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ABSTRACT: Acrylamide—acrylamide nucleic acids are cross-linked by two cooperative
functional motives to form shaped acrylamide—DNA hydrogels. One of the cross-linking gy
motives responds to an external trigger, leading to the dissociation of one of the stimuli-

responsive bridges, and to the transition of the stiff shaped hydrogels into soft shapeless ‘d‘
states, where the residual bridging units, due to the chains entanglement, provide an

intrinsic memory for the reshaping of the hydrogels. Subjecting the shapeless states to '{éf ﬁ;\z

counter stimuli restores the dissociated bridges, and regenerates the original shape of the 4 o %( @
hydrogels. By the cyclic dissociation and reassembly of the stimuli-responsive bridges, the L gm_ R
reversible switchable transitions of the hydrogels between stiff shaped hydrogel structures
and soft shapeless states are demonstrated. Shaped hydrogels bridged by K'-stabilized G-
quadruplexes/duplex units, by i-motif/duplex units, or by two different duplex bridges are
described. The cyclic transitions of the hydrogels between shaped and shapeless states are
stimulated, in the presence of appropriate triggers and counter triggers (K* ion/crown
ether; pH = 5.0/8.0; fuel/antifuel strands). The shape-memory hydrogels are integrated
into shaped two-hydrogel or three-hydrogel hybrid structures. The cyclic programmed transitions of selective domains of the
hybrid structures between shaped hydrogel and shapeless states are demonstrated. The possible applications of the shape-
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memory hydrogels for sensing, inscription of information, and controlled release of loads are discussed.

B INTRODUCTION

Shape-memory polymers represent an interesting class of
materials that might reveal new applications. The shape-
memory polymers are processed into shaped structures that
undergo, in the presence of appropriate stimuli, transitions into
shapeless structures. The shapeless polymers are programmed
to include an internal memory that restores the original shaped
structures in the presence of appropriate counter stimuli."
Different applications of shape-memory polymers were
suggested, including their function as actuators of micro-
devices,” drug release systems,3 and inscription of information.*
For the successful design of shape-memory polymers, two basic
features should be fulfilled: (i) The polymer should undergo a
stimuli-responsive structural transition. (ii) The polymer should
be programmed to include a chemical or physical memory code
to recover under appropriate conditions to the original
permanent polymer shape. The base sequence in nucleic
acids (DNA) encodes for structural and functional information
in the biopolymers.” Different external stimuli, such as pH,’
metal ion/ligand,” or photonic signals,” were applied to
reversibly reconfigure DNA structures, such as i-motif,” duplex
nucleic acids,"’ or G-quadruplexes,'’ and these processes were
used to assemble DNA switching devices and DNA machines."”
DNA-based hydrogels attract recent research interest as a
functional material. > Two different strategies were used to
assemble DNA hydrogels. By one method, “all- DNA” hydrogels
were constructed by the cross-linking of toehold-modified
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DNA branched subunits, e.g., Y-shaped units, by duplex DNA
bridges, that result in cross-linked porous DNA networks in the
form of hydrogels.'* The second approach involves the
modification of polymer chains, e.g, polyacrylamide with
nucleic acid tethers. The cross-linking of the polymer chains
by means of the nucleic acid tethers, e.g., via formation of
nucleic acid duplexes, resulted in the cross-linking of the
polymer chains and the formation of hydrogels.'> With tailored
stimuli-responsive DNA bridges, switchable DNA-based hydro-
gels undergoing one-cycle or multicycle hydrogel-to-solution
phase transitions were assembled.'® For example, by the pH-
stimulated bridgin$ of nucleic-acid-functionalized polymers by
means of i-motif ® or triplex'” DNA nanostructures, the
formation and dissociation of hydrogels were demonstrated.
Similarly, the bridging of nucleic acids by ion-assisted formation
of duplex DNAs'® or K'-ion-assisted formation of G-
quadruplexes'®” and the dissociation of the metal-ion-stabilized
nanostructures by appropriate ligands or receptors,'** led to the
assembly of stimuli-responsive hydrogels that undergo
reversible hydrogel-to-solution phase transitions. Different
applications of stimuli-responsive hydrogels were suggested,
including controlled drug release,'® sensors, separatin%
substrates,” and the triggered activation of enzyme cascades.”

Recently, a DNA shape-memory hydrogel that undergoes gel-
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to-quasisolid transition was reported.”” Also, DNA/polyacryla-
mide hybrids were used to assemble shape-memory hydro-
gels.”® In these systems, the acrylamide chains were modified
with two controllable DNA functions. One of the DNA
functions associated with the tethers included domains with
base pair complementarity that led to the cross-linking of the
chains. The other nucleic acid tethers associated with the
polymer chains included C-rich tethers that cross-linked the
chains at pH = 5.0 by i-motif units. The cooperative cross-
linking of the chains by the duplex bridging units and the i-
motif structure resulted in the formation of a shaped hydrogel
in a mold, and these cross-linking motives provided the
interactions for retaining the permanent shape of the hydrogel,
upon its exclusion from the mold. Neutralization of the shaped
hydrogel, pH = 8.0, separated the i-motif bridges and
dissociated the hydrogel to a quasiliquid phase. The remaining
duplex bridges are insufficient to provide an energetically
stabilized hydrogel, but the entangled cross-linked chains
provide, in the resulting shapeless state, a temporary memory
to reassemble the original permanent shape upon the
acidification of the system, and the reformation of the i-motif
bridges. Nonetheless, this pH-stimulated shape-memory hydro-
gel stands as a single example for this paradigm, and the
broadening of the concept to other shape-memory triggers is a
challenge. In the present study, we demonstrate that other
reversible switchable cross-linking units, e.g., K'-stabilized G-
quadruplex/crown ether or fuel/antifuel strands, coupled to
permanent duplex nucleic acid cross-linking units, and acting as
internal “shape memory”, lead to functional shape-memory
hydrogels. Besides enriching the “tool-box” of triggers that yield
switchable shape-memory polymers, the novelty of the study
rests on the fact that we demonstrate the ability to combine
different stimuli-responsive shape-memory hydrogels into an
integrated hybrid structure revealing programmable shape-
memory properties. We demonstrate that the different
domains, comprising the hybrid structure, can be individually
or simultaneously addressed by appropriate triggers to yield
dictated-reversible shape-to-shapeless transitions of the compo-
site. It should be noted that switchable shape-memory
hydrogels, undergoing reversible shaped-hydrogel/shapeless-
matrix transitions between shaped and shapeless states,
introduce enhanced complexities and functionalities to switch-
able DNA hydrogel materials. New applications, such as
inscription, sensing, and, particularly, dictated growth of cells
on shape-memory hydrogels, may be envisaged.

