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a b s t r a c t

DNA hydrogels are promising soft materials because of the distinctive properties of DNA such as
biocompatibility, coil-globule transition, molecular recognition, and selective binding. However, such
hydrogels synthesized so far suffer from poor mechanical properties and low dimensional stability,
which limit their stress-bearing technological applications. Here, we introduce a novel concept for the
preparation of high-strength double-stranded (ds) DNA hydrogels with temperature sensitivity. The
hydrogels were synthesized by free-radical polymerization of N-isopropylacrylamide in aqueous
Laponite dispersions containing ds-DNA in a highly entangled state. The nanoparticles of synthetic
Laponite clay act as a dynamic cross-linker to form a three-dimensional physical network due to strong
clay-polymer interactions. We observed that ds-DNA maintains its native structure and function during
the formation of nanocomposite hydrogels. Cyclic heating/cooling experiments conducted between
below and above the melting temperature of ds-DNA reveal a drastic increase in the elastic modulus of
nanocomposite hydrogels due to the thermally induced denaturation and renaturation of DNAwithin the
physical network. The hydrogels prepared at various Laponite contents display the characteristics of both
poly(N-isopropylacrylamide) and ds-DNA e.g., temperature sensitivity, denaturation and renaturation of
DNA strands, and they exhibit a high tensile fracture stress (up to 53 kPa) and elongation to break (up to
544%).

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Deoxyribonucleic acid (DNA) molecules found in all living cells
are carriers of genetic information in their base sequences. DNA is a
high-molecular weight biopolymer made from repeating units
called nucleotides consisting of deoxyribose sugar, a phosphate
group and side group amine bases. When aqueous solutions of
double-stranded DNA are heated, the hydrogen bonds keeping the
two strands together break and DNA dissociates into single strands
with a random coil conformation [1]. This transition from double-
stranded (ds) to single-stranded (ss) DNA called denaturation or
melting can be reversed by slow cooling of dilute DNA solutions,
which is called renaturation [2].

DNA hydrogels are water-swollen three-dimensional networks
of DNA strands [3,4]. Such hydrogels are promising soft materials
because of the unique properties of DNA such as biocompatibility,
discrete conformational transition between a random coil and a
kayo@itu.edu.tr (O. Okay).
compact globule induced by the addition of condensation agents,
highly selective binding, and molecular recognition [5,6]. DNA
hydrogels have a wide range of potential applications including
biosensors, gene therapy, drug delivery, and tissue engineering
[7e10]. Another advantage of using DNA to make functional and
responsive hydrogels is that a large amount of DNA could be
recovered at a low price from natural sources such as the industrial
wastes of marine products [11]. Due to the double-stranded
structure of DNA, chemical compounds having aromatic planar
groups such as ethidium bromide (EtBr), a four-ringed aromatic
molecule with three of the rings conjugated, intercalate between
adjacent base pairs of ds-DNA and result in mutation and endocrine
disruption [12e17]. This characteristics of DNA suggests that the
hydrogels containing ds-DNA can also be used as selective sorbents
for toxic materials [17].

In recent years, a number of strategies have been employed to
prepare physically and chemically cross-linked DNA hydrogels
[18e29]. It was shown that the semi-dilute solutions of ds-DNA
subjected to heating/cooling cycles between below and above its
melting temperature produce physical DNA hydrogels due to the
formation of hydrogen bonds between strands belonging to
different ds-DNA molecules [24e26]. Although physical DNA
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hydrogels are stable in aqueous NaCl solutions, they easily dissolve
in water due to the large osmotic pressure of DNA counterions
dominating over the elastic response of the physically cross-linked
network segments [30]. Chemical DNA hydrogels have been pre-
pared by cross-linking of DNA in aqueous solutions using a chem-
ical cross-linker such as ethylene glycol diglycidyl ether (EGDE) or
butanediol diglycidyl ether (BDDE) [18e20,22e24]. The cross-
linker molecules containing epoxide groups on both ends react
with the amino groups on the nucleotide bases to form a three-
dimensional DNA network. The gelation reactions of DNA with
diepoxide cross-linkers have also been conducted in frozen
aqueous solutions at �18 �C to produce macroporous DNA cryogels
suitable as sorbent for the removal of carcinogenic agents from
aqueous solutions [17]. Similar to single DNA molecules, DNA
hydrogels undergo volume phase transitions in response to
external stimuli, such as the solvent composition, the concentra-
tions of inorganic salts, polyamines, cationic macromolecules, or
surfactants [18,20,22,23].

