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Optothermally Reversible Carbon Nanotube-DNA

Supramolecular Hybrid Hydrogels

Nikhita D. Mansukhani, Linda M. Guiney, Zonghui Wei, Eric W. Roth, Karl W. Putz,

Erik Luijten, and Mark C. Hersam

Supramolecular hydrogels (SMHs) are three-dimensional constructs wherein
the majority of the volume is occupied by water. Since the bonding forces
between the components of SMHs are noncovalent, SMH properties are
often tunable, stimuli-responsive, and reversible, which enables applica-
tions including triggered drug release, sensing, and tissue engineering.
Meanwhile, single-walled carbon nanotubes (SWCNTs) possess superlative
electrical and thermal conductivities, high mechanical strength, and strong
optical absorption at near-infrared wavelengths that have the potential to
add unique functionality to SMHs. However, SWCNT-based SMHs have thus
far not realized the potential of the optical properties of SWCNTs to enable
reversible response to near-infrared irradiation. Here, we present a novel
SMH architecture comprised solely of DNA and SWCNTs, wherein nonco-
valent interactions provide structural integrity without compromising the
intrinsic properties of SWCNTs. The mechanical properties of these SMHs
are readily tuned by varying the relative concentrations of DNA and SWCNTs,
which varies the cross-linking density as shown by molecular dynamics simu-
lations. Moreover, the SMH gelation transition is fully reversible and can be
triggered by a change in temperature or near-infrared irradiation. This work
explores a new regime for SMHs with potential utility for a range of applica-

water. Supramolecular hydrogels (SMHs),
by contrast, employ molecular subunits
along with biomolecules and functional-
ized nanoparticles, which are cross-linked
by noncovalent forces such as electrostatic
interactions, hydrogen bonding, metal-
ligand bonding, or host-guest chem-
istry2l Noncovalent cross-linking forces
are relatively weak and therefore dynamic,
resulting in constructs that are highly
adaptable, tunable, and stimuli-responsive.
Consequently, SMHs have received signifi-
cant attention for applications such as self-
healing, sensing, and cell encapsulation.’!

Single-walled carbon nanotubes
(SWCNTs) are well known for their
extraordinary physical, optical, and elec-
tronic properties.!  For example, their
1D nature leads to van Hove singulari-
ties in the density of states that imply
strong peaks in SWCNT optical absorp-
tion spectra. For common semiconducting
SWCNTs, these optical absorption peaks

tions including sensors, actuators, responsive substrates, and 3D printing.

1. Introduction

Hydrogels have attracted wide interest for a variety of mechan-
ical, biomedical, and chemical applications.!l They are typically
based on covalently cross-linked hydrophilic polymers, and have
the ability to swell by absorbing and retaining large amounts of

occur at near-infrared (NIR) wavelengths,
which fall in the transparency window
for biological tissue.P! Since SWCNTs are
hydrophobic, surface functionalization
is necessary to form dispersions in aqueous solutions. While
covalent surface modification compromises the intrinsic optical
properties of SWCNTs, noncovalent functionalization (e.g.,
using amphiphilic surfactants, synthetic polymers, or biomole-
cules such as DNA) preserves the original SWCNT sp?-bonding
and thus the SWCNT optical properties remain intact.l
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In an effort to unite the desirable attrib-
utes of SMHs and SWCNTSs, several reports
have explored the incorporation of SWCNTs
in hydrogel and SMH constructs. In tradi-
tional hydrogels, SWCNTs have provided
mechanical reinforcement and stimuli-
responsive properties such as a mechanical
response upon expostre to NIR irradiation.”!
In the high concentration limit, SWCNTs
have themselves formed gels without addi-
tives through van der Waals bonding.’! In
addition, since SWCNTs can form complexes
with a variety of macromolecules, they have
been incorporated into SMHs in conjunc-
tion with polymers, polysaccharides, DNA,
and other biomolecules.”) However, although
some degree of thermal, chemical, and
optical responsiveness has been achieved in
SWCNT-based SMHs, reversible responses
to NIR irradiation are noticeably absent from
prior reports.[1¥