In the present study, we introduce two new hydrogel
composites exhibiting shape-memory properties. In one system,
the permanent shape of the hydrogel is stabilized by the
cooperative bridging of the DNA—acrylamide hydrogel by K*-
stabilized G-quadruplex and duplex DNA cross-linking units.
The 18-crown-6 ether (CE)-stimulated separation of the G-
quadruplexes via the elimination of K* results in the separation
of the hydrogel into a soft and shapeless state that includes the
entangled duplex chains as a memory to re-form the shaped
structure. In the second system, the permanent shape of the
hydrogel is retained by the functionalization of the acrylamide
chains with two different nucleic acids that cooperatively
stabilize the formation of the hydrogel by two kinds of duplex
DNA bridges. The separation of one of the duplexes via a
strand displacement process leads to a shapeless state that
retains the second duplex as an internal shape memory. The
reformation of the two bridging duplexes units regenerates the
permanent shape of the hydrogel being stabilized by the two

kinds of duplexes. We further demonstrate the integration of
hybrid structures that include two or three shape-memory
hydrogel materials that can be separately or, simultaneously,
triggered across shapeless and shaped domains, using two or
three triggering stimuli.

B RESULTS AND DISCUSSION

Figure 1A depicts the operation of the G-quadruplex/duplex
DNA permanent shape hydrogel. The acrylamide copolymer
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Figure 1. (A) Schematic synthesis and function of the duplex/G-
quadruplex-cross-linked shape-memory hydrogel. Treatment of the
hydrogel with CE results in the dissociation of the stiff and shaped
hydrogel to the soft and shapeless state, exhibiting the shape-memory
duplex element. The subsequent treatment of the shapeless state with
K" ions restores the shaped duplex/G-quadruplex structure. (B)
Images corresponding to the switchable transitions of the system
between the hydrogel triangle shape and the shapeless quasiliquid. (C)
Rheometric characterization of the hydrogel/quasiliquid state. (a) G’
of the hydrogel; (b) G” of the hydrogel; (c and d) G’ and G” of the
quasiliquid state. (D) Switchable transitions of the G’ and G” values
corresponding to the hydrogel (i) and quasiliquid (ii) states where the
states (i) are generated in the presence of added K" and states (ii) are
generated in the presence of CE. (E) SEM image of the freeze-dried
hydrogel coated with a thin layer of Au/Pd.

chains P, were prepared by polymerization of the acrylamide
monomer and the (1)-acrydite and (2)-acrydite monomers at a
ratio 1:6. The loading of the DNA on the acrylamide
copolymer corresponded to acrylamide nucleic acid tethers:
acrylamide = 21:1 (for the determination of the loading see
Figure S1, Supporting Information). The strand (1) includes a
self-complementary sequence, while the strand (2) consists of a
sequence corresponding to half of a G-quadruplex. The
(heated) liquid aqueous mixture of P; was introduced into a
triangular mold, and after cooling to room temperature, a
solution of K ions was added to the viscous composite in the
mold. This resulted in the formation of the hydrogel stabilized
by the cooperative cross-linking bridges consisting of the
duplexes (1)/(1) and the K'-stabilized G-quadruplexes (2)/
(2). The resulting triangle-shaped hydrogel was extracted from
the mold. Treatment of the shaped hydrogel with 18-crown-6
ether, CE, eliminated the K" ions from the G-quadruplex
bridges. The dissociation of the G-quadruplex units separated
the hydrogel into a shapeless structure. The duplex bridging
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units are retained in the shapeless polymer mixture, but their
density is insufficient to stabilize a cross-linked shaped hydrogel
structure. The residual duplex bridges entangled in the polymer
network provide, however, an “internal memory”, and upon the
readdition of K ions, the original triangle-shaped hydrogel,
cooperatively stabilized by (1)/(1) bridges and G-quadru-
plexes, (2)/(2) is formed. The cyclic switching of the triangle-
shaped hydrogel into a shapeless droplet and back to the
triangle shape is shown in Figure 1B. The system could be
switched for at least three cycles between shaped and shapeless
states. Rheometric characterization of the cooperatively
stabilized (1)/(1):(2)/(2), Figure 1C, curves a and b (G’ =
54 Pa, G” = 7.8 Pa), and of the shapeless mixture, Figure 1C,
curves ¢ and d (G’ = 27 Pa, G” = 4.6 Pa), confirms that the
(1)/(1) G-quadruplex, (2)/(2), matrix exists indeed, as a
hydrogel while the CE-treated hydrogel exists as a soft,
shapeless mixture. Figure 1D shows the cyclic changes in the
storage modulus of the system, G’, upon treatment of the
copolymer, P, mixture with K* ions and CE between shaped
hydrogel and shapeless states. The existence of the (1)/(1):
(2)/(2)-cross-linked system as a hydrogel and its transition to
the (1)/(1) cross-linked soft and shapeless state are supported
by the fact that the G’/G” for the hydrogel state exhibits the
value 7.5, while for the shapeless state G'/G” corresponds to
4.5. The relatively high G'/G” value for the shapeless state is
attributed to the relatively high loading of the duplexes in the
system (required to retain the shape of the hydrogel state) that
leads to a relatively stiff shapeless state. Figure 1E depicts the
SEM image of the (1)/(1)/G-quadruplex, (2)/(2), cross-linked
hydrogel. (For the comparison of the SEM images of the
hydrogel and shapeless states, see Figure S2, Supporting
Information.) The dissolution of the shaped hydrogel in the
presence of CE and the recovery of the shaped hydrogel upon
addition of K* jons occurred on a time-scale of 2 h. It should be
noted that the fully triangle-shaped G-quadruplex-cross-linked
hydrogel (that lacks the (1)/(1) bridges) was dissolved upon
the addition of CE into a liquid shapeless structure. Upon the
addition of K' ions, the droplet was transformed into a
shapeless hydrogel, thus supporting our explanation that the
duplex bridges (1)/(1) present in the quasiliquid system shown
in Figure 1 provide an internal memory for the reshaping of the
hydrogel. (For the results of this control experiments see Figure
S3, Supporting Information.)

