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 DNA has received considerable attention as a promising 
building material owing to its ability to form predictable sec-
ondary structures through sequence-directed hybridization. [  1  ,  2  ]  
It has been shown that DNA can be precisely designed with spe-
cifi c sequences and self-assemble into two- or three-dimensional 
nanostructures, [  3–9  ]  fabricated to nanomachines or motors, [  10–13  ]  
or used as a programmable template to direct the assembly 
of nanoparticles. [  14–17  ]  Recently, the concept of DNA assembly 
has been expanded to construct “DNA hydrogels”, which are 
crosslinked networks swollen in an aqueous phase. [  18–31  ]  Though 
hydrogels have great potential in biological and medical appli-
cations, [  32–36  ]  such as drug and gene delivery, biosensing, and 
tissue engineering, studying the preparation of DNA hydrogels 
with designable properties is still in its early stages. In the past, 
several methods have been reported to prepare DNA hydro-
gels, for example, DNA directly extracted from the nucleus in 
nature, behaves like a long linear polymer and forms a hydrogel 
via physical entanglement or by chemical crosslinking of small 
molecules. [  18     − 20]  Similarly, DNA can be used as a negatively 
charged polymer and form a complex with cationic (poly)elec-
trolytes through electrostatic interactions. [  21  ,  22  ]  However, both 
methods treated DNA as a polymer and did not take advantage 
of the self-assembly of DNA into ordered structures, therefore, 
the resulting hydrogels lacked precise structural control and 
specifi c responses. Instead of using physical interactions, DNA 
can be covalently grafted onto synthetic polymers and serve as 
a cross-linker, the recognition of complementary DNA strands 
leads to crosslinking of polymer chains and causes hydrogel 
formation. [  23     − 28]  In general, the preparation of a DNA-polymer 
hybrid requires laborious modifi cation steps, and an easy and 
fast strategy to build tailored DNA hydrogels is desired. Luo 
and his coworkers have developed a new approach to construct 
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pure DNA hydrogels: using well-designed DNA sequences, self-
assembled DNA building blocks with more than two branches 
could be prepared and further enzymatic ligation between the 
building blocks led to DNA hydrogel formation. [  29  ]  These DNA 
hydrogels have been demonstrated for potential applications 
in controllable drug release [  29  ]  and cell-free protein-producing 
systems, [  30  ]  however, the enzymatic ligation is rather slow and 
the preparation is time-consuming. More recently, we have 
reported that pure DNA hydrogels could be made based on 
duplex formation and intermolecular i-motif structures. The 
DNA hydrogels showed a fast sol-gel transition upon changes 
in the pH, that is, within minutes, and released cargoes in a 
pH-controlled manner. [  31  ]  However, these DNA hydrogels were 
not stable under physiological conditions, which limited their 
in- vivo applications. 

 Herein, we propose a new and general platform to create 
pure DNA hydrogels through self-assembly. As illustrated in 
Scheme  1 , we designed two kinds of building blocks: a Y-scaffold 
and a linker. The Y-scaffold is assembled from three single-
stranded DNA (ssDNA) strands, whereby each strand has three 
segments: a “sticky end” segment to hybridize with its comple-
mentary part on the linker and two segments to hybridize with 
the two other strands. The linker is a linear duplex formed by 
two ssDNAs and contains two “sticky ends”. The “sticky ends” 
of the Y-scaffold and linker are complementary to each other, 
and we propose that this hybridization will lead to hydrogel 
formation. It is noted that the “sticky ends” are particularly 
designed to avoid palindromic sequences, therefore, prohibiting 
self-linking between the same type of DNA building blocks and 
ensuring the homogeneous property of DNA hydrogels.  