Here, we present a novel SMH architec-
ture comprised only of DNA and SWCNTs
that employs DNA base pairing as the cross-
linking interaction. This SWCNT-DNA SMH
design allows highly tunable mechanical
properties as a function of the relative con-
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Figure 1. Schematic and physical characterization of the SWCNT-DNA SMH structure. A) DNA
sequence (AC);,S1 (black) is used to disperse SWCNTs. The linker DNA (green) has two
regions: one complementary to S1 to hybridize with the SWCNT and one self-complementary
(CG) repeat of variable length, separated by a single adenosine base. B) Proposed structure
upon gel formation, wherein (AC);,S1 helically wraps around the SWCNT while the linker DNA
forms duplexes with both S1 and other linker strands, thereby providing the cross-linking mech-
anism. C) Cryo-SEM of a lyophilized SWCNT-DNA gel, showing a network of SWCNTs amid
aggregated buffer salts and DNA. D) Photographs of the inverted-vial test to demonstrate the
sol-gel transition (solution on left and gel on right).

centration of SWCNTs and DNA. Further-
more, by varying the DNA sequence length,
SWCNT-DNA SMH stability can be engineered, ultimately
allowing robust structures across biologically relevant ranges
of pH. The observed properties are consistent with molec-
ular dynamics simulations that relate cross-linking density
to SWCNT concentration and DNA sequence length. Finally,
we demonstrate full thermal and optical reversibility of the
SWCNT-DNA SMHs as a function of temperature or NIR
optical irradiation. The properties of these SWCNT-DNA SMHs
hold promise for a range of applications including substrate-
responsive materials, sensing, and 3D printing.['l]

2. Results and Discussion

Drawing inspiration from DNA-modified gold nanoparticle
assembly and DNA hydrogels, our SMH design utilizes only
SWCNTs and DNA.'Z SWCNTs are first dispersed in aqueous
solution with single-stranded DNA consisting of 12 adenosine-
cytosine (AC) repeats attached to an 12-base pair sequence
called “S1,” labeled “(AC);,S1,” as shown in Figure 1A,B
(see the Experimental Section for further details). This DNA
sequence is chosen for its lack of hairpin formation and for the
strong affinity of AC bases for SWCNTs."®l (6,5) SWCNTs are
chosen for their widespread availability in purified form and
strong absorption in the NIR range. The dispersion is formed
in aqueous buffer solution consisting of 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), potassium acetate,
and sodium chloride with pH 7.5. The resulting dispersion is
characterized by optical absorbance spectroscopy (Figure S1,
Supporting Information) and then exposed to an excess of linker
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DNA, also shown in Figure 1A,B. The linker DNA strands are
comprised of two regions: a region that is complementary to
the SWCNT-adsorbed DNA (sequence S1), and another region
of (CG) repeats of variable length. Between the two regions
is a single adenosine (A) base that enhances the flexibility of
the linker.'2l The CG region is self-complementary and can
form a duplex with other SWCNT-bound linker DNA strands,
thereby providing the basis for a DNA cross-linked network of
SWCNTs. Indeed, upon addition of excess linker DNA and a
slow annealing step, a SWCNT-DNA SMH is formed. Figure 1C
contains a cryo-SEM (scanning electron microscopy) image of a
lyophilized SWCNT-DNA SMH following slow freeze etching,
thereby allowing visualization of the SWCNT network, while
Figure 1D demonstrates the sol-gel transition.

To verify the proposed gelation mechanism, the rheology
of the SWCNT-DNA SMH is compared in the presence and
absence of linker DNA. These experiments determine the
necessity of the DNA linker in addition to the base-pair speci-
ficity of linker cross-linking. In these rheological studies, strain
sweeps are used to determine the storage (G) and loss (G”)
moduli (Figure 2A). A representative shear stress sweep shows
that the viscosity of a typical 1.8 mg mL™' SWCNT-DNA SMH is
900 Pa s (Figure 2B). The preparation of SWCNT-DNA disper-
sions with a noncomplementary linker or a lack of linker does
not result in gel formation, supporting our hypothesis that the
duplex linker is formed (Figure S2, Supporting Information).
Furthermore, we compare our SWCNT-DNA SMH to SWCNT-
DNA gels that are known to form through van der Waals
interactions at high concentrations. Without the linker pre-
sent, our SWCNT-DNA dispersions form a van der Waals gel at
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using a bead-spring polymer model. For sim-
plicity, this model assumes that the (AC),
strand of the DNA that strongly interacts
with the SWCNT surface has a negligible
contribution to cross-linking and thus can be
represented by a direct bond of the S1 strand
to one of the SWCNT beads (Figure S3, Sup-
porting Information). Given the small Debye

