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A pH-Triggered, Fast-Responding DNA Hydrogel**
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Qinghua Fan, and Dongsheng Liu*

Over the past two decades, DNA has been demonstrated as
an excellent building material for nanotechnology, especially
in the fabrication of novel functional DNA nanostructures~!
and nanomotors.! In addition to planar two-dimensional
grids® and isolated three-dimensional nanostructures,”! the
concept of DNA assembly has recently been expanded to
realize unconstrained three-dimensional DNA structures,
such as “DNA dendrimers”®! and “DNA hydrogels”.!"! The
reported gelling processes, which are based on double-helix
formation followed by enzyme-catalyzed ligation, are rather
slow and require overnight ligation at room temperature.*
Furthermore, the release of the entrapped materials and
drugs from the gel is very slow; for example, it takes over
10 days to release entrapped insulin.* This may limit the
potential applications of these gels if fast trapping and
releasing processes are required. In this study, we report the
preparation of a fast, pH-responsive DNA hydrogel with
three-armed DNA nanostructures (Y units) assembled
together through the formation of intermolecular i-motif
structures. This DNA hydrogel can be switched to the non-gel
state in one minute by simply using environmental pH
changes.

Our strategy is illustrated in Figure 1. A Y-shaped DNA
nanostructure (the Y unit) is formed from three single-
stranded DNAs (ssDNAs), with each 37-mer ssDNA con-
taining two functional domains: an 11-mer interlocking i-
motif domain containing two cytosine-rich stretches (marked
in black in Figure 1) and a 26-mer domain for formation of the
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Figure 1. Principle structure of the pH-responsive DNA gel. a) A Y-
shaped DNA nanostructure with three free interlocking domains (Y
unit); b) enlargement of the circled region in (c) to show the formation
of inter-Y-unit i motif: two black domains from neighboring DNA'Y
units form an i motif to cross-link adjacent Y units; c) DNA hydrogel
made from the three-dimensional assembly of DNA'Y units. The
sequences (with different domains in different colors) of the three
DNA strands used in the assembly are: a: 5'-CCCCTAACCCCTC-
CATCCGCATGACATTCCCCCTAAG-3'; b: 5-CCCCTAACCCCCTTACGGC-
GAATGACCGAATCAGCCT-3'; c: 5'-CCCCTAACCCCACGCTCATTCGGTT-
CATGCGGATCCA-3".

double-stranded Y shape (marked in red, green, and blue in
Figure 1). The 26-mer domains have been carefully designed
to have two half-complimentary sequences, so that equal
amounts of the three DNA strands will hybridize to each
other to produce the Y-unit with the three interlocking
domains sticking out. At high pH values, the interlocking (i-
motif-formation) domains are in random coils, so the Y units
are isolated because of electrostatic repulsion. When the
pH value is lowered and becomes slightly acidic, the cytosines
in the C-rich domains become partially protonated, which
leads to the formation of a C-+-CH" triple hydrogen bond
between protonated (CH") and unprotonated cytosines.” In
our design, the i-motif domains within the same Y unit are
linked to the rigid double-stranded central domains and point
in different directions, which prevents them from forming
intra-Y-unit i motifs. Therefore, only the inter-Y-unit i-motif
structures can be formed. Accumulation of this process leads
to an extended three-dimensional network in solution,
namely the DNA hydrogel.
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To verify our design, stoichiometric amounts of DNA
strands a—c were mixed in 50 mMm (3-morpholinoethanesulfonic
acid (MES) buffer (pH 8.0; with 50 mm NacCl) to give a final
concentration of 40 uM for each strand. The mixture was
heated to 95°C for 5 min and then cooled to room temper-
ature over 2h to form the designed Y unit. The DNA
assembly was characterized by 10% native polyacrylamide
gel electrophoresis (Acr = acrylamide, Bis = N,N'-methylene-
bisacrylamide; Acr/Bis 29:1). As illustrated by Figure 2, all of
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Figure 2. Native polyacrylamide gel electrophoresis (10%, Acr/

Bis =29:1) analysis of the hierarchical self-assembly. Lanes 1-3: DNA
strands a—c, respectively; lanes 4-6: partly complementary structures
formed by two of the three strands (lane 4: a+b; lane 5: a+c; lane 6:
b+c); lane 7: fully assembled DNA Y unit (a+b+c).

the DNA strands can assemble with their complementary
strands to form the required DNA structural units with the
expected gel mobility. The assembled DNA Y unit (a
combination of all three DNA strands; Figure 2, lane 7) has
the slowest gel-shift mobility, whereas the three partially
assembled structures (containing two of the three strands: a +
b, b+c, or a+c) have identical gel mobilities that fall
between those of the unassembled strands and the fully
assembled Y units. A single dominant band is observed in
lane 7 in Figure 2, which confirms the efficient assembly of
the designed DNA'Y unit.