However, DNA hydrogels synthesized so far suffer from poor
mechanical properties and low dimensional stability which limit
their stress-bearing technological applications. This poor mechan-
ical performance is due to the lack of an efficient energy dissipation
mechanism in the chemically cross-linked DNA network leading to
rapid crack propagation [31,32]. In the past decades, several tech-
niques have been developed to produce mechanically strong syn-
thetic hydrogels [33]. The common strategy underlying these
techniques is to create an energy dissipation mechanism in the
hydrogels by introducing sacrificial bonds in the chemically cross-
linked network [34,35], or by replacing chemical cross-links with
the physical ones [36,37]. Haraguchi et al. prepared nanocomposite
(NC) hydrogels exhibiting high fracture energies (up to 6.8 kJ m�2)
and elongation to break (>1500%) by solution polymerization of
hydrophilic monomers in the presence of Laponite nanoparticles as
a physical cross-linker, substituting the traditional chemical cross-
linkers [38,39]. For example, poly(N-isopropylacrylamide) (PNIPA)
hydrogels prepared using Laponite cross-linker are up to 1000
times tougher and 50 times stretchable in comparison with con-
ventional PNIPA hydrogels [40e42]. Laponite, a synthetic hectorite
clay, forms disc-like particles in water of 1 nm thickness and about
25 nm diameter, with a strongly negative face charge and a weakly,
localized positive edge charge. Laponite nanoparticles act as an
effective multifunctional dynamic cross-linker in the formation of
NC hydrogels due to strong clay-polymer interactions and nano-
scale distribution of Laponite within the semi-dilute polymer so-
lution [38e43]. Such nanocomposite hydrogels are attractive for a
wide range of applications.

Interactions between DNA molecules and Laponite nano-
particles have rarely been studied. Arfin et al. recently observed
strong DNA-Laponite attractive interactions in aqueous solutions
containing 1 w/v% Laponite and 1e1.6 w/v% DNA, suggesting
electrostatic binding of DNA to the positively charged edges of
Laponite [44]. Taki et al. also reported the existence of strong in-
teractions between DNA molecules and Laponite surfaces leading
to the formation of viscoelastic gels [45]. Inspired by these previous
works, we introduce here a novel concept for the preparation of
high-strength DNA hydrogels with temperature sensitivity. The
supramolecular hydrogels consist of in situ formed PNIPA chains,
and ds-DNA strands together with Laponite nanoparticles acting as
a dynamic multifunctional cross-linker. They were synthesized by
free-radical polymerization of N-isopropylacrylamide (NIPA) in
aqueous Laponite dispersions containing ds-DNA in a highly
entangled state. As will be seen below, the native double-stranded
DNA conformation remains intact during the formation of nano-
composite hydrogels. The hydrogels prepared at various Laponite
contents display the characteristics of both PNIPA and ds-DNA e.g.,
temperature sensitivity, denaturation and renaturation of ds-DNA
strands. They also exhibit a high tensile fracture stress (up to
53 kPa) and elongation to break (up to 544%) as compared to the
covalently cross-linked DNA hydrogels.

2. Experimental section

2.1. Materials

Deoxyribonucleic acid sodium salt (DNA) of salmon testes was
purchased from Sigma-Aldrich Co. It is a linear, double-stranded
DNA of molecular weight 1.3 � 106 g mol�1, corresponding to
about 2000 base pairs. The melting temperature of the DNA is
87.5 �C in 0.15 M sodium chloride plus 0.015 M sodium citrate. The
synthetic hectorite clay, Laponite XLG (Mg5.34Li0.66-
Si8O20(OH)4Na0.66) was provided by Rockwood Ltd. The monomer
N-isopropylacrylamide (NIPA, Sigma-Aldrich) was recrystallized
from toluene/cyclohexane (40/60 v/v) and then dried under vac-
uum. Potassium persulfate (KPS, Fluka), N,N,N0,N'-tetramethyle-
thylenediamine (TEMED, Sigma-Aldrich), butanediol diglycidyl
ether (BDDE, Sigma-Aldrich), and ethidium bromide (Sigma-
Aldrich) were used as received.

2.2. Hydrogel preparation

Nanocomposite DNA hydrogels were synthesized at 20 �C by
polymerization of NIPA using KPSeTEMED redox initiator system in
aqueous Laponite dispersions containing ds-DNA. The initial con-
centration of the monomer NIPA and the DNA concentration were
set to 1 M and 2 w/v%, respectively, while the Laponite concen-
trationwas varied between 0.8 and 6.9 w/v%. Laponite XLGwas first
dissolved in deionized water under vigorous stirring for 1 h. After
addition and dissolving NIPA for 15 min, DNA was added into this
solution and stirred for 18 h at room temperature to obtain a ho-
mogeneous solution. Note that a homogeneous solution could not
be obtained at Laponite contents above 6.9 w/v% due to the high
solution viscosity. The initiator KPS (3.7 mM)was then added to the
viscous solution and stirred in an ice-water bath for 1 h, and finally
the accelerator TEMED (0.08 v/v%) was added to initiate the poly-
merization. The reactions were conducted at 20 �C between the
parallel plates of the rheometer as well as in plastic syringes of
4.5 mm internal diameters. In this way, transparent hydrogels were
prepared indicating compatibility of DNA with PNIPA and Laponite
particles (Fig. S1).