 Our fi rst experiment was to determine whether we could 
achieve the designed Y-scaffold and linker. In a typical experi-
ment, stoichiometric amounts of DNA strands of the Y-scaffold 
(Y1, Y2, and Y3) and linker (R1 and R2, detailed sequences see 
Table S1) were separately added to 20 m M  of Tris-HCl buffer 
(pH 7.5) containing 100 m M  of NaCl to give a fi nal concentra-
tion of 20  μ  M  for each DNA strand. The resulting mixtures were 
heated to 95  ° C for 5 min, and subsequently cooled to room 
temperature in 2 h to let the designed structures form. Agarose 
gel electrophoresis was used to verify whether the Y-scaffold 
and linker had formed properly. ssDNA and partially assem-
bled ssDNA were also loaded as controls. As shown in  Figure    1  , 
the assembled Y-scaffold (lane 7) migrated slower than each 
single strand, Y1, Y2, and Y3 (lane 1, 2, and 3). The three par-
tially assembled structures, Y1  +  Y2, Y1  +  Y3, and Y2  +  Y3 
(lane 4, 5, and 6) were in between. Similarly, the assem-
bled linker (lane 10) migrated slower than R1 and R2 alone 
(lane 8 and 9). These results demonstrate that the DNA 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 1117
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    Scheme 1  .     Schematic representation of DNA hydrogel formation. The 
Y-scaffold and linker are designed to crosslink by hybridization of their 
“sticky ends” (emphasized by green circles). By tailoring these “sticky 
ends” and inserting restriction sites in the linker sequences, the DNA 
hydrogels show thermal and enzymatic responsive properties.  
building blocks, the Y-scaffold and linker, were indeed formed 
as designed and the clean single bands observed in lane 7 and 
10 indicate that the assembling process was effi cient. In order 
to detect the stability of both building blocks, we measured 
the melting temperature ( T  m ) by UV-vis spectroscopy. The  T  m  
of the Y-scaffold and linker were 63  ° C and 72  ° C, respectively 
(Figure S1), therefore, all experiments hereafter were performed 
at temperatures below 60  ° C in order to maintain the stability 
of these structures. 

 Next, we sought to determine if the Y-scaffold and linker 
could form DNA hydrogels. In our study, the Y-scaffold and 
linker contain 8-base long “sticky ends” (bp8). As calculated, the 
ideal molar ratio of the Y-scaffold and linker is 1:1.5, and the 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

Figure 1. 3% Agarose gel electrophoresis analysis. Lane 1-3 are the 
ssDNA monomers for the Y-scaffold, Y1, Y2, and Y3, respectively; lane 
4–6 are the partial assemblies containing only two of the three strands, 
Y1 + Y2, Y1 + Y3, and Y2 + Y3, respectively; lane 7 is the Y-scaffold; lane 
8 and 9 are the ssDNA monomers for the linker, R1 and R2, respectively; 
lane 10 is the linker.
ratio of their “sticky ends” is 1:1, a ratio at which the starting 
materials are completely consumed and form the most dense 
network. We observed that if 500  μ  M  of the Y-scaffold was mixed 
with 750  μ  M  of the linker, the solution lost its fl uidity within a 
minute and appeared to be gel-like ( Figure    2 A ), suggesting a 
sol-to-gel transition occurred.  

 Apart from visual observations, rheological tests, that is, 
frequency sweep tests, were also carried out on the samples 
described above to further confi rm the DNA hydrogel forma-
tion. As shown in Figure  2B , the shear-storage modulus (G’) 
was obviously higher than the shear-loss modulus (G”) over 
the entire frequency range, providing a clear signature of the 
gel-like state. [  37  ]  In addition, the G’ showed a slight frequency-
dependent increase, suggesting a physical gel. [  37  ]  This result, 
combined with previous visual observations, indicates that pure 
DNA hydrogels are indeed formed by self-assembly of DNA 
building blocks in a swift manner. 

 We further investigated the infl uence of the ratio of the DNA 
building blocks on the mechanical properties of the resulting 
DNA hydrogels. The Y-scaffold and linker were mixed at dif-
ferent molar ratios, namely 2:1, 1:1, 1:1.5, 1:2, and 1:3 with a 
total DNA content of 2 wt.% under the same experimental con-
ditions as described above. As shown in Figure  2C , at ratios of 
2:1 and 1:3, both G’ and G” were very low, around 0.1 Pa, indi-
cating that the DNA mixtures behaved like liquids. We suppose 
that at these ratios the minority building block is saturated by 
the building block that is in excess, so that there are not enough 
DNA assemblies to create a continuous network. In contrast, 
at the ratios of 1:1, 1:1.5, and 1:2, G’ was higher than G”, sug-
gesting that a hydrogel was formed; however, the mechanical 
strength of the DNA hydrogels at the ratios of 1:1 and 1:2 was 
lower than that formed at the ideal ratio of 1:1.5, because the 
former networks were partially crosslinked and not so dense 
as that formed at the ideal ratio. In addition, the concentration 
of the DNA building blocks can also infl uence the mechanical 
strength of the DNA hydrogels. We observed that a minimum 
concentration of 75  μ  M  (with a total DNA content of 0.5 wt.%) 
of the Y-scaffold was required to form a gel-like state, and the 
strength of the DNA hydrogels increased with increasing con-
centration of the DNA building blocks (Figure S2). 