The construction and functions of the hybrid shape-memory
hydrogel responding to G-quadruplex and pH triggers are
presented in Figure 2. The system, Figure 24, is composed of
the domain A, where the acrylamide chains are cross-linked, at
pH = 5.0, by the duplex (1)/(1) and the i-motif subunits (3)/
(3). At pH = 8.0, the i-motif bridges are separated to yield a
quasiliquid phase that includes the duplexes (1)/(1) as
memory element. (This pH-sensitive shape memory hydrogel
was recently characterized by our group,” Figures S4—S6,
Supporting Information.) The second domain, B, is the (1)/
(1):(2)/(2) duplex/G-quadruplex-cross-linked hydrogel. Fig-
ure 2B depicts the method to construct the hybrid shaped
structure of the two domains. Domain A was generated in a
mold (arrow shape) separated by a stopper from a second mold
arrow-shaped reservoir in the mold. Subsequent to the
formation of the domain A, the stopper was removed, and
the hot solution of the liquified components of domain B was
added to the empty mold reservoir; the mixture was allowed to
cool down to form the (1)/(1):(2)/(2)-cross-linked hydrogel.

The contact edge between domains B and A includes, however,
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Figure 2. (A) Schematic structure of a stimuli-responsive hybrid
hydrogel exhibiting two shape-memory domains, A and B; a pH-
sensitive i-motif/random coil domain (yellow) and a K*-stabilized G-
quadruplex/CE responsive domain (red). (B) Schematic assembly of
the shaped hybrid hydrogel that includes two different shape-memory
elements: (a) Blocking the two-arrowhead mold with a blocker unit
(blue); (b) assembly of the duplex/i-motif arrowhead domain, A,
(yellow); (c) removal of the blocker unit; (d) growing the duplex/G-
quadruplex-cross-linked hydrogel in the vacant reservoir; (e) removal
of the hybrid hydrogel from the mold. (C) Images corresponding to
the stimuli-triggered transitions of the two-shape-memory hydrogel
between stiff and shaped hydrogel structures and soft shapeless states:
(I) The two-arrowhead-shaped hydrogel consisting of i-motif/
duplex:G-quadruplex/duplex-cross-linked matrices. (II) After treat-
ment of the hybrid hydrogel at pH = 8.0 and dissociation of the yellow
arrowhead, domain A. (III) After treatment of the resulting system at
pH = 5.0 and recovery of the shaped two arrowhead structure. (IV)
Treatment of the system with CE and dissociation of the G-quadruplex
bridges in domain B and the transition of domain B into a quasiliquid
state. (V) Treatment of the resulting system with K* ions and the
regeneration of the two arrowhead structures. (VI) Treatment of the
system at pH = 8.0 and in the presence of CE. Dissociation of the i-
motif and G-quadruplex bridges leads to the transition of domains A
and B into quasiliquid states. (VII) Treatment of the system at pH =
5.0 and in the presence of K" jons restores the shaped two arrowhead
structure.

complementary G-rich and C-rich domains of (2)/(3),
resulting in their hybridization and the formation of an
interconnected hybrid of domains A and B. Domains A and
B were labeled with SYBR Gold and Gel Red to yield yellow-
and red-labeled arrow-shaped structures, respectively. The
resulting structure was removed from the mold, resulting in
an intact stable hydrogel structure of the two domains, Figure
2C. Physical agitation of the interconnected domains did not
lead to the separation of the two hydrogels, implying that the
hybridization of strands (2)/(3) is sufficiently strong to retain
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the two stable domain hydrogel structures. It should be noted
that preparation of the individual hydrogels A and B did not,
even after prolonged shaking, form the interconnected hybrid
of domains A and B (Figure S7, Supporting Information). We
assume that the warm mixture of domain B melts the contact
edge of domain A, in the course of preparation, thus allowing
increased hybridization between strands (2) and (3) at the
boundary domain linking the two domains. Figure 2C depicts
the shape-memory control of the hybrid two-domain structure
using pH and K' ions/CE as triggers. The primary hybrid
structure consists of two shaped arrows ((1)/(1):(3)/(3)-
yellow) and (1)/(1):(2)/(2)/-red), that are stabilized at pH =
5.0 and in the presence of K" ions, respectively. Subjecting the
system to pH = 8.0 distorts the yellow arrow into a quasiliquid
shapeless structure without affecting the shape of domain B.
These results are consistent with the separation of the i-motif
bridging units in domain A and its transition to a quasiliquid
state. Reacidification of the system to pH = 5.0 restores the
arrow shape of domain A, implying that the quasiliquid state
included the shape-memory element provided by the entangled
duplex bridges (1)/(1). Subsequent treatment of the two-arrow
hybrid with CE transformed domain B (red arrow) into a
shapeless state. Further addition of K' ions regenerated the two
arrow-shaped hybrid structures of domains A and B. These
results are consistent with the selective pH- or CE-stimulated
dissociation of domains A or B into shapeless states that retain
internal “memories” to reshape the respective hydrogels.
Finally, the hybrid two-arrow-shaped hydrogel was treated,
simultaneously, with the two triggers pH = 8.0 and CE. The
reverse treatment of the system with K* ions at pH = 5.0
restores the two-arrow-shaped structure, implying that the
shape-memory is retained in the two original hydrogels. The
pH-stimulated dissolution of the (1)/(1):(3)/(3)-cross-linked
shaped hydrogel domain and the recovery of the shaped
structure occurred on a time-scale of 30 min. The dissolution of
the (2)/(2):(1)/(1)-cross-linked hydrogel domain and the
recovery of the shaped structure occurred on a time-scale of 2
h.

