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T
he main biological role of DNA is to
store and readily provide genetic
information. This information is en-

coded in the linear arrangement of the four
different bases (adenine, thymine, cytosine,
and guanine) along the DNA polymer that
effectively provides a four-letter alphabet,
with the direction being encoded through
the chirality of the molecule. The Watson�
Crick pairing causes DNA nucleotides to
bind selectively in pairs, adenine with thy-
mine and cytosine with guanine.1 This bind-
ing specificity is essential in nature to accu-
rately replicate genetic code but has the
potential to be artificially exploited to de-
sign DNA constructs that assemble in a
programmable way.2 Advances in materials
science and nanotechnology show that the
DNA pairing mechanism offers numerous
possibilities for realizing nano- and meso-
scopic supramolecular constructs entirely
made up of DNA.3,4 Molecular machines,5,6

DNA origami,7,8 DNA logic gates,9 and DNA
polyhedra10 are relevant examples of what
can be done by carefully designing DNA
strand sequences and mixing them in solu-
tion in the right external conditions. Here
we focus onDNAnanostars,11,12 that is, DNA
constructs with four arms endingwith sticky
ends, whose collective phase behavior
has been recently experimentally and nu-
merically investigated.13,14 These limited
valence supramolecules behave in solution

similarly to molecules, exhibiting at low
temperature a gas (DNA-poor) and a liquid
(DNA-rich) phase, separated by a first-order
transition line ending in a second-order
critical point.13 Interestingly, the liquid
phase is formed by a percolating network
of four functional nodes, giving rise to a
physical (reversible) gel.15 In systems with-
out a limited valence, where particles do not
have a fixed maximum number of bonded
neighbors, the interplay between energy
and entropy always starts favoring lower-
energy states as the temperature T is de-
creased. At low temperature, the system
reaches its ground state, which is typically
an ordered, crystalline structure. In the fra-
mework of limited valence particles, on the
other hand, themaximumnumber of bonds
(and hence the ground state energy) is fixed
by the particle valence. In recent years, it has
been shown that in limited valence systems
it is possible to form fully bonded disor-
dered states at finite temperature in a wide
range of densities.16,17 These fully bonded
states have the same potential energy as
the fully bonded crystal and can thus com-
pete for stability with the crystal phase even
at very low T. Once the system is in its fully
bonded disordered state, a further decrease
of the temperature has only a small effect
on its dynamics. The number of bonds
and the network topology (i.e., the statistics
of the network rings) have reached their
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ABSTRACT Using state-of-the-art numerical techniques, we show that, upon low-

ering the temperature, tetravalent DNA nanostars form a thermodynamically stable, fully

bonded equilibrium gel. In contrast to atomic and molecular network formers, in which

the disordered liquid is always metastable with respect to some crystalline phase, we find

that the DNA nanostar gel has a lower free energy than the diamond crystal structure in a

wide range of concentrations. This unconventional behavior, here verified for the first

time in a realistic model, arises from the large arm flexibility of the DNA nanostars, a property that can be tuned by design. Our results confirm the

thermodynamic stability of the recently experimentally realized DNA hydrogels.
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ground state values and retain them if the temperature
is further lowered. This property also holds for the
ordered phase, so that the relative stability of the
ordered and disordered phases, if accessed at a tem-
perature for which both phases are fully bonded, is also
retained for lower T. In the following, we will refer to
the temperature at which the system reaches its fully
bonded state as the low-temperature limit. As we will
show, for the system under study and for the concen-
trations considered, the fully bonded state is reached
around T≈ 30 �C and is thus experimentally accessible.
Building on this, it has been recently speculated that
limited valence and flexible bonds are the two key
ingredients for the formation of what can be consid-
ered a previously unexplored state of matter: the
thermodynamically stable fully bonded disordered
network state.18 This state forms through the progres-
sive establishment of all possible bonds, without the
intervention of either a more stable crystal phase or a
phase separation.18,19 The possibility of averting the
normal ordering typical of atomic and molecular fluids
(with the exception of helium) and giving rise to
disordered states more stable than ordered ones thus
relies on the limited valence of the particles since
both the crystal and the network fluid can be in a fully
bonded configuration at finite T, ensuring that their
relative thermodynamic stability is purely controlled
by entropy. The interplay between vibrational entropy,
which is larger in the crystal, and configurational
entropy, which is larger in the network,18 can be tuned
by controlling the bond flexibility. Theoretical predic-
tions based on a primitive patchy model suggest that
with increasing flexibility the configurational part of
the entropy outbalances the vibrational part; this
stabilizes a disordered, fully bonded network in a wide
range of concentrations.18