 In this study the DNA hydrogels were formed solely by 
self-assembly and there were no other interactions than base 
paring/hybridization of the “sticky ends”. We propose that the 
formation of the DNA hydrogels is temperature dependent as is 
common for a DNA duplex, and is governed by the weakest link, 
that is, the base paring of the “sticky ends”. The temperature-
ramp rheological tests in Figure  2D  show that the DNA hydro-
gels that were formed from 400  μ  M  of Y-scaffold and 600  μ  M  
of linker can switch between the gel and the sol state when 
changing the temperature from 25 to 50  ° C, and this process 
can be cycled many times, indicating that the DNA hydrogels 
respond to heat in a reversible way. 

 As the self-assembly occurs via hybridization of the “sticky 
ends”, we sought to determine how these “sticky ends” infl u-
ence the mechanical and thermal properties of the DNA 
hydrogels. To do this, three more groups of Y-scaffold and 
linker with different lengths of “sticky ends” were designed as 
follows, bp4 (4-base long “sticky ends”), bp8M (a single-base 
mismatch within bp8), and bp12 (12-base long “sticky ends”), 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1117–1121
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      Figure  2 .     A) DNA hydrogels prepared from 500- μ  M  of Y-scaffold and 750  μ  M  of linker with 8-base long “sticky ends”. B) Frequency sweep test carried 
out between 0.05 and 100 rad s  − 1  at a fi xed strain of 1% at 25  ° C. C) DNA hydrogels with different molar ratios (Y-scaffold/linker  =  2:1, 1:1, 1:1.5, 1:2, 
and 1:3) with a total DNA content of 2% (w/v) were tested by time-scan rheological tests performed at a fi xed frequency (1 Hz) and strain (1%) at 25  ° C 
for 3 min. D) Reversible thermal response of DNA hydrogels formed from 400  μ  M  of Y-scaffold and 600  μ  M  of linker with 8-base long “sticky ends”. The 
rheological test was performed on the gel at a fi xed frequency (1 Hz) and strain (1%) at 25  ° C and 50  ° C, respectively, for 5 cycles.  
for detailed sequences see Table S1. As shown in  Figure    3 A : 
at 25  ° C, the G” of the bp4 group is higher than the G’ at fre-
quencies below 20 rad s  − 1 , however, when the swap frequency 
is increased to above 20 rad s  − 1  the relation between G’ and G” 
reverses, which is typical behavior of concentrated solutions. [  37  ]  
The reason for this is that the linkage between the Y-scaffold 
and linker via only four base-pairs is not strong enough to 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 1117–1121

      Figure  3 .     Rheological properties of DNA hydrogels with different “sticky 
100 rad s  − 1  at a fi xed strain of 1% at 25  ° C. The “sticky ends” are: bp4 (
ends” of bp8), and bp12 (12-base long). B)Temperature-ramp rheological te
frequency (1 Hz) and strain (1%).  
form a gel (see Figure S3). This result also explains why the 
system reported previously by Luo and co-workers needed 
covalent crosslinking through enzymatic ligation to stabilize 
their DNA hydrogels with 4-base long “sticky ends”. [  29  ,  30  ]  In 
contrast, as the length of the “sticky ends” increased from 4 
to 8 and 12, inspection of Figure  3A  reveals that the G’ of the 
bp8, bp8M, and bp12 group is higher than their G” for the 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 1119

ends”. A) Frequency sweep tests were carried out between 0.05 and 
4-base long), bp8 (8-base long), bp8M (single-mismatch within “sticky 
sts were carried out from 25  ° C to 60  ° C at a rate of 2  ° C min  − 1  at a fi xed 
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entire swap frequency range, which is a typical mechanical 
property of hydrogels. In addition, the mechanical strength of 
the DNA hydrogels can be compared by using the ratio G’/G’’; 
for example, a higher G’/G’’ indicates a better mechanical 
strength. The G’/G’’ ratios of the samples containing the bp4, 
bp8, bp8M, and bp12 group were 0.5, 13, 5.7, and 21, respec-
tively (Figure S4), providing additional evidence that the “sticky 
ends” play an important role in the mechanical strength of the 
DNA hydrogels: i) the longer the “sticky ends”, the stronger 
the DNA hydrogels; ii) at the same length of “sticky ends”, 
the presence of mismatched sites decreases the mechanical 
strength of the DNA hydrogels because of the lower stability 
of the “sticky ends”.             