A further method to construct a shape-memory hydrogel has
involved the use of the strand displacement principle, Figure
3A. The system involves the use of an acrylamide/acrylamide
nucleic acid copolymer chain, P,. The chain P, was function-
alized with the nucleic acid (1), exhibiting self-complementar-
ity, and with the nucleic acids A, (4) and A, (), where (4) and
(5) exhibit partial complementarities. This chain was
synthesized by the polymerization of acrylamide and acrydite-
(1), acrydite-(4), and acrydite-(5) monomers at a ratio of 8:9:9.
The loading of acrylamide:acrylamide nucleic acids tethers
corresponded to S1:1 (Figure S8, Supporting Information).
The two kinds of duplexes, (1)/(1) and (4)/(5) (A,/Ay),
cross-linked the chains, resulting in the cooperative stabilization
of the hydrogel. The nucleic acid A, (5) includes a single-strand
toehold, and thus, treatment of the hydrogel with strand A, (6),
exhibiting complementarity to A, (5), results in the formation
of the energetically stabilized duplex A,/A; (5)/(6). This leads
to the formation of a shapeless state, where the duplexes (1)/
(1) provide the shape-memory entangled cross-linking net-
work. (The formation of the duplex A,/A; is energetically
favored, and this provides the driving force for the strand
displacement process.) The strand A; (6) includes, also, a
single-strand toehold, and in the presence of the auxiliary strand
A, (7), the formation of the energetically stabilized duplex A;/
A, (6)/(7) is favored. This results in the separation of the
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Figure 3. (A) Synthesis of the triangle-shaped hydrogel-cross-linked
by two different duplexes (1)/(1) and (4)/(5) and the switchable
transitions of the hydrogel between the shaped gel structure and
shapeless state, and back, using the strand displacement mechanism.
The (1)/(1) duplexes in the quasiliquid phase provide the stored
memory for reshaping the hydrogel. (B) Rheometric characterization
of the hydrogel and quasiliquid states of the system: (a) time-
dependent G’ of the hydrogel; (b) G” of the hydrogel; (c) time-
dependent G’ of the quasiliquid; (d) G” of the quasiliquid (G’, storage
modulus; G”, loss modulus). (C) Switchable transitions between the
hydrogel and quasiliquid states stimulated by the strand displacement
mechanism: (i) Hydrogel system consists of the (1)/(1) and (4)/(5)
cross-linked matrix. (ii) Quasiliquid system consists of the (1)/(1)
cross-linked matrix and (5)/(6) non-cross-linked duplexes. (D)
Images corresponding to the cyclic transitions between the shaped
triangle structure and the shapeless soft state upon treatment of the
systems with strands (6) and (7), respectively.

duplex A;/A, and the reformation of the hydrogel. By the cyclic
addition of A; and A,, the reversible transitions of the system
between the quasiliquid and hydrogel states proceed. The
duplex (1)/(1) in the shapeless state provides the memory for
the reshaping of the hydrogel. Figure 3B shows the time-
dependent features of the storage modules, G’, and of the loss
modules, G, corresponding to the hydrogel (curves a and b,
respectively) and of the quasiliquid state (curves c and d,
respectively). Figure 3C depicts the rheology experiments
demonstrating the switchable cyclic G’ and G” values upon
transforming the hydrogel to the quasiliquid state. The
existence of the (1)/(1):(4)/(5)-cross-linked system as a
hydrogel and the dissolution of the hydrogel into the (1)/(1)-
cross-linked quasiliquid state are supported by the fact that G’/
G” = 129 in the hydrogel state and G'/G” =~ 8.1 in the
quasiliquid state. For the SEM images of the hydrogel see
Figure S9, Supporting Information. Figure 3D shows the cyclic
transitions of a shaped hydrogel structure to the quasiliquid
state and back. Further support for the triggered dissolution of
the (1)/(1):(4)/(5) bridged hydrogel to the quasiliquid phase
upon the strand-displacement of (6) by means of (7) was
obtained by following the release of a dye (Oregon Green
Dextran, MW = 70 KD) from the hydrogel matrix, Figure S10,
Supporting Information. While the dye leaks out slowly from
the hydrogel matrix, the dissolution of the hydrogel in the
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presence of (6) leads to the fast release of the incorporated dye.
It should be noted that the dissolution of the (1)/(1):(4)/(5)-
cross-linked shaped hydrogel, in the presence of the “fuel”
strand (6), and the recovery of the shapeless matrix to the
shaped structure, upon addition of the “anti-fuel” (7), occurred
on a time-scale of 4 h.

Figure 4A depicts schematically the integration of two
systems of acrylamide/acrylamide nucleic acid copolymer
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Figure 4. (A) Cyclic switchable transitions of the hybrid two-
arrowhead-shaped hydrogel composed of two domains A and B, each
exhibiting a shape-memory element. The reversible transitions across
the states are stimulated by the strand displacement principle. (B)
Schematic presentation of the preparation of the hybrid hydrogel
consisting of the arrowhead domain A and B: (a) blocking the mold
with the stopper (blue); (b) growing the hydrogel of domain A
(yellow) in the stoppered mold; (c) removal of the stopper from the
mold and (d) growing to hydrogel of domain B in the vacant reservoir;
(e) removal of the hybrid two arrowhead composite from the mold.
(C) Images corresponding to the reversible transitions of the shape-
memory hybrid hydrogel across the different states: (I) Arrowhead
hybrid structures of domains A and B. (II) Transformation of domain
A into a soft and shapeless state that included the duplex (1)/(1) as
memory elements via strand displacement of the duplex (4)/(5) with
(6). (I1I) Regeneration of the two-arrowhead structure by the addition
of strand (7) and the displacement of strand (6) via formation of the
“waste” (6)/(7) duplex, and the reformation of duplex (4)/(5). (IV)
Transformation of domain B in the two-arrowhead structure into the
soft and shapeless phase that includes the (1)/(1) duplex as memory
elements via the (12)-stimulated strand displacement of duplex (10)/
(11). (V) Regeneration of the hybrid two-arrowhead structure by
(13)-triggered displacement of (12) and the formation of the waste
(12)/(13) duplex, and the concomitant formation of the (10)/(11)
duplex. (VI) The transition of domains A and B into shapeless states
using the strand displacement of (4)/(5) and (10)/(11) by (6) and
(12), respectively. (VII) Regeneration of the two-arrowhead structure
by the displacement of (6) and (12) from the shapeless domains A
and B by (7) and (13) to form the (6)/(7) and (12)/(13) waste
duplexes, and the concomitant formation of the duplexes (4)/(5) and