In this work, we show that the experimentally in-
vestigated tetravalent DNA nanostars13 are indeed
sufficiently flexible to provide the first soft-matter
example of a liquid more stable than a crystal. We
provide strong evidence by simulating a bulk systemof
DNA tetramers using a realistic DNA model and calcu-
lating, despite the complexity of the particles and of
their self-assembly, the free energies of the liquid and
of the crystal phases. Our free-energy calculations
reveal that the fluid is substantially more stable than
the crystal in a very wide range of concentrations and
in an experimentally accessible range of temperatures.
We thus provide a solid background for experimental
realizations of DNAhydrogels, which are shown here to
be thermodynamically stable. This is different from the
case of more common colloidal gels (e.g., gels in which
colloidal particles interact via polymer-induced deple-
tion interactions20) or of other soft-matter arrested
states21,22 in which the system is kinetically trapped
in an out-of-equilibrium condition. In this last class of
systems, an extremely long time, possibly much longer

than any reasonable observation time, is required to
observe crystallization. By contrast, in DNA hydrogels,
crystallization is guaranteed to never take place.

RESULTS

In recent years, several coarse-grained models of
DNA at the nucleotide level have been proposed.23�29

We simulate DNA constructs with oxDNA, a coarse-
grained model parametrized to reproduce the struc-
ture and the thermodynamics of single- (ssDNA) and
double-stranded (dsDNA) molecules of DNA.27,30 The
model has been used to investigate a large variety of
systems, encompassing DNA nanotechnology applica-
tions and DNA liquid crystals.30�33

We investigate DNA nanostars made up of four
strands, each containing 33 nucleotides. Strand se-
quences are reported in Figure 1. The four sequences
can be divided into three regions separated by one or
two nucleotides that, acting as spacers, increase the
flexibility of the tetramer. The first two regions are 12
bases long and are designed in such a way that they
bind in complementary pairs to form the double-
stranded parts of the tetramer arms. Below 65 �C, the
system is composed of (weakly interacting) self-as-
sembled tetramers. The third region, composed of six
nucleotides, is identical in all four sequences and self-
complementary. This final sequence acts as a sticky
end, allowing for intertetramer bonds. The difference
in length between the double-stranded arms and
the sticky ends provides a separation between the
temperature at which the nanostars assemble and
the temperature at which the nanostars start to form
a network. If collective effects are ignored, the two
temperatures are about 35 K apart. The double-
stranded sections of the arms are quite short and thus
very stiff, while the arm flexibility is provided by the
unpaired TT bases (gray in Figure 1) that are present at

Figure 1. Top: Strand sequences investigated in this work,
designed to self-assemble into tetravalent all-DNA nanos-
tars. Colored nucleotides form the double-stranded parts of
the arms, with complementary sequences sharing the same
color. Spacers are colored in gray and sticky ends in black.
Bottom: Schematic representation of a DNA nanostar. The
color coding is the same as in the table.
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the center of the structure and before the reactive
ends. Since it is our hypothesis that this arm flexibility
stabilizes the gel state at low T, we assess it by
computing the distributions P(θ) of the angle θ formed
by all bonded nanostar triplets. Results for P(θ) at
different T in the fluid phase are shown in Figure 2.
The distribution is centered around the tetrahedral
angle 109.5�. The width of the distributions is very
large, demonstrating that DNA nanostars are highly
flexible, independently of T. The distributions are even
wider than those studied in the patchy prim-
itive model which displays a thermodynamically stable
gel.18,34 Hence, based on theoretical predictions,18 DNA
nanostars should form a thermodynamically stable fully
bonded state at low T and provide the first realistic
example of this unconventional state of matter.