Addition of 6M HCI (0.5 pL) into a 0.75 mm solution of
assembled DNAY units in 50 mm MES buffer (40 uL; pH 8.0;
with 50 mm NaCl) will change the pH value of the system to
5.0. This should induce the formation of inter-Y-unit i-motif
structures and consequently transform the fluidic solution
into a transparent gel. Addition of 6M NaOH (0.5 pL) to the
system should reverse this process because of the deformation
of the interlocking inter-Y-unit i motifs. To help visualize the
gelling transition, we employed water-soluble citrate-modi-
fied 13 nm gold nanoparticles (GNPs) as “tracer agents” (see
Figure S6 in the Supporting Information). The GNPs (7 nm
concentration) were introduced into the DNA solution before
the gelling process was started. Upon formation of the cross-
linked DNA gel, the GNPs were trapped within the gel and
could not be dispersed into the upper layer of the MES buffer
(pH 5.0; 50 mmM MES, with 50 mm NaCl; Figure 3a). The
resulting GNP-containing gel is very stable; no GNP release
was observed, even after incubation for several days without
stirring. However, upon addition of NaOH to render the
upper solution slightly basic (pH 8), the DNA gel quickly
disassembled, such that the trapped GNPs were released and
dispersed into the whole solution in one minute (Figure 3b).
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Figure 3. Gel transition switched by pH change (visualized with GNPs.
a) 7 nm GNPs were trapped in DNA hydrogel (40 uL) with a covering
layer of 50 mm MES buffer (pH 5.0, 50 mm NaCl). b) After the

pH value of the buffer had been changed to pH 8.0, the GNPs were
released from the DNA hydrogel to form a uniform solution. c) Time
trace of the absorption at 520 nm for the upper part of the solution
before and after addition of NaOH.

This result demonstrates that 1) the stability of the DNA gel is
strongly dependent on the pH value, which suggests that the
formation of inter-Y-unit i-motif structures is responsible for
the gelling process; 2) the DNA gel can be swiftly switched by
environmental pH changes; and 3) the DNA gel may have
potential applications as a pH-sensitive drug-delivery system.

Figure S1 in the Supporting Information shows photo-
graphs of the transition from a fluid state into a gel state upon
the environmental pH value being changed from pH 8.0 to
pH 5.0. The transition happens quite quickly, and the gel state
is achieved in less than one minute following the pH change.
Figure S2 in the Supporting Information shows an optical
photograph and an FE-SEM image of the DNA hydrogel
prepared at a DNA Y unit concentration of 2.25 mm. This
photograph suggests that the hydrogel can be easily molded.
The FE-SEM image shows extended fine lamellar structures,
which matches our expectation that our DNA building blocks
(the DNA'Y units) are extended in three directions.

The shear-storage modulus (G’) and shear-loss modulus
(G") are two important rheological characters to indicate the
states of materials. If the G’ value is much greater than the
G” value, the material behaves like a solid; if the opposite is
true, the material behaves like a liquid. The hydrogel lies in
between these two states, with comparable G” and G” values.
As shown in Figure 4a, at pH 5.0, if the concentration of the
DNA'Y unit is lower than 0.45 mMm, both the G’ and G” values
are very small and the G’ value is smaller than the G” value.
This result shows that, under such conditions, the system is
more like a liquid, without any obvious gel character. If the
concentration of the DNAY unit is increased to 0.75 mM, both
the G’ and G” values increase dramatically and the G’ value
becomes greater than the G” value; the changing trends of the
G’ and G"”values cross at around 0.5mm DNA Y-unit
concentration. This result indicates that the system is a
hydrogel under these conditions and the gelling-transition
concentration is 0.5 mm DNA'Y unit. From Figure 4 a, we can
also determine that, with an increase in the concentration of
the DNAY unit, the G’ value increases from 300 Pa (0.75 mm)
to 1100 Pa (2.25 mm), which indicates that the gel becomes
stronger. These facts demonstrate that the gel-forming ability
is strongly dependent on the concentration of the initial DNA
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Figure 4. Rheology tests for DNA hydrogels prepared at pH 5.0.

a) Storage modulus (G, solid line) and loss modulus (G”, dashed

line) versus the Y-unit concentration (2.25, 0.75, 0.45, 0.15, and

0.03 mm) at 25°C. b) Variation of the G’ value of the hydrogel as a

function of temperature at a fixed Y-unit concentration of 0.60 mwm.