(10)/(11).
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chains, P; and P, operating by the strand displacement
principle, and used to construct a hybrid hydrogel system that
includes two shape-memory domains composed of domains A
and B. The domain A, composed of P;, included cross-linking
units (1)/(1) and A,/A, (4)/(5), and an additional tether L,
(8). Similarly, domain B, composed of P,, included tether L,
(9) and the self-complementary bridges (1)/(1) and strands B,
(10) and B, (11). The nucleic acid tethers L; and L, exhibit
complementarity, thus allowing the binding of the two domains
one to another to form the hybrid hydrogel system. The cross-
linking of the polymer chains P, by the duplexes (1)/(1) and
B,/B, (10)/(11) yields the cooperatively stabilized domain B.
The treatment of domain B with strand B; (12) results in the
separation of the duplex (B,)/(B,), (10)/(11), and the
formation of (B,)/(B,), (11)/(12), leading to the transition
of the domain B to a soft and shapeless state cross-linked by the
bridges (1)/(1) that provide the memory for the reformation of
the shaped hydrogel. Subjecting the shapeless system to strand
B, (13) leads to the displacement of B; from B,/B; that
produces the energetically stabilized “waste” duplex B;/B,,
(12)/(13). This process restores the shaped (1)/(1):(10)/
(11), cooperatively stabilized domain B. The rheometry
experiments characterizing domain B, and the switchable
shape-memory transitions of domain B between the hydrogel
and quasiliquid states are presented in Figure S11, Supporting
Information. The two domains A and B were integrated into a
composite system by the hybridization of the tethers L, and L,,
(8) and (9), in the mold (for the method generating the
nonseparable hybrid of domains A and B, vide supra), Figure
4B. The structure composed of the two domains was removed
from the mold, and then subjected to the triggered switchable
transitions between the shape-memory hydrogel and the
quasiliquid states in the presence of A; or A, (6) or (7),
and/or B; or B, (12) or (13), respectively, Figure 4C.
Treatment of the composite, two-arrowheads, hydrogel, image
I, with strand A; (6), transformed domain A (yellow) into a
shapeless form, while domain B (red) retained its structure,
image II. Subjecting the resulting system to A, (7) regenerated
the original yellow shaped domain A, image III. Further
treatment of the two-arrowhead hybrid with strand B; (12)
resulted in the separation of domain B, and the formation of the
soft, red, shapeless domain, image IV. The subsequent
treatment of the system with strand B, (13) restored the
shaped two-arrowheads composite hydrogel, image V. Finally,
the system was subjected to both strands, A; (6) and B; (12),
and this led to the formation of two shapeless red/yellow
domains, image VI. The treatment of the resulting structure
with strands A, (7) and B, (13) regenerated the shaped
composite structure of the two domains, image VIL

To this end, a hybrid composite of three shaped domains, A,
B, and C, was subjected to three shape-memory triggers as
outlined in Figure SA. The system was constructed of the two
domains A and B triggered by the strands A; or A, (6) or (7),
and B; or B, (12) or (13), respectively, and of the pH-
responsive domain C that includes the i-motif-triggered
transitions of the bridges (3)/(3), cf, Figure 2 and
accompanying discussion. As shown in Figure 5B, in the first
step, domain A that was cross-linked by the bridges (1)/(1)
and A;/A, (4)/(5) was prepared in the mold. This domain
(yellow) was functionalized with the tethers L; (8), for
hybridization with the other domains. The shape of the domain
A in the mold included an arrowhead, and its stem contained
two edges for the stepwise binding of domains B and C. Upon
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Figure 5. (A) Schematic structures of a stimuli-responsive hybrid,
three-arrowhead structure consisting of domains A, B, and C, and
exhibiting three shape-memories. The structure undergoes hydrogel-
to-quasiliquid transitions by strand displacement triggers (domains A
and B) and by three-arrowhead pH (domain C). (B) Schematic
preparation of the hybrid three-arrowhead structure exhibiting three
shape-memory elements. (C) Images correspond to the reversible
hydrogel/quasiliquid transitions in the hybrid three-arrowhead
structure. (I) The as-prepared three-arrowhead structures. (II) The
pH-stimulated transition of domain C into the quasiliquid state. (III)
The pH-stimulated regeneration of the three-arrowhead structures.
(IV) The transition of domain A into the quasiliquid state by the (6)-
induced strand displacement process. (V) Regeneration of the three-
arrowhead structure by the strand displacement of (6) from domain A,
and the formation of the (6)/(7) “waste”. (VI) Transition of domains
A and C into quasiliquid states by subjecting the structure to the (6)-
stimulated strand displacement and pH = 8.0, respectively. (VII)
Regeneration of the three-arrowhead structure by the (7)-stimulated
strand displacement of (6) and formation of the (6)/(7) duplex
“waste” and subjecting the system to pH = 5.0. (VIII) Transition of
domain B into a quasiliquid phase using the (12)-stimulated
displacement of (10)/(11). (IX) Regeneration of the hybrid three-
arrowhead structure by the displacement of (12) with (13) and the
formation of the (12)/(13) duplex as “waste”. (X) The transition of
domains A, B, and C into quasiliquid states using the strands (6) and
(12) as strand displacers, respectively, and pH = 8.0 for converting
domain C into the quasiliquid state. (XI) The regeneration of the
three-arrowhead structure by treatment of the system with strands (7)
and (13) to displace (6) and (12), respectively, and subjecting the
system to pH = S5.0.