To highlight the effect of DNA on the properties of nano-
composite hydrogels, the polymerization reactions were also con-
ducted in the absence of DNA. To compare the mechanical
properties of the present nanocomposite hydrogels with those of
the chemically cross-linked DNA hydrogels reported before [24,25],
DNA hydrogels were also prepared using BDDE as a chemical cross-
linker. Gelation reactions were carried out in aqueous solutions of
DNA at a concentration of 6 w/v% in the presence of BDDE cross-
linker (17.3 wt% of DNA) and TEMED catalyst (0.44 v/v% of the re-
action solution) at 50 �C [24].

2.3. Rheological experiments

Rheological measurements were performed both during and
after the polymerization reactions on a Bohlin Gemini 150
rheometer system (Malvern Instruments, UK) equipped with a
Peltier device for temperature control. For this purpose, the re-
actions were carried out at 20 �C between the parallel plates of the
rheometer. The upper plate (diameter 40 mm) was set at a distance
of 500 mm before the onset of the reactions. During all measure-
ments, a solvent trap was used and the outside of the upper plate
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was coveredwith a thin layer of low-viscosity silicone oil to prevent
evaporation of water. An angular frequency of u ¼ 6.3 rad s�1 and a
deformation amplitude of gο ¼ 0.01 were selected to ensure that
the oscillatory deformation is within the linear regime. Thereafter,
frequency-sweep tests at gο ¼ 0.01 were carried out at 20 �C. The
heating/cooling cycles were conducted by heating the gel samples
from 20 to 90 �C with a rate of 3.25 �C min�1, keeping at 90 �C for
10 min, subsequently cooling down to 20 �C with a rate of
1.08 �C.min�1, and finally keeping at 20 �C for 40 min. The changes
in the dynamic moduli of hydrogels were monitored during the
course of the heating and cooling scans at u ¼ 6.3 rad s�1 and
g0 ¼ 0.01.
2.4. Mechanical tests

Uniaxial compression and elongation tests were performed at
23 ± 1 �C on a Zwick Roell Z0.5 TH test machine using a 500 N load
cell. Load and displacement data were collected using cylindrical
hydrogel samples of 4.5 mm in diameter and 5 ± 1 mm in length.
The stress was presented by its nominal snom and true values strue,
which are the forces per cross-sectional area of the undeformed
and deformed gel specimen respectively. The true stress strue was
calculated from its nominal value as strue ¼ lsnom where l is the
deformation ratio (deformed length/initial length). The strain was
presented by ε, the change in the sample length relative to its initial
length, i.e., ε ¼ 1-l and ε ¼ l-1 for compression and elongation,
respectively. The Young's modulus E was calculated from the slope
of stressestrain curves between 5 and 15% deformations. For uni-
axial compression measurements, the hydrogel samples were
compressed at a cross-head speed of 15 mm min�1. Before the test,
an initial compressive contact to 0.01 ± 0.002 N was applied to
ensure a complete contact between the gel and the plates. For
uniaxial elongation measurements, the initial sample length be-
tween jaws and the cross-head speed were 35 ± 2 mm and
100 mm min�1, respectively.
2.5. Swelling measurements

Cylindrical hydrogel specimens of 4.5mm in diameter and about
4 cm in length were immersed in a large excess of water at 23 �C for
at least 15 days whereby the water was replaced several times to
extract any soluble species. The mass m and the diameter D of the
gel specimens were monitored as a function of the swelling time.
The weight and volume variations were measured by weighing the
gel samples and by measuring their diameters using a calibrated
digital compass, respectively. The relative weight mrel and volume
swelling ratios Vrel of the hydrogels with respect to their as-
prepared states were calculated as

mrel ¼ m=m0 (1a)

Vrel ¼ ðD=D0Þ3 (1b)

where m0 and Do are the initial mass and diameter of the gel
sample. Eq (1b) assumes that the hydrogels swell isotropically in all
directions, which is generally observed if no internal stress is
applied to the gels during their preparation. Then, the samples in
equilibrium with pure water were taken out of water and dried at
60 �C under vacuum to constant mass. The gel fraction Wg, that is,
the conversion of the reactants (NIPA, Laponite, DNA) to the water-
insoluble polymer was calculated from the masses of dry polymer
network and of the reactants in the feed solution.

The temperature dependent variation of the swelling ratio of NC
hydrogels was measured by immersing the gel samples in a
temperature-controlled water bath of 20 ± 0.1 �C. The mass of the
gel samples was monitored byweighing the samples until attaining
the equilibrium degree of swelling, after which the temperature of
the water bath was increased in steps of 2 �C up to 50 �C. The
equilibrium weight swelling ratio of the hydrogels at various
temperatures was given bymnorm, which is the equilibrium swollen
mass of the gel sample normalized with respect to its mass at 20 �C.