Figure 3 shows the total internal energy, Ut, and the
fraction of formed bonds, pb, as a function of T for both
the fluid and crystal phase. In the fluid phase, as T is
lowered, tetramers start to form larger and larger
clusters, until they eventually form a network spanning
the entire system. We are able to sample equilibrium in
the fluid down to T = 30 �C, a temperature at which all
tetramers are part of the same percolating cluster and
pb ≈ 0.94. Equilibration at lower T is made prohibitive
by the slow relaxation time of the network, which
requires breaking and re-forming of intertetramer
bonds. Since in the region pb > 0.94 (corresponding
approximately to T < 30 �C) it is impossible to provide
equilibrium data in the fluid state, we exploit the
possibility of simulating lower T by starting the simula-
tion in a fully bonded, disordered configuration, as
explained in the Model and Methods section, and
extrapolating the data in the short missing T interval.
Since the employed bonding pattern might not be
optimal for the DNA nanostars, the results will under-
estimate the stability of the fluid. The fluid Ut exhibits a
clear change in steepness at a T very close to the
melting temperature of the sticky ends, T ≈ 40 �C.
Below this T, the majority of the intertetramer bonds
are formed, and the energy change is mostly due to
intratetramer vibrational terms. We note that, on the
scale of the plot, the energy of the crystal and of the
fully bonded fluid appear to be the same, whereas they
differ by about 1.8 kcal/mol at T = 24 �C, with this

Figure 2. Distribution of the angle θ between the centers of
mass of all bonded triplets for different temperatures.

Figure 3. (a) Internal energypermoleof nanostarsUt for the
crystal (magenta circles) and for the fluid (green squares) as
a function of temperature T at c = 1.5 mM. (b) Fraction of
formed bonds pb as a function of T at the same
concentration.

Figure 4. Cartoon of the protocol employed to compute the
free energy of the fluid phase. Green dashed lines signal
thermodynamic integration, whereas the orange dotted
line represents a Hamiltonian integration path, connecting
a system of tetramers with switched-off sticky ends to the
fully interacting fluid. The integration paths are numbered
according to the steps described in the Model andMethods
section. The snapshots show typical configurations at the
marked state points. Here, DNA strands are colored accord-
ing to the following scheme: DNA sequences interacting
only through excluded volume are in gray, unbound sticky
ends are in violet, and bound ones are in green.
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difference not changing much as the system is cooled
down. Quite surprisingly, the fully bonded fluid is
the one having the lowest potential energy in the
explored T range. Since the number of base pairs is
the same in the two systems, we attribute this differ-
ence to a slightly higher degree of stress present in the
crystal.
Tomake sure that finite size effects were not present

in our simulations of the crystal, we have repeated the
potential energy calculations at T = 20 �C for systems
with 216 tetramers. The average potential energies
obtained were indistinguishable.

In order to assess the thermodynamic stability of the
ordered and disordered phases, we calculate the
Helmholtz free energy of the fluid and of the crystal.
Tetrahedrally coordinated particles are compatible
with a large number of crystalline arrangements; in-
deed, the quest for low-pressure, tetrahedrally coordi-
nated crystal phases is a science of its own,35,36 but in
all cases, the most stable phase is always a diamond
phase, either cubic or hexagonal.37�40 For systems
with a short-range attraction such as the one under
study, the two morphologies are almost indistinguish-
able because they have been shown to have the same

Figure 5. Cartoon of the protocol employed to compute the free energy of the crystal. The steps are numbered according to
the protocol described in the Model andMethods section. DNA strands are color-coded as in Figure 4. The last panel shows a
tetramer bound to the arms of four other tetramers in the crystal structure.
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energy, entropy, and density in a wide range of pres-
sure and temperature.38,41 Since it would be imprac-
tical to consider all these phases, we focus only on the
diamond cubic (DC) as the candidate structure, assum-
ing that the hexagonal diamond will have the same
free energy and all other tetrahedral arrangements will
have a comparable or higher free energy.
Although our procedure to estimate the free energy

requires several steps, these are all variations of ther-
modynamic or Hamiltonian integration.42,43 These
techniques provide free-energy differences between
two state points by integrating derivatives of the free
energy along a pathway that connects the two state
points. The procedures required to compute the free
energy of the fluid and of the crystal are sketched in
Figures 4 and 5, respectively, and thoroughly described
in the Model and Methods section and in the Support-
ing Information (SI).
Figure 6 shows the main result of this work: the free