 To provide additional insight into the thermal responsive 
behavior of DNA hydrogels, we studied the temperature depend-
ence of G’ and G” of the DNA hydrogels. As shown in Figure  3B , 
when the temperature was increased from 25  ° C to 60  ° C at a 
rate of 2  ° C min  − 1 , the G’ of all three gel samples decreased 
and had an intersection with G” at different temperature points, 
suggesting these gels indeed respond to temperature and the 
intersection points are the transition temperatures where 
the samples convert from the gel to the sol state. The transi-
tion points of the DNA hydrogels containing bp8, bp8M, and 
bp12, as determined from Figure  3B , were 47.0  ° C, 37.5  ° C, and 
58.0  ° C, respectively, suggesting that the formation of a hydrogel 
is governed by the stability of the “sticky ends” (see Supporting 
Information), and the responsive temperature or the sol-gel 
transition temperature of the prepared DNA hydrogel is tun-
able by tailoring the “sticky ends”. 

 Next, we studied the enzymatic responsiveness of the 
designed DNA hydrogels. It is known that restriction 
enzymes (restriction endonucleases) can cut double-stranded 
DNA at specifi c recognition sequences (known as restriction 
sites). [  38  ,  39  ]  We propose that a linker containing a restriction 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

      Figure  4 .     Enzymatic responsive behavior of DNA hydrogels. Hydrogel 
H (a–c) and hydrogel R (d–f) contain restriction sequences of BamH 
I and EcoR I on their linkers, respectively. In each tube, 10  μ L of DNA 
hydrogel was incubated in 10  μ L of buffer a,d) without enzymes, b,f) with 
30 U EcoR I, and c,e) with 30 U BamH I at room temperature for 48 h. 
For BamH I, the reaction buffer contained 20 m M  of Tris-HCl (pH 8.5), 
100 m M  of KCl, 10 m M  of MgCl 2 , and 1 m M  of dithiothreitol; for EcoR I, 
the reaction buffer contained 50 m M  of Tris-HCl (pH 7.5), 100 m M  of NaCl, 
10 m M  of MgCl 2 , and 1 m M  of dithiothreitol.  
site would be cleaved by its corresponding restriction enzyme, 
and as a result, the continuous network composed of this 
linker would be broken, so that, on a macroscopic scale, the 
DNA hydrogels would switch to the sol state. To support our 
proposition, two types of linker (with 8-base long “sticky 
ends”) were designed with different restriction sites inserted 
into their duplex domain: linker H contained the BamH I 
restriction site (5 ′ -GGATCC-3 ′ ) and linker R contained the 
EcoR I restriction site (5 ′ -GAATTC-3 ′ ). Following our estab-
lished procedure, both linkers assembled with the Y-scaffold 
to form hydrogel H ( Figure    4 a ) and hydrogel R (Figure  4d ), 
respectively. In order to test the responsiveness of the DNA 
hydrogels to enzymes, 30 U BamH I and EcoR I, each in 
their corresponding reaction buffer, were added to hydrogel 
H and hydrogel R. After incubation at room temperature for 
48 h, hydrogel H remained its gel state in the presence of 
the EcoR I restriction enzyme (Figure  4b ), however, it turned 
into a solution when digested by the BamH I restriction 
enzyme (Figure  4c ). Similarly, hydrogel R did not undergo 
a gel-to-sol transition upon adding the BamH I restriction 
enzyme (Figure  4e ), but it was dissolved in the presence of 
the EcoR I restriction enzyme (Figure  4f ). These results sug-
gest that DNA hydrogels that contain restriction sites respond 
to the respective restriction enzyme and undergo a gel-to-sol 
transition as designed. As the DNA hydrogels modifi ed with 
restriction sites only respond to their corresponding restric-
tion enzyme this high specifi city may be useful to trigger the 
controlled release of substances.  