Y unit, which supports the idea that the DNA gel is indeed
formed by the interlocking of different DNA'Y units.

At a fixed DNA Y-unit concentration (0.75 mm), the pH-
dependent hydrogel formation has been verified by determi-
nation of the rheological properties: as the pH value
decreases from 8.0 to 6.0, no change in the value of G’ is
observed; the G’ value is always lower than 0.1 Pa (Figure S3
in the Supporting Information). However, as the pH value
decreases to below 6.0, a dramatic increase in the G’ value is
observed, which suggests that the system is now a hydrogel
(see Figure S3 in the Supporting Information). The pH-
dependent non-gel-to-gel transition, which happens at a
pH value just below 6.0, agrees well with the earlier report
that the i-motif structures have a sharp transition at a
pK, value of around 6.3. A stable i motif can only form at
pH values below the pK, value and, hence, our results
strongly support the theory that the gelation process is due
to the formation of inter-Y-unit i-motif structures. Further-
more, pH-dependent CD spectra of the DNA'Y units (2 pum)
clearly confirm the formation of the inter-Y-unit i motif at
pH 5.0, whereas only duplex structures were observed at
pH 8.0 (see Figure S5 in the Supporting Information).
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As the DNA hydrogel is based on the interlocking of
assembled DNA secondary structures, which are only stable
under their melting point, such DNA assemblies should be
temperature dependent. As shown in Figure 4b, the strength
of the hydrogel decreases with an increase in temperature and
the gelling-transition point is about 37°C at 0.60 mM Y-unit
concentration; this value is close to the melting point of the Y-
shaped DNA assemblies (see Figure S4 in the Supporting
Information). Therefore, the thermal stability of this type of
DNA hydrogel should be precisely adjustable through the
DNA sequences used in the building of the DNA'Y unit; this
is a unique advantage of this system, especially for future in
vivo applications such as controllable drug delivery, for which
it may be possible to exploit local temperature variations
between normal tissues and tumor regions as a potential
release trigger.

In conclusion, we have demonstrated a novel strategy to
prepare pH-responsive hydrogels made entirely of DNAs.
These hydrogels are formed by cross-linking a single-type
DNA Y-unit building block through the formation of inter-Y-
unit i-motif structures. The fast transformation of the
i motifs“’! enables such DNA gels to respond quickly to
environmental pH changes to controllably trap and release
cargos (such as the GNPs used here) in a pH-dependent
manner. In principle, other materials, such as nanoparticles,[g]
therapeutic proteins,” polymers,'” and even protein-produc-
ing systems,'!l could be incorporated into such DNA-gel
systems, to allow the development of functional, responsive
biomaterials that have applications in a wide range of
disciplines, such as biosensing, tissue engineering, nanome-
chanical devices, and drug delivery. The fact that this system is
pH responsive makes it particularly attractive for targeting
pathological conditions in biological samples, such as tumors
and sites of infection, because of their relatively high
extracellular acidity.!"”

Received: May 13, 2009
Published online: September 8, 2009

Keywords: DNA - hydrogels - nanostructures - pH switches

[1] a) N. C. Seeman, Angew. Chem. 1998, 110, 3408 -3428; Angew.
Chem. Int. Ed. 1998, 37, 3220-3238; b) N. C. Seeman, Nature
2003, 421, 427-431.

[2] a) E. Winfree, F. Liu, L. A. Wenzler, N. C. Seeman, Nature 1998,

394, 539-544; b) H. Yan; S. H. Park, G. Finkelstein, J. H. Reif,

T. H. LaBean, Science 2003, 301, 1882-1884; S. H. Park, G.

Finkelstein, J. H. Reif, T. H. LaBean, Science 2003, 301, 1882—

1884; c) Y. He, Y. Tian, A. E. Ribbe, C. Mao, J. Am. Chem. Soc.

2000, 728, 15978-15979; d) P. W. K. Rothemund, Nature 2006,

440,297 -302; e) S. H. Park, G. Finkelstein, T. H. LaBean, J. Am.

Chem. Soc. 2008, 130, 40-41.

a) J. Chen, N. C. Seeman, Nature 1991, 350, 631-633; b) R. P.

Goodman, I. A.T. Schaap, C.F. Tardin, C. M. Erben, R. M.

