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Abstract: DNA-tethered poly-N-isopropylacrylamide copoly-
mer chains, pNIPAM, that include nucleic acid tethers have
been synthesized. They are capable of inducing pH-stimulated
crosslinking of the chains by i-motif structures or to be bridged
by Ag+ ions to form duplexes. The solutions of pNIPAM
chains undergo crosslinking at pH 5.2 or in the presence of Ag+

ions to form hydrogels. The hydrogels reveal switchable
hydrogel-to-solution transitions by the reversible crosslinking
of the chains at pH 5.2 and the separation of the crosslinking
units at pH 7.5, or by the Ag+ ion-stimulated crosslinking of the
chains and the reverse dissolution of the hydrogel by the
cysteamine-induced elimination of the Ag+ ions. The DNA-
crosslinked hydrogels are thermosensitive and undergo rever-
sible temperature-controlled hydrogel-to-solid transitions. The
solid pNIPAM matrices are protected against the OH� or
cysteamine-stimulated dissociation to the respective polymer
solutions.

Stimuli-responsive polymers undergoing reversible and
switchable transitions between solution–hydrogel phases or
hydrogel–solid phases attract growing interest in materials
science.[1] Different environmental triggers, such as pH,[2]

redox reactions,[3] chemical agents,[4] supramolecular recog-
nition events,[5] light,[6] electrical,[7] or thermal[8] stimuli have
been implemented to control reversible phase transitions of
polymers. Different applications of stimuli-switchable poly-
mers were suggested, including controlled drug delivery,[9]

tissue engineering,[10] micromechanical systems acting as
actuators and artificial muscles,[11] sensors and biosensors,[12]

“smart” coating materials,[13] and more. Temperature-respon-
sive polymers are a major class of stimuli-switchable polymers
undergoing reversible temperature-controlled sol-to-gel or
gel-to-solid phase transitions.[14] The most extensively studied
thermosensitive polymer is the covalently crosslinked poly(N-

isopropylacrylamide) (pNIPAM)[15] that undergoes a reversi-
ble gel-to-solid transition at ca. 32 8C. The transition temper-
ature of pNIPAM was controlled by the introduction of
groups of enhanced hydrophobicity[16] or the incorporation of
ions, such as Cu2+, Ag+, or Hg2+.[17] Particularly interesting are
thermoresponsive polymers exhibiting dual triggering fea-
tures. For example, the incorporation of photoisomerizable
units, such as azobenzenes[18] or nitrospiropyran,[19] into
pNIPAM allowed the photochemical switching of the ther-
moresponsive properties of pNIPAM. Different applications
of thermosensitive polymers and of dual-triggered thermor-
esponsive polymers were suggested, including their use for
controlled drug release, their application as thermometers,
the use of thermosensitive polymer/metal nanoparticles for
switchable catalysis,[17] and the application of photoactive
pNIPAM for information storage and the inscription of
patterns.[20]

Stimuli-switchable biopolymers, particularly DNA, that
undergo solution/hydrogel transitions have been extensively
studied in recent years.[21] Two general strategies to design
switchable DNA hydrogels were reported: By one method,
multi-valent branched DNA nanostructures were crosslinked
by stimuli-responsive nucleic acids.[22] The second approach
has involved the tethering of nucleic acids to hydrophilic
polymer chains, for example polyacrylamide chains, and the
use of the nucleic acids as functional components to crosslink
the chains into hydrogel structures.[23] Different triggers, such
as strand displacement,[24] K+-stabilized G-quadruplexes/
crown ether,[25] or metal ion/ligand[26] (Ag+/cysteamine),
were used for the cyclic reversible transitions between
DNA-based polymer hydrogels and DNA–polymer solutions.
Also, the catalytic one-cycle dissociation of DNA-based
hydrogels by the cleavage of the bridging units, using enzymes
or DNAzymes as catalysts, was demonstrated.[27] Different
applications of switchable DNA hydrogels were suggested,
including sensing,[28] removal of hazardous metal ions,[29] for
example Hg2+ ions, inscription of structural information,[30]

switchable fluorescence properties,[31] and switchable DNA-
zyme functionalities.[25] Despite the extensive efforts to
develop new functional materials by grafting oligonucleotides
to organic polymers,[32] it is interesting to note that the
conjugation of DNA to pNIPAM is basically unexplored, and
that the use of DNA/pNIPAM hybrid as a dual stimuli-
responsive material is unknown. In the present study, we
report on the synthesis of nucleic acid-functionalized
pNIPAM polymers and on the cyclic and reversible dual-
stimuli thermoresponsive hydrogel-to-solid transitions of the
systems. We use pH or metal-ion/ligands as co-triggers for the
phase transitions of the polymers. We also show that the
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oligonucleotide-functionalized polymers preserve the struc-
tures of the matrices, thus allowing the cyclic switching
between structures of geometrical similarities.