0.5 1.0 1.5 2.0 2.5 3.0 3.5 80 100

CNT Concentration (mg/mL)

Slow Anneal

Figure 2. Tunable mechanical properties based on the concentration of SWCNTs. A) Strain
sweeps of several representative samples. Squares represent G’; triangles represent G”. Purple,
green, blue, and black spectra represent gels with SWCNT concentrations of 1.8, 1.44, 1.25, and
0.72 mg mL™", respectively. B) Viscosity versus shear stress for a typical gel, compared to an
ungelled sample. C) Storage (G’) and loss (G”) moduli as a function of SWCNT concentration.
Linker DNA concentration is increased in proportion to SWCNT concentration. Dashed black
and red lines indicate moduli for a 5 mg mL™" van der Waals gel. D) Number of inter-SWCNT
and intra-SWCNT cross-links in simulation, as a function of the number of SWCNTs for gel
systems formed at slow and fast annealing rates. E,F) Representative simulation configuration
of gels formed by 100 SWCNTs at slow and fast annealing rates. SWCNTs are shown in pink.

S1 strand and linker DNA are both shown in cyan.

SWCNT concentrations above 5 mg mL~". However, in the pres-
ence of the linker, gelation occurs at a SWCNT concentration as
low as 1.25 mg mL~!. In addition, the DNA cross-linked SWCNT
gel at a SWCNT loading of 1.8 mg mL! is found to have a G’ of
46 Pa, whereas the 5 mg mL™ van der Waals gel has a G’ of
only 15 Pa, indicating that DNA base-pairing contributes to
mechanical strength and integrity.

The mechanical properties of the SWCNT-DNA SMHs can
also be tuned by varying the SWCNT concentration. At concen-
trations lower than that of the van der Waals gel, the storage
modulus of the gels strongly depends on the SWCNT concen-
tration, with a measured value as large as 200 Pa at a SWCNT

Macromol. Rapid Commun. 2017, 1700587
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length of =0.3 nm at the salt concentration
employed in the experiments, electrostatic
interactions are ignored in the simulations.
Instead, all components are assumed to
interact with each other through excluded-
volume interactions, which are modeled
via shifted-truncated Lennard-Jones (LJ)
potentials. The formation of cross-links is
simulated via a dynamic bonding function.
Additional modeling details are provided in
the Supporting Information.

In the simulations, we emulate the
heating and subsequent cooling of the mix-
ture of DNA-dispersed SWCNTs and linker
DNA that is present during gel synthesis (see
the Experimental Section). Since the simula-
tion employs coarse-grained building blocks,
the corresponding effective annealing rate
must be determined empirically. To this end,
we first simulate six systems with different
annealing rates and compare the configura-
tions and the number of cross-links in the
formed gel. Simulation results (Figure S4,
Supporting Information) show that the
number of cross-links increases as the
annealing rate decreases, and that the slowest
annealing rate (Rate 1) results in strong SWCNT aggregation
with a large number of inter-SWCNT cross-links. Given that the
gel synthesized in the experiments is homogeneous, we con-
clude that the appropriate annealing rate in simulation must be
faster. On the other hand, it must be slower than Rate 6, which
corresponds to an immediate quench to room temperature.

To investigate the impact of SWCNT concentration on
the gel cross-linking density, the system is simulated at
two representative annealing rates: the “slow” and “fast”
rates corresponding to Rates 3 and 5 in Figure S4 (Sup-
porting Information), respectively. Figure 2E,F, respectively,
shows representative configurations of the gel formed by 100

160
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SWCNTs at these two annealing rates, where SWCNTs are
shown in pink and the DNA strands (S1 and linker) are shown
in cyan. Figure 2D shows the total number of cross-links as a
function of the number of SWCNTs. For both annealing rates,
the number of inter-SWCNT cross-links increases linearly with
SWCNT concentration. The inter-SWCNT cross-links con-
tribute to the mechanical strength of the gel, as reflected by the
corresponding increase in the modulus of the gel (Figure 2C).
At the slow annealing rate, the SWCNTs tend to be more
aligned with each other (Figure 2E), leading to a larger number
of inter-SWCNT cross-links. Besides the inter-SWCNT cross-
links, nearby S1 strands can form intra-SWCNT cross-links
in the presence of linker DNA. The number of intra-SWCNT
cross-links also increases linearly with increasing SWCNT con-
centration. However, the gel formed at the slower annealing
rate has a slightly reduced number of intra-SWCNT cross-links.