2.6. Fluorescence measurements

The measurements were carried out using a Varian Cary-Eclipse
Luminesce Spectrometer on the reaction mixtures and hydrogels at
various reaction times and at various temperatures between 23 and
90 �C. The solutions and gels were immersed in a temperature
controlled water tank to adjust the temperature prior to the mea-
surements. Ethidium bromide (EtBr) was used as a fluorescent
probe at a concentration of 5 mM. For the measurements, the re-
action mixtures were transferred into round glass tubes of 6 mm
internal diameter and the polymerization of NIPAwas performed in
the fluorescence cell of the spectrometer. To distinguish the effects
of the reaction components on the conformational changes in DNA,
the polymerization reactions were conducted i) in water, ii) in
aqueous Laponite dispersions, ii) in 2 w/v% ds-DNA solution, and iv)
in aqueous Laponite dispersions containing 2 w/v% ds-DNA. The
measurements were performed at an excitation wavelength of
475 nm and then, the emission spectra between 485 and 800 nm
were recorded. In order to check whether DNA strands remain
completely in the hydrogel during the swelling process or, they are
extracted from the gel network, the measurements were also per-
formed on water surrounding the gel samples during the swelling
process. For this purpose, about 0.2 g of the gel sample were first
immersed into 100 mL water for 7 days without refreshing water.
Then, EtBr was added to water samples to make a final concen-
tration of 5 mM EtBr. Assuming that all DNA molecules will diffuse
out of the gel phase during swelling, DNA concentration in the
external solution will be 40 mg L�1. DNA concentration in the so-
lutionwas calculated using a calibration curve prepared by titrating
of 5 mM EtBr solution by adding ds-DNA.

3. Results and discussion

3.1. Gelation kinetics and rheology of nanocomposite DNA
hydrogels

Nanocomposite (NC) hydrogels were synthesized by free-radical
polymerization of NIPA in aqueous Laponite dispersions containing
2 w/v% ds-DNA. This concentration of ds-DNA with an average
molecular weight of about 2000 base pairs is 47-fold larger than its
critical overlap concentration c* (0.043 w/v%) [24]. Thus, ds-DNA in
the reaction system is in a highly entangled state, and the poly-
merization of NIPA occurs in an elastic mesh of DNA. The initial
concentration of NIPA was fixed at 1 M while the amount of
Laponite was varied between 0.8 and 6.9 w/v%. Because the
hydrogels formed at below 2 w/v% Laponite were too weak, wewill
only discuss the results obtained between 2.3 and 6.9 w/v%
Laponite contents.

The formation of nanocomposite hydrogels was monitored by
rheometry using oscillatory deformation tests. Fig. 1a shows
typical gelation profiles at two different Laponite concentrations,
where the elastic modulus G0 (filled circles) and the viscous
modulus G00 (open triangles) of the reaction system are plotted
against the reaction time. Both G0 and G00 increase with the re-
action time and then they approach plateau values after about
3e4 h. However, with a further increase in the reaction time as
indicated by the arrows in Fig. 1a, the dynamic moduli start to



Fig. 1. (a) Elastic modulus G0 (filled circles) and viscous modulus G00 (open triangles) of
the reaction system shown as a function of the reaction time. NIPA ¼ 1 M. DNA ¼ 2 w/v
%. Laponite contents are indicated. u ¼ 6.3 rad s�1 go ¼ 0.01. (b) G0 (filled symbols), G00

(open symbols) and tan d of the reaction system shown as a function of the Laponite
content. The error bars are smaller than the symbols. The curves show the trend of
data.
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increase again until they approach final plateau values after 6 h.
To check whether this autoacceleration in the modulus increase
arises due to the presence of DNA, we conducted the gelation
reactions in the absence of DNA and observed a similar phe-
nomenon, yet the onset of acceleration was shifted to shorter
reaction times (Fig. S2). We attribute the autoacceleration in the
modulus increase to the Trommsdorff or gel effect that arises due
to the increasing viscosity of the reaction system reducing the
probability of termination of the growing chain radicals and
thereby increasing the polymerization rate. Such an effect has
been observed before during the polymerization of methyl
methacrylate in clay dispersions [46]. Moreover, the cross-linking
effect of KPS initiator radicals may also be responsible for the
modulus increase at long reaction times [47,48]. The shift of the
onset of autoacceleration to a shorter reaction time in the
absence of DNA is attributed to the higher elastic modulus, i.e.,
cross-link density of the reaction system without DNA (Fig. S3).
In Fig. 1b, G0, G00, and the loss factor tan d (¼ G00/G0) of NC
hydrogels after a reaction time of 6 h are plotted against the
amount of Laponite. The higher the Laponite content, the higher
the elastic modulus G0 and the lower the loss factor tan d indi-
cating that rising Laponite content increases the elastic proper-
ties of the hydrogels. As compared to the NC hydrogels prepared
in the absence of DNA, the addition of DNA slightly decreased the
elastic modulus at high Laponite contents while tan d remained
almost unchanged (Fig. S3).