Figure 1A depicts the synthesis of the pH-triggered
pNIPAM copolymer. The nucleic acid 1-functionalized acryl-
amide monomer was polymerized in the presence of the N-
isopropylacrylamide (NIPAM) monomer to form the hybrid
copolymer consisting of pNIPAM and the tethered nucleic
acids 1. The oligonucleotide tethers include the C-rich
sequences that can self-assemble at an acidic pH (pH 5.2)
into the i-motif structure.[33] At slightly basic conditions,
pH 7.5, the i-motif structure is unstable, and the tethers exist
in a random-coil configuration, resulting in the DNA/
pNIPAM solution. Figure 1B depicts the images of the
cyclic pH-stimulated solution to hydrogel transitions of the
1-functionalized pNIPAM (the ratio of 1 to NIPAM units
corresponds to 1:228. For the determination of the ratio, see
the Supporting Information, Figure S1). At room temper-
ature and at pH 7.5, the 1-modified pNIPAM exists as
a polymer solution. Acidification of the polymer solution
(pH 5.2) results in the formation of the polymer gel. The pH-
stimulated solution-to-hydrogel transitions are fully reversi-
ble. Control experiments revealed that a random nucleic acid
sequence-modified pNIPAM (a sequence lacking the ability
to form the i-motif structure) does not lead to the formation
of a hydrogel. Figure 1 C shows the rheological character-
ization of the pH-stimulated transition of the 1-functional-
ized-pNIPAM. The high storage modulus (G’� 320 Pa) of the
polymer at pH 5.2 and the low loss modulus (G’’� 5 Pa)
indicate that the polymer is indeed in a hydrogel phase. Also,
Figure 1C (inset) shows the cyclic switchable changes of the
storage modulus values upon forming the hydrogel at pH 5.2
and the transition of the hydrogel to the polymer solution at
pH 7.5. Furthermore, the hydrogel stiffness is controlled by
the loading of the pNIPAM copolymer with the pH-sensitive
nucleic acid tethers (Supporting Information, Figure S2). As

the loading is lowered, the stiffness of the hydrogel decreases,
as evident by lower values of the storage modulus of the
polymers.

Figure 2A depicts the temperature-controlled effects on
the i-motif-crosslinked hydrogel. While at room temperature
(25 8C; pH 5.2), the polymer exists as a hydrogel, heating the
hydrogel to 45 8C results in the shrinking of the polymer into
a small-volume collapsed solid structure, implying that the
water encapsulated in the hydrogel is expelled from the
polymer structure. The hydrogel-to-solid transitions of the
hydrogel are fully reversible, and cooling the system to 25 8C
regenerates the swollen hydrogel structure. Control experi-
ments revealed that the 1-modified pNIPAM did not shrink at
pH 7.5 into the solid phase upon heating to 45 8C. These
results imply that the i-motif crosslinking units, and the
NIPAM units, act cooperatively in generating the solid phase
of the polymer. Figure 2B depicts the transmittance change
upon heating the 1-modified pNIPAM. A clear drop in the
transmittance is observed at about 33 8C, suggesting that this
is the gel-to-solid transition temperature. Figure 2C depicts
the shape-retaining properties of the i-motif-crosslinked
pNIPAM. In this experiment, the i-motif-crosslinked hydro-
gel was prepared in a Teflon mold in a triangle shape. The
hydrogel triangle was then extracted from the mold, and
subjected to heating/cooling cycles. Heating the room temper-
ature-generated triangle structure to 45 8C results in the small
triangle structure, and cooling the system restores the swollen

Figure 1. A) Synthesis of the DNA 1-modified pNIPAM copolymer and
its pH-switchable formation and dissociation of the i-motif-crosslinked
hydrogel. B) Images of the pH-stimulated pNIPAM copolymer in the
solution (left) and hydrogel (right) states. C) Rheology studies follow-
ing the time-dependent storage modules, G’, upon: a) The formation
of the hydrogel at pH 5.2; b) The treatment of the hydrogel at pH 7.5.
Inset: Cyclic switchable changes of the storage modules, G’, and of the
loss modulus, G’’, upon the treatment of the pNIPAM copolymer at
pH 7.5 and pH 5.2.