The length of the linker DNA and the pH of the buffer are
also varied to determine their effects on the mechanical and
melting properties of the gel. Specifically, we vary the pH from
6 to 10, and the number of repeat units of the (CG), region
of the linker DNA from n =2 to 9 (or 4 to 18 bases). As n
increases, the moduli G* and G” decrease slowly, indicating
a weakening but enduring gel structure (Figure 3A). Since
the inter-SWCNT cross-linking density is closely related to
mechanical strength, MD simulations are again employed to
explore the effect of linker length on cross-linking density. In
these simulations, the linker length is varied from 1 to 6 beads
(with bead diameter 1 nm), corresponding to a linker (CG),
region length ranging from 4 to 18 bases in the experimental

www.mrc-journal.de

setup. Figure 3B,C shows the number of inter-SWCNT and
intra-SWCNT cross-links as well as free S1 strands (including
those that may connect to linker DNA but do not form cross-
links) as a function of linker length for different annealing
rates. As linker length increases, the probability of nearby S1
strands forming an intra-SWCNT cross-link is enhanced. The
competing formation of intra-SWCNT cross-links reduces
the overall number of inter-SWCNT cross-links and free S1
strands, as demonstrated in Figure 3B,C for gel systems formed
at fast and slow annealing rates. The reduced number of inter-
SWCNT cross-links in turn contributes to the decrease of G” at
longer linker length (Figure 3A).

In the rheological measurements, the melting temperature
(i-e., the gel-sol transition point) is defined as the temperature
at which G’ drops below G”, thereby no longer meeting the
rheological standard for a solid material. Keeping S1 constant,
we expect some increase in the melting temperature of the gel
as n is increased from 4 to 9, and indeed a rise in the melting
temperature is observed from 42 to 52 °C (Figure 3D). DNA
duplex stability can be predicted from the base sequence.l'
Specifically, the temperature at which complementary strands
in the 5’-(CG),-3" duplex dissociate increases with n, consistent
with the experimental observation that the gel melting tem-
perature increases with increasing linker length. The measured
gel melting temperature is well below the dissociation tempera-
tures of free 5’-(CG),-3" and free S1 duplexes in solution, which
are above 86 °C. This observation can be understood from the
fact that a fraction of cross-links will break below the DNA
dissociation temperature, thereby melting the gel. Since pH
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Figure 3. Mechanical properties and melting temperature as a function of linker length and pH. A) G" and G” as a function of linker length, showing a
gradual weakening of the mechanical properties. The number of inter-SWCNT and intra-SWCNT cross-links as well as the number of free S1 strands as
a function of linker length for gel systems formed in MD simulations at B) fast and C) slow annealing rates. D) SWCNT-DNA SMH melting tempera-
tures increase with DNA linker length due to enhanced cross-linking stability. SWCNT-DNA SMH melting temperatures are lower than free duplexes
in solution. SWCNT-DNA SMH E) mechanical properties and F) melting temperature remain stable for pH values in the range 6-10.
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Figure 4. Optothermal reversibility of SWCNT-DNA SMHs. A) Tempera-
ture is cycled between 20 and 60 °C while the SWCNT-DNA SMH is con-
stantly measured. The crossover between G’ and G” marks the reversible
sol-gel transition. B) NIR light drives the gel-sol transition after 20 min of
irradiation. After irradiation, the SMH recovers to its original rheological
state within 60 min. C) NIR reversibility is shown by repeated cycles of
irradiation and recovery of the SWCNT-DNA SMH.

is an important factor in many applications of hydrogels, its
effect on SWCNT-DNA SMHs was also examined. Figure 3E,F
shows that the mechanical properties and melting temperature
of the gel are unaffected for pH values in the range of 6-10
(Figure 3EF). Below pH 6, the SWCNT-DNA dispersions are
destabilized, most likely due to the disruption of SWCNT-DNA
interactions at low pH. Above pH 10, gels do not form, pre-
sumably due to the disruption of DNA base pairing at high pH.