To find out whether the conformation of double-stranded (ds)
native DNA remains intact during the formation of nanocomposite
hydrogels, or double strands dissociate into single-stranded (ss)
flexible DNA strands, fluorescence measurements were performed
using ethidium bromide (EtBr) as a fluorescence probe. EtBr is
known to bind to ds-DNA by intercalation between the base pairs
and results in a high quantum yield of fluorescence [17,25]. In
Fig. 2a, the thin and thick black curves represent the fluorescence
spectra of aqueous solutions of 5 mM EtBr at 23 �C in the absence
and in the presence of ds-DNA, respectively. DNA concentration is 2
w/v%, as the DNA concentration in the hydrogels. It is seen that, in
the presence of DNA, EtBr fluorescence significantly increases and
this increase depends on the DNA conformation. The colored curves
in Fig. 2a represent the spectra of EtBr in 2 w/v% DNA solution at
various temperatures. Upon heating the solution from 23 to 90 �C,
ds-DNA dissociates into single strands having a random coil
conformation [25], thereby the fluorescence intensity decreases.
Thus, any dissociation of ds-DNA into single DNA strands during NC
hydrogel formation would lead to a decrease in EtBr intensity.

However, we observed that not only DNA but also Laponite
nanoparticles in the reaction system interact with EtBr, similar to
the interactions between clay particles and cationic dyes such as
crystal violet or brilliant green [49e51], and hence hinder the
monitoring of a possible conformational change in DNA during the
formation of nanocomposite hydrogels. For instance, the presence
of only Laponite resulted in an enhancement of EtBr fluorescence
intensity indicating formation of a complex between EtBr and
Laponite in the pre-gel solutions. This enhancement is due to the
more rigid and hydrophobic environment provided to EtBr by
Laponite surfaces and the expelling of water molecules surround-
ing EtBr, which cause the quenching of EtBr fluorescence [52]. On
the other hand, the emission intensity of EtBr further increases
with increasing reaction time during the polymerization of NIPA in
Laponite dispersions, along with a spectral blue shift from 590 to
575 nm (Fig. S4a). This shift in the fluorescence spectra also in-
dicates that EtBr is in a more hydrophobic environment in the
presence of Laponite [53]. When comparing the fluorescence
behavior of EtBr in Laponite dispersions with and without DNA,
EtBr emission intensity is higher in the absence of DNA (Fig. S4a and
b), indicating a stronger surrounding of EtBr by Laponite as
compared to DNA.

To elucidate the conformational change in DNA during the
polymerization, we therefore conducted the fluorescence mea-
surements on the polymerization system without adding Laponite.
Fig. 2b shows the fluorescence spectra of 5 mM EtBr during the
polymerization of 1MNIPAwithout andwith 2w/v% DNA. The data
were recorded at various reaction times between 20 min and 24 h.
Fluorescence intensity of EtBr does not change in the absence of
DNA while in the presence of DNA, the characteristic peak of DNA-
bound EtBr at 597 ± 1 nm appears and its intensity slightly in-
creases with increasing reaction time (inset of Fig. 2b), which we
attribute to the increasing viscosity of the PNIPA-DNA systemwith
increasing monomer conversion. The fact that the EtBr intensity
does not decrease during the polymerization of NIPA reveals that
the double-stranded conformation of DNA is not affected by KPS-
TEMED redox initiator system, as well as by the monomer NIPA,
and the polymer PNIPA. After a polymerization time of 24 h, fluo-
rescence measurements were performed at various temperatures
on the semi-dilute PNIPA-DNA solution, which is the same system
as the NC hydrogels except that no Laponite was included. Fig. 2c
represents the spectra of PNIPA-DNA solution containing 5 mm EtBr
at temperatures between 23 and 90 �C. An abrupt initial decrease in
the fluorescence intensity is observable due to the volume-phase
transition of PNIPA at around 34 �C [54,55]. However, zooming in
to the collapsed region between 50 and 90 �C reveals a decrease in
EtBr intensity at 597 nm (inset of Fig. 2c), indicating that DNA in the
semi-dilute PNIPA solution dissociates by heating above its melting
temperature (87.5 �C). This supports that DNA after the polymeri-
zation reaction at 23 �C is in a double-stranded conformation. We
conclude that DNA maintains its native structure and function
during the formation of NC hydrogels.