Berry, C. F. Schmidt, A. J. Turberfield, Science 2005, 310, 1661 —

1665;¢) Y. Ke, Y. Liu, J. Zhang, H. Yan, J. Am. Chem. Soc. 2000,

128, 4414-4421;d) Y. He, T. Ye, M. Su, C. Zhang, A. E. Ribbe,

W. Jiang, C. Mao, Nature 2008, 452, 198-201.

[4] a) C. Mao, W. Sun, Z. Shen, N. C. Seeman, Nature 1999, 397,
144-146; b) B. Yurke, A.J. Tuberfield, A.P. Mills,Jr., F. C.

3

—

Angew. Chem. 2009, 121, 7796 7799


http://dx.doi.org/10.1002/(SICI)1521-3757(19981204)110:23%3C3408::AID-ANGE3408%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3773(19981217)37:23%3C3220::AID-ANIE3220%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19981217)37:23%3C3220::AID-ANIE3220%3E3.0.CO;2-C
http://dx.doi.org/10.1038/nature01406
http://dx.doi.org/10.1038/nature01406
http://dx.doi.org/10.1038/28998
http://dx.doi.org/10.1038/28998
http://dx.doi.org/10.1126/science.1089389
http://dx.doi.org/10.1021/ja0665141
http://dx.doi.org/10.1021/ja0665141
http://dx.doi.org/10.1038/nature04586
http://dx.doi.org/10.1038/nature04586
http://dx.doi.org/10.1021/ja078122f
http://dx.doi.org/10.1021/ja078122f
http://dx.doi.org/10.1038/350631a0
http://dx.doi.org/10.1126/science.1120367
http://dx.doi.org/10.1126/science.1120367
http://dx.doi.org/10.1021/ja058145z
http://dx.doi.org/10.1021/ja058145z
http://dx.doi.org/10.1038/nature06597
http://www.angewandte.de

[5

[6

[7

Angew. Chem. 2009, 121, 7796 —7799

—_

]

—_—

Simmel, J. L. Neunmann, Nature 2000, 406, 605-608; c)P.
Alberti, J. L. Mergny, Proc. Natl. Acad. Sci. USA 2003, 100,
1569-1573; d) J. J. Li, W. Tan, Nano Lett. 2002, 2, 315-318;
e) D. Liu, S. Balasubramanian, Angew. Chem. 2003, 115, 5912 -
5914; Angew. Chem. Int. Ed. 2003, 42, 5734-5736; f) H. Liu, Y.
Xu, F. Li, Y. Yang, W. Wang, Y. Song, D. Liu, Angew. Chem.
2007, 119, 2567-2569; Angew. Chem. Int. Ed. 2007, 46, 2515—
2517.

a) T. W. Nilsen, J. Grayzel, W. Prensky, J. Theor. Biol. 1997, 187,
273-284; b) Y. Li, Y. D. Tseng, S. Y. Kwon, L. d’Espaux, J. S.
Bunch, P. L. McEuen, D. Luo, Nat. Mater. 2004, 3, 38—-42; c) U.
Feldkamp, B. Sacca, C. M. Niemeyer, Angew. Chem. 2009, 121,
6110-6114; Angew. Chem. Int. Ed. 2009, 48, 5996 —6000.

a) S. H. Um, J. B. Lee, N. Park, S. Y. Kwon, C. C. Umbach, D.
Luo, Nat. Mater. 2006, 5, 797-801; b) C. K. Lee, S. R. Shin, S. H.
Lee, J. H. Jeon, I. So, T. M. Kang, S. I. Kim, J. Y. Mun, S. S. Han,
G. M. Spinks, G. G. Wallace, S. J. Kim, Angew. Chem. 2008, 120,
2504-2508; Angew. Chem. Int. Ed. 2008, 47, 2470-2474; c) T.
Liedl, H. Dietz, B. Yurke, F. Simmel, Small 2007, 3, 1688 —-1993.
a) K. Gehring, J. L. Leroy, M. Gueron, Nature 1993, 363, 561 -
565;b) J. L. Leroy, M. Gueron, J. L. Mergny, C. Helene, Nucleic
Acids Res. 1994, 22, 1600—1606; c) A. T. Phan, M. Gueron, J. L.
Leroy, J. Mol. Biol. 2000, 299, 123 - 144.