forming domain A, the two edges were separated by stoppers
from the reservoirs for the preparation of domains B and C.
The subsequent addition of the heated solution of chain Pj
modified with (1), L, (9), B, (10), and B, (11) to one of the
reservoirs, while excluding the stopper, resulted in the
formation of the domain B (red) cross-linked (1)/(1) and
(10)/(11), and bridged to domain A by the duplex L,/L,, (8)/
(9). In the final step, the heated mixture of the acrylamide
chains modified with (1), (3), and L, (9), at pH = 5.0, was
added to the third reservoir, while excluding the appropriate
stopper. The resulting domain was cross-linked by the (1)/(1),
(3)/(3) (i-motif) bridges and was linked to domain A via the
duplex L,/L,, (8)/(9). The resulting three-arrowhead structure
composed of domain A (yellow), domain B (red), and domain
C (orange) was removed from the mold. Figure SC depicts the
sequence of triggered shape-memory transitions of the three-
domain hydrogel structure. The as-prepared structure, image I,
was subjected to pH = 8.0 that dissociated domain C (orange)

and transformed it to the soft and shapeless domain, image IIL
The subsequent treatment of the system at pH = 5.0 recovered
the original three-arrowhead structure, image III. Subjecting the
system to strand A; (6) dissociated the domain A (yellow),
resulting in the shapeless domain, image IV. The subsequent
treatment of the system with A, (7) regenerated the shaped
three-domain hydrogel system, image V. The additional
treatment of the shaped structure with strand A; (6) and the
conditions of the system at pH = 8.0 resulted in the dissociation
of domains A and C into shapeless domains, image VI, and the
subsequent treatment of the system with A, (7) at pH = 5.0
recovered the original shaped structure, image VIL Similarly,
treatment of the system with strand By (12) led to the
dissociation of domain B into shapeless domains, image VIII,
and the subsequent addition of the strands B, (13) to the
system regenerated the shaped structure of the hydrogel, image
IX. Finally, the treatment of the shaped three-arrowhead
structure with A; (6), By (12), at pH = 8.0, dissociated all
domains into shapeless domains, image X. Subjecting the
system to strands A, (7), B, (13), at pH = 5.0, restored the
shapes of all three-arrowheads, image XI. It should be noted
that the order of applying the triggering inputs can be altered.
We were able to switch two times the complete cycle of shape-
memory states with no noticeable effect on the three arrowhead
composite structure. It should be noted that the entire two-
arrowhead or three-arrowhead hybrid structures shown in
Figure 4 or 5 were subjected to the respective triggers, and only
the stimuli-responsive domains of the structures responded to
these triggers. It should be noted that the triggered dissolution
of the hybrid shaped structures (two-arrowheads and three-
arrowheads) in the presence of the appropriate stimuli, and the
recovery of the respective shapes, occurred on the time-scales
that were described for the individual domains.

B CONCLUSIONS

The present study extended the concept of DNA-based shape-
memory hydrogels. Until now only the cooperative cross-
linking of hydrogels by duplex DNA and i-motif bridging units
has been demonstrated. The present study has introduced new
motives to generate shape-memory DNA-based hydrogels.
These included the formation of shaped structures of the
hydrogel by the cooperative cross-linking of the polymer chains
by duplex nucleic acid bridges and K'-ion-stabilized G-
quadruplexes, and the cooperative cross-linking of the hydro-
gels by two different programmed nucleic acid duplexes. The
separation of the G-quadruplexes by means of 18-crown-6
ether, or the separation of one of the duplex bridges by means
of a strand displacement mechanism, led to the separation of
the shaped hydrogels and to the formation of shapeless systems.
The residual duplex nucleic acids in the shapeless systems
provided the memory for the regeneration of the original
structures of the hydrogels. The reshaping of the hydrogel
structures was achieved by the reformation of the cooperative
cross-linking interactions that stabilize the hydrogels, e.g., K
ions that stabilize the G-quadruplex bridging units or nucleic
acid strands that remove the displacer strands that dissociated
the original hydrogels. For all systems, cyclic and switchable
transitions between the shaped hydrogel and the quasiliquid
systems were demonstrated. The common principle for the
design of the shape-memory hydrogels includes the design of a
delicate balance between two cross-linking motives of the
hydrogel chains that act cooperatively in stabilizing the
hydrogel structures. The switchable removal of one of the
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cross-linking motives dissociates the hydrogel into a soft and
shapeless system that includes the second cross-linking element
as internal memory for reshaping the original hydrogel
structure. One may suggest other switchable cross-linking
elements, such as pH-sensitive triplex nucleic acid structures,
and the stabilization of duplex nucleic acid cross-linking
structures by metal ions or photoisomerizable intercalators as
triggers for the assembly of shape-memory hydrogels.

DNA-based shape-memory biopolymers represent a new
class of materials. Two different approaches were reported to
assemble the shape-memory DNA-based hydrogels. One
approach has involved the enzymatic synthesis of nested
DNA biopolymers undergoing shape-memory transitions
between solid and shaped swollen hydrogels.”” The second
approach has involved the use of cooperative i-motif and duplex
nucleic acids cross-linking units for the pH-triggered transition
of a shaped hydrogel to shapeless quasiliquid that includes the
duplex nucleic acid cross-linker units as “memory” elements.*
The novelty of the present study is reflected by the
introduction of a rich “tool-box” of triggers that yield functional
shape-memory hydrogels. The paradigm of synthesizing “shape-
memory~ hydrogels by two cooperative cross-linking units,
where one cross-linker acts as stimuli-responsive unit and the
other as “memory” element to reshape the hydrogel, was
generalized. Most importantly, we demonstrated the integration
of different shape-memory hydrogels into hybrid structures that
reveal programmable shape-memory properties. In the presence
of appropriate triggers, the individual or simultaneous
addressing of domains of the hybrid structure that dictated
shape-to-shapeless transitions was demonstrated.