After a reaction time of 6 h, dynamic frequency-sweep tests



Fig. 2. Fluorescence spectra 5 mM EtBr in different environments. (a) In water without (thin curve) and with 2 w/v% DNA (thick curves) at 23 (black), 40 (red), 50 (green), 60 (blue),
70 (pink), 80 (dark gray), and 90 �C (cyan). (b) During the polymerization of NIPA without and with 2 w/v% DNA. The inset is a zoom-in to the peak region. NIPA ¼ 1 M.
KPS ¼ 3.7 mM. TEMED ¼ 0.08 v/v%. Reaction time ¼ 0.33 (dark red), 0.5 (blue), 1 (dark yellow), 2 (red), 3 (pink), 4 (dark cyan), 8 (dark gray) and 24 h (gray). (c) After a poly-
merization time of 24 h in the presence of 2 w/v% DNA at various temperatures. The inset is a zoom-in to the spectra recorded between 50 and 90 �C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. G0 (filled symbols) and G00 (open symbols) of NC hydrogels shown as a function of the frequency u measured after 6 h of reaction time. go ¼ 0.01. Laponite contents are
indicated.
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were carried out to explore the internal dynamics of NC hydrogels.
Fig. 3 shows the frequency dependencies of G0 (filled symbols) and
G00 (open symbols) at a strain amplitude go ¼ 0.01 for the hydrogels
formed at various Laponite contents. In the absence of Laponite,
that is, the semi-dilute solution of linear PNIPA and DNA molecules
exhibits an elastic character (G0 > G00) at low frequencies and a
predominantly viscous character above the crossover frequency of
52 rad s�1 at which G0 and G00 intersect. This behavior is opposite to
that observed in semi-dilute solutions of most polymers where the
viscous and elastic characters appear at below and above the
crossover frequency in the viscoelastic spectra, respectively. Such
an unusual behavior was reported before in aqueous solutions of
sodium alginate e PNIPA [56], hyaluronic acid-graft-PNIPA [57],
and methyl cellulose [58]. We attribute this feature to the inter-
molecular hydrogen bonds between DNA and/or PNIPA molecules
acting as physical cross-links and thus, contributing to the elasticity
of the hydrogel at a low frequency. Increasing frequency gradually
breaks the hydrogen bonds so that the weak gel transforms to a
viscous solution. Fig. 3 also shows that the addition of Laponite
shifts the crossover frequency outside of the experimental window
indicating that the effect of multifunctional Laponite cross-links
dominate over the physical cross-links. However, the viscous
modulus G00 still rises with frequency implying increasing extent of
energy dissipation due to the rearrangement of PNIPA and DNA
molecules leading to their sliding past each other at short experi-
mental time scales. Comparison of these results with those ob-
tained without DNA reveal that the elastic modulus becomes less
frequency dependent after addition of DNA indicating increasing
elastic response of the hydrogels (Fig. S5). We have to mention that
the present NC hydrogels consisting of highly negatively charged
DNA strands and non-ionic PNIPA chains resemble the classical
double-network (DN) hydrogels composed of polyelectrolyte first-
network and nonionic second-network components [34,35].
Therefore, we cannot exclude the contribution of double-
networking to the energy dissipation mechanism.
3.2. Temperature sensitivity of nanocomposite hydrogels and
conformational changes of DNA

PNIPA hydrogels are known to exhibit volume-phase transition
in response to temperature changes [54,55]. The temperature
sensitivity of NC hydrogels containing DNA was studied using
hydrogel samples prepared between the parallel plates of the
rheometer. The samples were heated from 20 to 50 �C at a rate of



Fig. 4. (a): G0 (filled circles), G00 (open circles), and tan d (lines) of the hydrogels during heating from 20 to 50 �C. Laponite contents are indicated. (b): G0 (symbols) and tan d (lines) of
the hydrogel prepared in 3.8 w/v% Laponite during the heating e cooling cycle between 20 and 90 �C. u ¼ 6.3 rad s�1 go ¼ 0.01.
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3.25 �C min�1 during which the changes in the dynamic moduli
were monitored as a function of temperature. Fig. 4a shows G0, G00,
and tan d of the hydrogels with various Laponite contents plotted as
a function of the temperature. The elastic modulus G0 rapidly in-
creases while the loss factor tan d decreases at around 32 �C cor-
responding to the volume-phase transition temperature of PNIPA.
The extent of the modulus variation at the transition temperature
decreases with rising Laponite content due to the simultaneous
increase of the elastic modulus and hence the cross-link density of
the hydrogels. The hydrogels were also subjected to cyclic heating/
cooling experiments by heating the gel samples above the melting
temperature of DNA and subsequently cooling down to 20 �C. Re-
sults of the heating/cooling scans between 20 and 90 �C for the NC
hydrogel formed at 3.8 w/v% Laponite are shown in Fig. 4bwhere G0

and tan d are plotted against the temperature. It is seen that the
elastic modulus G0 of the hydrogel irreversibly increases from 3.3 to
13 kPa while tan d decreases from 0.24 to 0.10 after the heating/
cooling cycle. In contrast, the same hydrogel sample prepared
without DNA exhibited a reversible variation in the modulus and
loss factor, i.e., the initial modulus G0 of 3.5 ± 0.5 kPa and the loss
factor tan d of 0.23 ± 0.03 measured at 20 �C could be recovered
after the cycle (Fig. S6). Thus, the presence of ds-DNA in the
hydrogel is responsible for the 4-fold increase of the elastic
modulus and 2-fold decrease of the loss factor after the heating/
cooling cycle between below and above the melting temperature of
DNA.