Figure 2. A) Thermally induced hydrogel-to-solid reversible transition
of the i-motif-crosslinked pNIPAM copolymer. B) Transmittance
changes upon the temperature-induced transition of the pNIPAM/
DNA (1) hydrogel to the solid state. C) Cyclic reversible thermally
induced transitions of the triangle-shaped hydrogel-to-solid-state struc-
tures. D) SEM images of the Au/Pd coated pNIPAM structures: (I) The
hydrogel pNIPAM; (II) The solid pNIPAM structure generated upon
heating the hydrogel. E) Sequential subjecting of the triangle-shaped
pNIPAM hydrogel to temperature and pH triggers. Results demon-
strate that the solid structure formed by heating the i-motif-crosslinked
pNIPAM hydrogel to 45 8C is not dissociated to the pNIPAM solution
upon treatment at pH 7.5. Au NPs were incorporated into the hydrogel
to record the images.
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hydrogel triangle structure. The system is fully reversible, and
cyclic heating the hydrogel triangle to 45 8C and back to room
temperature transforms the structure between small and
expanded shapes. The thermosensitive triangle polymer shape
could be cycled between the swollen hydrogel structure and
the solid state for five cycles with no noticeable changes in the
geometric features of the shapes. Figure 2D depicts the SEM
images corresponding to the freeze-dried i-motif-crosslinked
pNIPAM hydrogel, generated at 25 8C (panel I), and of the
solid polymer structure, generated at 45 8C (panel II). While
the hydrogel matrix reveals a porous material (pores in the
range of 1.7 to 6.6 mm), the solid polymer shows a non-porous,
smooth structure. Figure 2 E shows, however, an interesting
phenomenon whereby the shaped solid i-motif pNIPAM
structure at 45 8C is resistant to pH changes and retains to
triangle structure even at pH 7.5. In this system, the i-motif
pNIPAM hydrogel triangle structure, generated at pH 5.2 and
25 8C, is subjected to an increase in the temperature to 45 8C.
As expected, the shaped hydrogel shrinks owing to its
solidification. Treatment of the solid triangle-shaped structure
at 45 8C and in pH 7.5 buffer solution does not affect the
shape of the structure for a time interval of at least four hours.
This implies that the i-motif crosslinking units are not
dissociated by the exterior pH, suggesting that the solid
polymer phase blocks the penetration of OH� ions into the
polymer matrix. The subsequent treatment of the shrunken
triangle structure with a solution pH 5.2 and the subsequent
cooling of the system to 25 8C restores the expanded shaped
hydrogel. In turn, cooling the protected small hydrogel
structure at pH 7.5 to 25 8C dissolves the matrix and yields
a solution of (1)-pNIPAM.

A further approach to design switchable dual-triggered
DNA/pNIPAM thermosensitive polymers has involved the
metal-assisted crosslinking of duplex bridging strands using
Ag+-ions and the separation of the bridging units by the
cysteamine-stimulated elimination of the Ag+ ions of the
duplexes. Cytosine–cytosine mismatches in duplex DNA
structures can be bridged by C-Ag+-C complexes that
cooperatively stabilize the double-stranded structures.[34]

Accordingly, the Ag+/cysteamine-triggered pNIPAM was
designed as outlined in Figure 3A. Copolymer chains con-
sisting of the NIPAM monomers and the 2-modified acryl-
amide units were prepared. The oligonucleotide tethers 2
exhibit self-complementary and C–C mismatches. The ratio
between the NIPAM units and the 2-acrylamide units
corresponded to 420:1 (for the determination of the loading
see the Supporting Information, Figure S3). The 2-function-
alized pNIPAM chains are fully soluble in water, 25 8C,
pH 7.5, since the complementarity between the units 2 is
insufficient to form stable duplex bridges. In the presence of
Ag+ ions, the C-Ag+-C bridges co-stabilize the duplex
formation between the oligonucleotide tethers, resulting in
the crosslinking of polymer chains and the formation of the
hydrogel. Treatment of the hydrogel with cysteamine elimi-
nates the Ag+ from the bridging units, leading to the
separation of the hydrogel and to the formation of the
polymer solution. Figure 3 B depicts the images of the switch-
able Ag+-ion-stimulated formation of the hydrogel, and the
reverse separation of the hydrogel, in the presence of

cysteamine. The Ag+-stimulated hydrogelation of the poly-
mer chains and the reverse cysteamine-induced dissolution of
the hydrogel are rapid processes and proceed within 10 min.
We observed, however, that the Ag+-stimulated hydrogela-
tion of the chains is slightly slower than the hydrogel
dissolution by cysteamine. This might be explained by the
fact that the hydrogel core generated upon addition of Ag+

ions retards the diffusion of Ag+ to the polymer solution
phase. In contrast, addition of cysteamine yields a liquid
solution pool that facilitates the diffusion of cysteamine to the
surrounding hydrogel. The Ag+-generated hydrogel was
rheologically characterized (Figure 3C,D). The Ag+-ion
crosslinked hydrogel reveals a storage modulus value of
about 85 Pa, while the loss modulus of the system corre-
sponding to about 4 Pa, consistent with a hydrogel structure
of the system. By the cyclic treatment of the Ag+-crosslinked
hydrogel with cysteamine and Ag+ ions, the storage modulus