 In summary, we have successfully built a new and versatile 
strategy to prepare DNA hydrogels with designable responsive 
properties completely based on DNA self-assembly. Most sig-
nifi cantly, by properly tailoring the “sticky ends” of the DNA 
building blocks (Y-scaffold and linker). the DNA hydrogels 
formed rapidly without any chemical treatment. The formation 
mechanism and properties of the DNA hydrogels were system-
atically studied. We also demonstrated that the DNA hydrogels 
reversibly respond to thermal stimulus, by switching between 
the gel and sol state across a transition temperature, as well 
as respond to enzymes when restriction sites are inserted into 
one of the building blocks (i.e., the linker). The preparation 
principle and responsive mechanisms reported in this paper 
provide a basic and prospective platform to build functional bio-
materials using biomolecules with well-defi ned compositions 
and structures, [  40  ,  41  ]  therefore, providing a new class of intelli-
gent materials for a diverse range of biological and biomedical 
applications. [  32–36  ]   

 Experimental Section 
  Materials : All oligonucleotides (see Table S1) were purchased from 

Invitrogen Biotech (Beijing, China) and PAGE purifi ed. The BamH I and 
EcoR I restriction enzymes were purchased from the TaKaRa Biotech 
company (Dalian, China). All chemicals were of reagent grade or better 
and used as received. 

  Preparation of Y-scaffold and Linker : Stoichiometric amounts of the 
DNA strands for the Y-scaffold and linker were separately added in two 
Eppendorf (EP) tubes with a buffer solution containing 20 m M  of Tris-HCl 
(pH 7.5) and 100 m M  of NaCl to obtain a fi nal concentration of 20  μ  M , 
after which the mixtures were heated to 95  ° C for 5 min and cooled to 
room temperature in 2 h to form the desired DNA nanostructures. 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1117–1121
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  Preparation  of DNA Hydrogels: In a typical experiment, a stock solution 
of the building blocks was prepared, whereby stoichiometric amounts of 
the Y-scaffold and linker DNA strands were added in a buffer solution 
containing 20 m M  of Tris-HCl (pH 7.5) and 100 m M  of NaCl to obtain 
a fi nal concentration of 1 m M  and 1.5 m M , respectively, after which the 
mixtures were heated to 95  ° C for 5 min and cooled to room temperature 
in 2 h. Calculated volumes of the Y-scaffold and linker stock solutions 
were added in 1.5 mL EP tubes and mixed quickly. 

  Preparation of Enzymatic Responsive DNA Hydrogels : The method of 
preparation was identical as described above except that two types of 
linker were prepared here: linker H (containing a BamH I restriction site), 
and linker R (containing an EcoR I restriction site). For this preparation 
different buffer solutions for the corresponding enzymes were used: 
for tests using EcoR I the buffer contained 50 m M  of Tris-HCl (pH 7.5), 
100 m M  of NaCl, 10 m M  of MgCl 2 , and 1 m M  of dithiothreitol, whereas 
for tests using BamH I the buffer contained 20 m M  of Tris-HCl (pH 8.5), 
100 m M  of KCl, 10 m M  of MgCl 2 , and 1 m M  of dithiothreitol. 5  μ L of the 
Y-scaffold and 5  μ L of the linker were added in 1.5 mL EP tubes and 
mixed quickly, after which the DNA hydrogel formed within one minute. 

  Gel Electrophoresis : 3% Agarose gel (wt.%) was prepared in 1 × TBE 
(Tris/Boric acid/EDTA) buffer with Gel Red stain (Biotium, CA). 

  Measurements of   Melting Temperature   (T  m  ) : Temperature-ramp tests 
were carried out from 4  ° C to 95  ° C at a rate of 1  ° C min  − 1  on a Cary 
100 UV-vis spectrometer (Varian company) equipped with a temperature 
controller. 

  Rheological Tests : Rheological tests were carried out on an AR2000ex 
rheometer (TA Instruments) equipped with a temperature controller. 
Three types of rheological experiments were performed: i) frequency-
sweep tests were carried out on mixtures between 0.05 and 100 rad s  − 1  
at 25  ° C at a fi xed strain of 1%; ii) time-scan tests were done at a fi xed 
frequency and strain of 1 Hz and 1%, respectively, at 25  ° C for 3 min; 
iii) temperature-ramp tests were performed at a fi xed frequency and 
strain of 1 Hz and 1%, respectively, and the changes in the shear-
storage modulus (G’) and shear-loss modulus (G”) were measured from 
25  ° C to 60  ° C at a rate of 2  ° C min  − 1 . 

  Restriction Enzymatic Cleavage of DNA Hydrogels : 10  μ L of DNA 
hydrogel was incubated with 30 U of EcoR I or 30 U of BamH I in 10  μ L 
of the corresponding reaction buffer at room temperature for 48 h.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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