Finally, the optothermal reversibility of SWCNT-DNA SMHs
are explored rheologically. By measuring the crossover point
of G’ and G”, we effectively record repeated gel-sol and sol-gel
transitions. Thermoreversibility was demonstrated by cycling
the ambient and plate temperature in the rheometer between 20
and 60 °C. The gel readily cycles between a sol and gel state in
response to cyclic temperature changes (Figure 4A). Moreover,
the SWCNTs absorb NIR light leading to local heating that pro-
vides another means of sol-gel triggering. In Figure 4B, SWCNT-
DNA SMHs are irradiated with 976 nm light, during which time
the crossover between G” and G” is observed after 20 min. Fol-
lowing irradiation, the NIR light source is turned off, and the
SWCNT-DNA SMHs spontaneously recover to their original
rheological state after 60 min. This process is fully reversible,
and the SWCNT-DNA SMHs do not suffer significant damage
or alteration following repeated cycling of NIR-triggered sol-gel
transitions (Figure 4C). This process also occurs in dilute net-
works of SWCNT-DNA dispersions that do not gel (Figure S5,
Supporting Information), providing additional options for opti-
cally triggered solution-based applications.
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3. Conclusion

In summary, we have demonstrated stimuli-responsive
and reversible SWCNT-DNA SMHs by exploiting noncova-
lent interactions between SWCNTs and DNA in addition to
optimized DNA linker chemistry. Due to the customizable
properties of synthetic DNA, further functionality can be
straightforwardly introduced to this SMH architecture. The
properties of SWCNT-DNA SMHs are also tailorable by varying
the SWCNT concentration, particularly allowing enhancement
of mechanical properties and integrity. In addition, the SWCN'T-
DNA SMHs are reversibly responsive to heat, NIR irradiation,
and pH, providing a variety of options for dynamically tuning
properties via external stimuli. With this unique set of function-
alities, SWCNT-DNA SMHs are likely to have broad impact in a
variety of applications including sensors, actuators, responsive
substrates, and 3D printing.[""]

Experimental Section

Dispersion of SWCNT in DNA: In a four dram vial, equal amounts by
weight of SG(6,5) SWCNT powder and (AC);,ST DNA were mixed with
duplex buffer (30 x 10 m HEPES, 100 x 1073 m potassium acetate,
1 m NaCl, pH 7.5). The mixture was ultrasonicated for 1 h at a power
level of 8-10 W while the vial was cooled in an ice bath. Following
ultrasonication, the slurry was centrifuged in 1.5 mL conical Eppendorf
tubes to remove aggregates, after which the top 80% was carefully
removed with a 20-gauge needle. The resulting dispersion was then
dialyzed for a minimum of 3 days in a 100 kDa membrane against
duplex buffer, during which the buffer was changed daily.

SWCNT-DNA Gel Synthesis: SWCNTs dispersed in (AC);,ST were
mixed with linker DNA in a 1:1 concentration ratio. The mixture was
slowly heated in a water bath at a rate of 0.5 °C min™' until it reached
60 °C, after which it was allowed to cool slowly to room temperature at
an approximate rate of 0.25 °C min~".

Molecular Dynamics Simulations: Coarse-grained SWCNTs were
modeled through a rigid, linear collection of 280 beads, each with a
diameter of =1 nm (o is the L] unit of length). The interbead distance
was also 1 nm, so that the length of each SWCNT was 280 nm, which
is about 62% of the average length of the SWCNT in experiments
(=450 nm). The S1 strand and (CG),, strand of linker DNA were modeled
using a bead-spring polymer model. It is assumed that the double-
stranded DNA formed after hybridization with SWCNT had the B-form,
with a pitch distance of 0.332 nm per base pair. Therefore, with a bead
size chosen as 1 nm in the simulation, the S1 strand with 12 bases
was represented by a polymer chain with 4 beads. Similarly, the (CG),
strands of the linker DNA with n ranging from 2 to 9 corresponded to
polymer chains with 1-6 beads. Further experimental and computational
details are provided in the Supporting Information.

Supporting Information

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