The stimuli-triggered transitions of the shaped hydrogels to
the soft, shapeless, matrices suggest that loads incorporated in
the hydrogels may be released upon transforming the shaped
hydrogels to the soft matrices. Specifically, the design of a
hybrid structure composed of two different shape-memory
matrices, loaded with two different loads, may lead to the
stimuli-dictated release of the loads, in the presence of
appropriate triggers. Toward this goal, the hybrid two-
arrowhead hydrogel shown in Figure 4A was implemented
for the stimuli-controlled programmed release of two different
fluorescent payloads associated with the domains “A” and “B”
of the hybrid hydrogel. The fluorescent Oregon Green
modified dextran (MW = 70 kDa, dem = 520 nm) was
incorporated into domain “A” of the hybrid hydrogel, and the
fluorescent tetramethylrhodamine-modified dextran (MW = 70
kDa, A, = 580 nm) was immobilized in domain “B” of the
hybrid hydrogel. Figure 6 depicts the programmed stimuli-
triggered release of the fluorescent loads from the hybrid
structure. Treatment of the hybrid structure with the strand (6)
results in the dissociation of domain “A” of the hybrid structure,
while the structure of domain “B” is unaffected. This leads to
the selective release of the Oregon Green dextran, Figure 6,
panel L. Treatment of the hybrid structure with strand (12)
leads to the selective dissociation of domain B of the structure
and to the selective release of the tetramethylrhodamine-
modified dextran, Figure 6, panel IL. Treatment of the two-
arrowhead hybrid hydrogel structure with the strands (6) and
(12) dissolves the two domains “A” and “B”, resulting in the
release of the two fluorescent payloads, Oregon Green dextran
and tetramethylrhodamine-modified dextran, Figure 6, panel
IIL In addition to the programmed release of payloads from the
hybrid hydrogel composite, one might realize that the stimuli-
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Figure 6. Time-dependent triggered release of the fluorescent
payloads from the hybrid two-arrowhead hydrogel structure upon
the following treatments: panel I, treatment of the structure with
strand (6), where (a) corresponds to the time-dependent release of
Oregon Green-modified dextran and (b) time-dependent release of
tetramethylrhodamine modified dextran; panel II, treatment of the
structure with strand (12) [(a) release of Oregon Green-modified
dextran; (b) release of tetramethylrhodamine-modified dextran]; panel
I1I, treatment of the hybrid structure with strands (6) and (12) [(a)
release of Oregon Green-modified dextran; (b) release of
tetramethylrhodamine-modified dextran].

controlled stiffness of the hybrid structure might control the
growth of cells in dictated directions.

B EXPERIMENTAL SECTION

Materials. Tris(hydroxymethyl)aminomethane (Tris), potassium
chloride, magnesium nitrate, ammonium persulfate (APS), N,N,N’,N’-
Tetramethylethylenediamine (TEMED), acrylamide solution (40%),
and 18-crown-6 ether were purchased from Sigma-Aldrich. SYBR
Green I and Oregon Green Dextran (MW = 70 KD) were purchased
from Life Technologies Corporation (USA). Gel Red and Gel Green
were purchased from Biotium, Inc., USA. Ultrapure water purified by a
NANOpure Diamond instrument (Barnstead International, Dubuque,
IA, USA) was used to prepare all of the solutions.

The following nucleic acid sequences (Integrated DNA Tech-
nologies Inc., Coralville, IA) were used in the study: (1) $’-acrydite-
AAA TTC GCG CGA A-3'; (2) 5'-acrydite-AAG GGT TAG GG-3';
(3) S'-acrydite-AAA CCC CTA ACC CC-3'; (4) S'-acrydite-AAA
TCC CTG CCA AG-3’; (5) §'-acrydite- AAACTT GGC AGG GA A
CGC AGAC-3’; (6) 5'-CAT GTC GGG TCTG CGT TCCCTGC-3';
(7) §'-GG GAA CGC AGA CCC GAC ATG-3’; (8) §'-acrydite-CCT
TAT CAT ATC TCT AGA CTA TCA AC-3'; (9) 5'-acrydite-GTT
GAT AGT CTA GAG ATA TGA TAA GG-3'; (10) 5'-acrydite-AAA
TCA ACG CCG AG-3'; (11) S'-acrydite-AAA CTC GGC GTT GA
AAGG ATG-3’; (12) 5'-GCC ATT CTC ATC CTT TCA ACG CC-
3'; (13) §-GTT GA AAGG ATG AGA ATG GC-3'.

Synthesis of the Acrylamide/Acrydite-Nucleic Acid Copoly-
mers. The system shown in Figure 1A consisting of the duplex/G-
quadruplex cross-linked hydrogel was prepared as follows: A buffer
solution (Tris-HCl, 10 mM, pH = 8.0), 200 uL, that included 2%
acrylamide and the acrydite-modified DNA strands (1), 0.24 mM, and
(2), 144 mM, was prepared. Nitrogen was bubbled through the
solution. Subsequently, S uL of a 0.5 mL aqueous solution that
included 50 mg APS and 25 yuL TEMED was added to each of the
monomer solutions. The resulting solution was allowed to polymerize
at room temperature for 5 min, and then, the solution was further
polymerized at 4 °C for 12 h. The resulting copolymers were purified
from unreacted monomer units, salts, and the initiator, using a
Microcon (Millipore) spin filter unit (MWCO 10 kDa). The purified
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polymer was removed from the filter and dried under a gentle nitrogen
gas flow. The concentrations of the copolymer chains and the ratio of
the acrylamide/acrydite-nucleic acid units were determined spectro-
scopically.

For other hydrogel systems, the procedures to prepare the polymer
chains were similar, yet different acrydite-modified DNA strands were
used to prepare the respective hydrogels.

For the system shown in Figure 2A, hydrogel A consisting of the
duplex/i-motif cross-linked hydrogel: A buffer solution (Tris-HCl, 10
mM, pH = 8.0), 200 uL, that included 2% acrylamide and the acrydite-
modified DNA strands (1), 0.24 mM, and (3), 1.28 mM, was used for
the polymerization.

For the system shown in Figure 4A, consisting of domain A
composed of two kinds of duplexes cross-linked hydrogel: A buffer
solution (Tris-HCL 10 mM, pH = 8.0), 200 uL, that included 2%
acrylamide and the acrydite-modified DNA strands (1), 0.24 mM, (4),
027 mM, (5), 027 mM, and (8), 0.24 mM, was used for the
polymerization.

For the system shown in Figure 4A, consisting of domain B
composed of two kinds of duplexes cross-linked hydrogel: A buffer
solution (Tris-HCl, 10 mM, pH = 8.0), 200 uL, that included 2%
acrylamide and the acrydite-modified DNA strands (1), 0.24 mM,
(10), 0.27 mM, (11), 0.27 mM, and (9), 0.24 mM, was used for the
polymerization.