We can explain the drastic increase of the elastic modulus and
the decrease of the loss factor after the heating/cooling cycle with
the thermally induced denaturation and renaturation of ds-DNA
within the physical network, as schematically illustrated in Fig. 5.
During the heating period (a/b), the semi-flexible, double-
stranded DNA partially dissociates into flexible single-strand frag-
ments so that the number of entanglements between PNIPA and
DNA chains increases. On cooling back (b/c), the dissociated DNA
strands cannot re-organize to form the initial double-stranded
conformation due to the high DNA concentration and thereby the
hydrogen bonds formed between different DNA strands act as
physical junction zones in addition to the Laponite cross-links.
Previous works indeed show formation of physical DNA hydrogel
by subjecting semi-dilute DNA solutions to heating/cooling cycles
[24e26]. For example, the elastic moduli of aqueous solutions of 1
and 5 w/v% ds-DNA increase from 10 Pa to 100 Pa and from 100 Pa
to 19 kPa, respectively, after the heating/cooling cycle between 20
and 90 �C [26].
3.3. Mechanical properties of the hydrogels

After a reaction time of 24 h, NC hydrogels were subjected to
uniaxial compression and elongation tests. Fig. 6a represents
typical tensile stress-strain data of the hydrogels at 23 ± 1 �C as the
dependence of the nominal stress snom on the strain ε. It is seen that
the initial slope of the stress-strain curves corresponding to the
Young's modulus of the hydrogels as well as the stress and strain at
fracture increase as the content of Laponite increases. The results of
the tensile tests are compiled in Fig. 6b, where the Young's modulus
E, fracture stress sf, and fracture strain εf are plotted against the
Laponite content. NC hydrogels with a Young's modulus of
7e30 kPa sustain up to 544% elongations and 53 kPa tensile
stresses. For comparison, pure DNA hydrogels were prepared at a
DNA concentration of 6 w/v% using BDDE as a chemical cross-linker
[24]. These hydrogel samples were too brittle to be held between
the two clamps of the test machine. The compression test results
are shown in Fig. 6c and d, where the nominal snom and true
stresses strue are plotted against the compressive strain ε, respec-
tively. Fig. 6c shows that NC hydrogel samples do not break even at
a strain of close to 100% compression, and therefore, the nominal
stress snom increases continuously with increasing strain. However,
the corresponding strueeε plots of the hydrogels shown in Fig. 6d
pass through maxima indicating the onset of a microscopic failure
in the gel specimen. The nominal fracture stress sf and the



Fig. 5. Cartoon showing the conformational change of ds-DNA in NC hydrogels during heating (a/b) and cooling periods (b/c). Dashed gray lines and yellow disks represent
PNIPA chains and Laponite particles while the ladder-like colored shapes represent ds-DNA strands. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. (a) Nominal stress snom e strain curves of NC hydrogels from elongation tests. (b): Young's modulus E, tensile fracture stress sf, and fracture strain εf of NC hydrogels plotted
against the Laponite content. (c) Nominal snom and trues stresses snom plotted against the compression of NC hydrogels. Laponite contents are indicated.
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compression εf at failure calculated from the maxima in strueel

plots are indicated in Fig. 4c by the circles. NC hydrogels sustain up
to 96% compressions and 2.4e8.1 MPa compressive stresses. Thus,
as compared to the chemical cross-linking of DNA, the nano-
composite approach is very effective to produce mechanically
strong ds-DNA hydrogels.
3.4. Swelling behavior of the hydrogels

To determine the swelling kinetics of NC hydrogels in water and
their temperature sensitivity in the equilibrium swollen state, the
gel specimens were immersed in water at 23 �C for at least 15 days
whereby the water was replaced several times. The gel fraction Wg

was found to be close to unity revealing that the monomer NIPA,
DNA, and Laponite in the feed are converted almost completely into
a water-insoluble hybrid polymer. Fig. 7a shows the swelling ki-
netic profiles of the hydrogels where the relative weight mrel and
volume swelling ratios Vrel are plotted against the swelling time.
Both mrel and Vrel first rapidly increase with the swelling time and,
after passing maxima, they again decrease to attain the equilibrium