(8]

]

(10]

(11]

(12]

Angewandte

a) C. A. Mirkin, R. L. Letsingler, R. C. Mucic, J.J. Storhoff,
Nature 1996, 382, 607-609; b) S. Y. Park, A. K. R. Lytton-Jean,
B. Lee, S. Weigand, G. C. Schatz, C. A. Mirkin, Nature 2008, 451,
553-556; ¢) D. Nykypanchuk, M. M. Maye, D. van der Lelie, O.
Gang, Nature 2008, 451,549 -552; d) W. Wang, H. Liu, D. Liu, Y.
Xu, Y. Yang, D. Zhou, Langmuir 2007, 23, 11956 —11959.

a) C. M. Niemeyer, M. Adler, S. Gao, L. Chi, Angew. Chem.
2000, 712, 3183-3187; Angew. Chem. Int. Ed. 2000, 39, 3055—
3059; b) Y. Tian, Y. He, A. E. Ribbe, C. Mao, Org. Biomol.
Chem. 2006, 4, 3404 —3405.

a) S. Nagahara, T. Matsuda, Polym. Gels Networks 1996, 4, 111 —
127; b) H. Yang, H. Liu, H. Kang, W. Tan, J. Am. Chem. Soc.
2008, 130, 6320-6321; c) B. Wei, I. Cheng, K. Luo, Y. Mi, Angew.
Chem. 2008, 120,337 -339; Angew. Chem. Int. Ed. 2008, 47,331 -
333; d) H. Tang, X. Duan, X. Feng, L. Liu, S. Wang, Y. Li, D.
Zhu, Chem. Commun. 2009, 641 -643; ¢) F. E. Alemdaroglu, A.
Herrmann, Org. Biomol. Chem. 2007, 5, 1311 -1320.

N. Park, S. H. Um, H. Funabashi, J. Xu, D. Luo, Nat. Mater. 2009,
8, 432 -437.

Y. K. Reshetnyak, O. A. Andreev, U. Lehnert, D. M. Engelman,
Proc. Natl. Acad. Sci. USA 2006, 103, 6460 —6464.3

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Chemie

7799


http://dx.doi.org/10.1073/pnas.0335459100
http://dx.doi.org/10.1073/pnas.0335459100
http://dx.doi.org/10.1021/nl015713+
http://dx.doi.org/10.1002/ange.200352402
http://dx.doi.org/10.1002/ange.200352402
http://dx.doi.org/10.1002/anie.200352402
http://dx.doi.org/10.1002/ange.200604589
http://dx.doi.org/10.1002/ange.200604589
http://dx.doi.org/10.1002/anie.200604589
http://dx.doi.org/10.1002/anie.200604589
http://dx.doi.org/10.1006/jtbi.1997.0446
http://dx.doi.org/10.1006/jtbi.1997.0446
http://dx.doi.org/10.1038/nmat1045
http://dx.doi.org/10.1002/ange.200902285
http://dx.doi.org/10.1002/ange.200902285
http://dx.doi.org/10.1002/anie.200902285
http://dx.doi.org/10.1038/nmat1741
http://dx.doi.org/10.1002/ange.200704600
http://dx.doi.org/10.1002/ange.200704600
http://dx.doi.org/10.1002/anie.200704600
http://dx.doi.org/10.1002/smll.200700366
http://dx.doi.org/10.1038/363561a0
http://dx.doi.org/10.1038/363561a0
http://dx.doi.org/10.1093/nar/22.9.1600
http://dx.doi.org/10.1093/nar/22.9.1600
http://dx.doi.org/10.1006/jmbi.2000.3613
http://dx.doi.org/10.1038/382607a0
http://dx.doi.org/10.1038/nature06508
http://dx.doi.org/10.1038/nature06508
http://dx.doi.org/10.1038/nature06560
http://dx.doi.org/10.1021/la702273a
http://dx.doi.org/10.1002/1521-3757(20000901)112:17%3C3183::AID-ANGE3183%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3757(20000901)112:17%3C3183::AID-ANGE3183%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3773(20000901)39:17%3C3055::AID-ANIE3055%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3773(20000901)39:17%3C3055::AID-ANIE3055%3E3.0.CO;2-R
http://dx.doi.org/10.1039/b605464a
http://dx.doi.org/10.1039/b605464a
http://dx.doi.org/10.1016/0966-7822(96)00001-9
http://dx.doi.org/10.1016/0966-7822(96)00001-9
http://dx.doi.org/10.1021/ja801339w
http://dx.doi.org/10.1021/ja801339w
http://dx.doi.org/10.1002/ange.200704143
http://dx.doi.org/10.1002/ange.200704143
http://dx.doi.org/10.1002/anie.200704143
http://dx.doi.org/10.1002/anie.200704143
http://dx.doi.org/10.1039/b817788k
http://dx.doi.org/10.1039/b617941j
http://dx.doi.org/10.1038/nmat2419
http://dx.doi.org/10.1038/nmat2419
http://dx.doi.org/10.1073/pnas.0601463103
http://www.angewandte.de