For the determination of the loading of the different nucleic acid
tethers in the acrylamide copolymer chains, see Supporting
Information.

Preparation of a Triangle-Shaped Hydrogel and the Trigger-
Induced Transitions between Shaped Hydrogel and Shapeless
States. To form a triangle-shaped duplex/G-quadruplex cross-linked
hydrogel, the dried copolymer sample P, was dissolved in a 200 uL
Tris-acetate buffer (100 mM Tris-Acetate, 100 mM MgCl,, pH 5.0) to
yield a mixture containing 1.32 mM nucleic acids. The resulting
mixture was heated to 90 °C, to yield a homogeneous aqueous
polymer solution. The hot solution was poured into a triangle-shaped
tetrafluoroethylene mold, and allowed to cool down to room
temperature. A K* ion solution (200 mM) was added to the viscous
composite in the mold, allowing the formation of the hydrogel
stabilized by the duplex/G-quadruplex. After incubation for 4 h, the
resulting shaped duplex/G-quadruplex cross-linked hydrogel was
removed from the mold.

To form a triangle-shaped duplex/i-motif cross-linked hydrogel, or
the two duplex cross-linked hydrogel, the dried copolymer chains were
dissolved in a 200 uL Tris-acetate buffer (100 mM Tris-Acetate, 100
mM MgCl,, pH 5.0) to yield mixtures containing 1.28, 0.83, and 0.78
mM nucleic acids, respectively. The resulting mixture was heated to 90
°C, to yield a homogeneous aqueous polymer solution. The hot
solution was poured into a triangle-shaped tetrafluoroethylene mold,
and allowed to cool down to room temperature for 2 h.The resulting
shaped hydrogel was removed from the mold, respectively.

For the transitions of the duplex/G-quadruplex cross-linked shaped
hydrogel to a soft and shapeless state and its recovery to the shaped
structure, the triangle-shaped structure was immersed in a Tris-acetate
buffer, pH = 5.0, that included 18-crown-6 ether, 200 mM, and MgCl,,
100 mM, for 2 h. The surrounding solution was removed to yield an
amorphous, nonshaped phase of the polymer. To recover the shaped
hydrogel, a Tris-acetate buffer, pH = 5.0, that included KCI, 200 mM,
and MgCl,, 100 mM, was added to the amorphous matrix, and the
recovery of the polymer shaped structure occurred within 2 h. The
surrounding solution was removed, and the shaped hydrogel kept its
structure for several hours with no noticeable changes. It should be
noted that the hydrogel was stained with Gel Red.

For the transitions of the duplex/i-motif cross-linked shaped
hydrogel to a shapeless state and its recovery to the shaped structure,
the triangle-shaped structure was immersed in a Tris-acetate buffer, pH
= 8.0, that included MgCl,, 100 mM, for 0.5 h. The surrounding
solution was removed to yield an amorphous, nonshaped phase of the
polymer. To recover the shaped hydrogel, a Tris-acetate buffer, pH =
5.0, that included MgCl,, 100 mM, was added to the amorphous state,
and the recovery of the polymer shaped structure occurred within 0.5
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h. The surrounding solution was removed, and the shaped hydrogel
kept its structure for several hours with no noticeable changes. It
should be noted that the hydrogel was stained with SYBR Green L

For the transitions of the two different duplexes cross-linked
hydrogel ((1)/(1):(4)/(5) or (1)/(1):(10)/(11)) to a shapeless state
and its recovery to the shaped structure, the triangle-shaped structure
was immersed in a Tris-acetate buffer (with 30 uL, S mM (6) or (12)),
pH = 5.0, that included MgCl,, 100 mM, for 4 h. The surrounding
solution was removed to yield an amorphous, nonshaped phase of the
polymer. To recover the shaped hydrogel, a Tris-acetate buffer (with
30 uL, S mM (7) or (13)), pH = 5.0, that included MgCl,, 100 mM,
was added to the amorphous matrix, and the recovery of the polymer
shaped structure occurred within 4 h. The surrounding solution was
removed, and the shaped hydrogel kept its structure for several hours
with no noticeable changes. It should be noted that the hydrogels were
stained with SYBR Green I and Gel Red, respectively. Furthermore, we
note that, in the strand-displacement stimulated transitions of the
shaped hydrogel to the soft and shapeless state, and back to the shaped
structure, we use an excess of the fuel (e.g,, (6)) and antifuel (e.g., (7))
strands. These relatively high concentrations of the fuel/antifuel
strands are used to enhance the strand displacement processes and the
accompanying cyclic hydrogel-to-liquid transitions. Also, it should be
noted that the antifuel strand, e.g., (7), selectively hybridizes with (6)
to release the duplex (6)/(7) and allow the reannealing of (4) with
(5) to form the duplex (4)/(5). Note, however, that although (7)
includes a complementary domain to (4), the formation of the
possible duplex (4)/(7) is disfavored since the duplex (4)/(S) is
substantially more stable than (4)/(7) due to the higher number of
complementary bases.

The formation of two- or three-arrowhead-shaped hydrogel
followed the procedures described in the captions of Figure 2B,
Figure 4B, and Figure SB. The stimuli-triggered transitions of the two-
or three-arrowhead-shaped hydrogels between shaped hydrogel
structures and shapeless states were achieved by applying the
conditions mentioned above for each hydrogel, respectively. It should
be noted that, in the three-arrowhead-shaped hydrogel system, in
order to bridge the duplex/i-motif cross-linked domain “C” to the
system, this domain “C” was functionalized with the DNA strand, L,
(9). The hybridization of L;/L,, (8)/(9), bridged domain A and
domain C. In the three-arrowhead-shaped hydrogel system, duplex/i-
motif cross-linked domain C was stained with Gel Green. It should be
noted that the entire two-arrowhead or three-arrowhead hybrid
structures shown in Figure 4 or Figure S were subjected to the
respective triggers, and only the stimuli-responsive domains of the
structures responded to these triggers.

The rheology experiments and SEM imaging experiments character-
izing the different hydrogels and additional experimental details are
provided in the Supporting Information.
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