Fig. 7. (a): Relative weight mrel and volume swelling ratio Vrel of the hydrogels plotted against the swelling time in water. Laponite contents are indicated. (b): The normalized
swelling ratio mnorm of the hydrogels equilibrium swollen in water plotted against the temperature. The mass of the gel is normalized with respect to its mass at 20 �C.
Laponite ¼ 2.3 ( ), 3.8 ( ), 5.3 ( ), and 6.9 w/v% ( ). Gray symbols represent the data of NC hydrogels prepared in the absence of DNA.
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values (Fig. S1). Such an unusual swelling kinetics has recently been
reported for NC hydrogels prepared in the absence of DNA [59,60].
This behavior was first observed by Can et al. at Laponite concen-
trations above its critical overlap concentration (4.5 ± 1 w/v%) [59].
The authors attributed this behavior to the disintegration of clay
agglomerates during the gel swelling so that new free sites on
particle surfaces are generated. These free sites are then covered by
polymer chains leading to an increase in the cross-link density and
hence a decrease in the gel volume during swelling. Ren et al.
explained this phenomenon with the release of sodium ions from
the gel network during swelling [60]. However, as compared to
these previous works, the extent of mass or volume increase during
the initial swelling period is much larger for the present hydrogels
containing DNA. Moreover, at Laponite contents below 4 w/v%,
nanocomposite hydrogels without DNA exhibit usual swelling ki-
netics where the gel swells up to a critical time and then attains a
constant mass. In contrast, present hydrogels exhibit the largest
maximum swelling at Laponite contents below 4 w/v% (Fig. 7a).
Because the release of DNA from the hydrogel into the surrounding
water can be responsible for the appearance of maxima in the
swelling curves, as in the case of non-ionic hydrogels containing
ionic surfactants [36], we determined DNA concentration in water
surrounding the gel samples using fluorescence measurements.
The results showed that at least 98% ds-DNA remain in the
hydrogels during the swelling process. Thus, DNA release is not
responsible for the initial swelling period of the hydrogels. We
attribute the large increase in themass and volume of the hydrogels
during the initial swelling period to the highly entangled state of
DNA strands and PNIPA chains in the hydrogels. The rearrange-
ments of the polymer chains and Laponite particles during the
course of swelling increases the number of contacts between the
clay particles and polymer segments leading to increasing cross-
link density and decreasing swelling ratio of the hydrogels at long
times.

The relative swelling ratios mrel and Vrel of NC hydrogels in
equilibrium with water are 5 ± 1 and 6.2 ± 0.5, respectively, and
they slightly decrease within this range as the Laponite content is
increased due to the simultaneously increase in the cross-link
density. These swelling ratios are larger than those of NC hydro-
gels prepared in the absence of DNA exhibitingmrel ¼ 3.7 ± 0.8 and
Vrel ¼ 4 ± 1 in equilibrium with water. Because the degree of
swelling increases with increasing charge density of the hydrogels
[61], the presence of DNA counterions in the present hydrogels
seems to be responsible for their excess swelling over the swelling
of NC hydrogels without DNA. The temperature sensitivity of the
hydrogels in equilibriumwith water is represented in Fig. 7b where
the normalized swelling ratio mnorm of the hydrogels in water are
plotted against the water temperature. For comparison, the data
obtained from NC hydrogels prepared in the absence of DNA are
also shown in the figure by the gray symbols. The results reveal that
the hydrogels undergo a deswelling transition above 32 �C, as re-
ported for conventional PNIPA hydrogels [54,55]. Moreover, the
hydrogels with a low Laponite content (2.3 and 3.8 w/v%) deswell
rapidly at the transition regionwith one to two orders of magnitude
change in the gel mass. As compared to the present hydrogels,
those prepared in the absence of DNA exhibit only a small change in
the gel mass during the deswelling transition. The drastic deswel-
ling of NC hydrogels containing DNA with increasing temperature
above 32 �C is expected due to the counterions of DNA in the PNIPA/
DNA network. Thus, at low temperatures the osmotic pressure due
to the phosphate ions of DNA inside the hydrogel dominates over
the hydrophobic attractive interactions between the isopropyl
groups of the PNIPA chains. As a result, the hydrogels are in a
swollen state at low temperatures. With rising temperature above
32 �C, the hydrophobic interactions begin to dominate the swelling
equilibrium leading to the collapse of the NC hydrogel. The results
indicate that both the kinetics of gel swelling and the volume phase
transition behavior in response to temperature changes are affected
by the presence of DNA in NC hydrogels.
4. Conclusions

We presented a non-covalent approach to prepare high-
strength DNA hydrogels with temperature sensitivity. The hydro-
gels consist of a 3D network of interconnected linear PNIPA chains
and ds-DNA strands together with Laponite nanoparticles acting as
a multifunctional dynamic cross-links. They were prepared by free-
radical polymerization of N-isopropylacrylamide (NIPA) in aqueous
Laponite dispersions containing ds-DNA in a highly entangled state.
It was found that the native double-stranded DNA conformation is
preserved during the formation of nanocomposite hydrogels. The
elastic modulus of the hydrogels subjected to heating/cooling cy-
cles between below and above the melting temperature of ds-DNA
drastically increases due to the thermally induced denaturation and
renaturation of ds-DNAwithin the physical network. The hydrogels
prepared at various Laponite contents display the characteristics of
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both poly(n-isopropylacrylamide) and ds-DNA e.g., temperature
sensitivity, denaturation and renaturation of double-stranded DNA
strands, and they exhibit a high tensile fracture stress (up to 53 kPa)
and elongation to break (up to 544%). Such hydrogels are a good
candidate to make use of the characteristics of both DNA and PNIPA
in a diverse range of biomedical and biological applications.
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