Figure 3. A) Synthesis of a pNIPAM copolymer consisting of the
pNIPAM monomer and of 2, and the Ag+-assisted crosslinking of the
chains to a hydrogel. The hydrogel undergoes switchable separation
and reformation upon treatment with cysteamine and Ag+ ions,
respectively. The Ag+-crosslinked hydrogel undergoes cyclic thermal
transitions between the hydrogel and solid states. B) Images corre-
sponding to the Ag+-stimulated transition of the pNIPAM copolymer
solution to the hydrogel and the reverse dissolution of the hydrogel in
the presence of cysteamine. C) The storage modulus G’ corresponding
to: a) the Ag+-crosslinked pNIPAM; b) The pNIPAM copolymer solu-
tion in the absence of Ag+-ions. D) Cyclic changes of the storage
modulus, G’, and loss modulus, G’’, upon treatment of the system
with Ag+ ions and cysteamine as triggers. E) Temperature-induced
transitions of the Ag+-crosslinked triangle-shaped hydrogel to solid
structures and back. F) Sequential subjecting of the triangle-shaped
pNIPAM/(2) hydrogel to temperature and Ag+/cysteamine triggers.
The results demonstrate that the solid structure formed by heating the
Ag+ ions crosslinked pNIPAM/(2) hydrogel to 45 8C is not dissociated
to the pNIPAM/(2) solution upon the treatment with cysteamine. The
hydrogel is functionalized with SYBR gold to record the images.
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of the system was switched between low and high values,
respectively (Figure 3D), consistent with the formation of
a polymer solution and hydrogel system, respectively. Heating
of the Ag+-bridged hydrogel led to the transition of the
hydrogel into a solid. The gel-to-solid transition temperature
was evaluated to be about 32.5 8C. Cooling the solid polymer
to 25 8C regenerated the hydrogel Ag+-crosslinked polymer.
Figure 3E depicts the reversible thermally induced shape-
controlled transitions of the hydrogel to the solid phase and
back. The Ag+-2-crosslinked pNIPAM hydrogel was gener-
ated in the Teflon mold, and the image of the extracted
hydrogel at 25 8C is shown in Figure 3E, panel I. Heating of
the hydrogel to 45 8C yields the compressed, geometrically
similar, triangle structure corresponding to the solid polymer
(panel II). The further cooling of the solid polymer structure
restores the triangle hydrogel. The thermosensitive triangle-
shaped Ag+-crosslinked (2)-pNIPAM exhibits structural tran-
sition stabilities. Upon heating the Ag+-crosslinked hydrogel
to 45 8C and the subsequent cooling of the polymer to 25 8C,
the triangle shape could be cycled between the compressed
solid state and the swollen hydrogel state for five cycles, with
no noticeable distortion of the shape. Interestingly, the solid
Ag+-crosslinked pNIPAM copolymer is resistant to dissocia-
tion to the solution phase upon the addition of cysteamine
(Figure 3F). That is, the solid structure of the copolymer
prohibits the penetration of cysteamine to the polymer
structure, and thus, the removal of the crosslinking Ag+ ions
is avoided. For further characterization of the thermosensitive
Ag+-ion-crosslinked pNIPAM system, see the Supporting
Information, Figure S4 (effect of the nucleic acid loading on
the systems of copolymer), Figure S5 (evaluation of the phase
transition temperature), and Figure S6 (SEM images of the
porous pNIPAM hydrogel and solid after heating).

In conclusion, the present study has introduced oligonu-
cleotide-modified pNIPAM as dual-stimuli responsive poly-
mers that undergo cyclic transitions between polymer solu-
tion-hydrogel-solid states. We have demonstrated that pH
changes or Ag+-ions/cysteamine effect the cyclic transitions
between polymer solutions and the hydrogel states. The
resulting hydrogels undergo thermally stimulated cyclic and
reversible hydrogel-to-solid-phase transitions. We have fur-
ther demonstrated that shaped structures of the hydrogels
undergo thermally controlled reversible hydrogel/solid tran-
sitions that preserve geometrical similarities of the polymer
shapes. Such oligonucleotide-modified pNIPAM matrices
could find important applications for sensing, controlled
drug release, and the inscription of information.
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