the formation of the hydrogel. This
approach provides a way for topological research of cyclic structures and hydrogel structures.
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