energies of the crystal, of the fluid, and the difference
thereof, calculated at T = 24 �C (where the fluid is fully
bonded) as a function of c. The concentration range
spans the entire region where the fully bonded net-
work exists. The two free energies are well separated,
and no common tangent construction is possible,
leading to the conclusion that there is no coexistence
between the fluid and the crystal in the wide range of
concentrations considered here. We also compute the
chemical potential as the Gibbs free energy per parti-
cle, μ = (Fþ PV)/N, where P is the osmotic pressure, V is
the volume of the system, and N is the number of
tetramers. Since coexisting phases share the same
values of T, P, and μ, we check that there is no phase
separation by plotting μ(P) for the fluid and for the
crystal. The resulting lines, shown in Figure 6b, are well
separated and almost parallel, confirming that no
phase separation occurs in the explored concentration
range. Contrary to what happens in the great majority
of systems, the DNA nanostar fully bonded liquid is
thermodynamically stable in the whole concentration
range investigated here. The difference in free energy
Δf(c,T), presented in Figure 6c, decreases as c increases
until it reaches a plateau. The difference between
internal energies can only partially account for this
large free-energy difference since Ut

cryst � Ut
fluid never

exceeds 2 kcal/mol and does not grow upon lowering
T. The remaining part ofΔf(c,T), more than 0.6 kcal/mol,
stems from the difference between vibrational entropy
and configurational entropy. The former, connected to
the volume of the phase space explorable at a fixed
bonding pattern, is higher in the crystal due to the
better packing achieved by ordered structures with
respect to disordered ones. The latter, on the other
hand, is linked to the number of unique realizations of
bonding patterns that result in the same macroscopic
state. The crystal under study has only one possible
realization. By contrast, there is more than one way of

realizing a disordered fully bonded network, andhence
the configurational entropy is always higher in fluids.
Interestingly, the entropy difference we find is on the
same order as the corresponding quantity evaluated in
primitive models with similar flexibility.18 The 0.6 kcal/
mol difference (≈1kBT per nanostar, where kB is the
Boltzmann constant) exceeds the statistical error asso-
ciated with the numerical procedure and possible
contributions due to finite size effects, both of which
are on the order of 0.05 kcal/mol.

CONCLUSIONS

Atomic and molecular systems unavoidably have
some ordered crystal as the equilibrium phase in the
low-temperature limit. The simple explanation for this
ubiquitous phenomenon is that the crystalline ar-
rangement maximizes the number of contacts, thus
optimizing the potential energy of the system which
dominates the free energy at low T. However, there are

Figure 6. (a) Free energy F of the crystal (solid violet line)
and of the fluid (dashed green line) as a function of tetramer
concentration. (b) Chemicalpotentialμas a functionofosmotic
pressureP for the crystal (solid violet line) and thefluid (dashed
green line). (c) Difference ΔF = Fcryst � Ffluid between the free
energy of the crystal and the free energy of the fluid.
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two more factors that usually promote the stability of
crystals: both packing and vibrational entropy are
maximized, further favoring ordered versus disordered
states. The configurational entropy is the only thermo-
dynamic drive which is still higher in the liquid.
Low-valence systems can reach the potential energy

ground state in the disordered liquid phase at finite
temperatures, removing the dominant energetic factor
that stabilizes the crystal. Also, the relevant crystals at
low pressure have a density comparable to that of the
liquid, so that crystals have no substantial packing
advantage either. The competition is thus solely on
entropic grounds, and it is possible that the configura-
tional entropy of the disordered fully bonded states
(linked to the number of ways the latter can be realized)
can outbalance the higher vibrational entropy that
particles experience in the crystal. The bond flexibility
is the key ingredient in making this possible, as recently
shown for a primitive model with limited valence.18

The recently synthesized tetravalent DNA nanostars
are a good candidate for providing the first soft-matter
example of a liquid more stable than a crystal. They
indeed possess both key ingredients: limited valence
and large arm flexibility, both of which can be finely
tuned by design. Studying a realistic and quantitative

model for these nanoparticles at 0.5 M Naþ concentra-
tion, we have shown that the star arm flexibility is in the
regime for which the thermodynamic stability of the
low T fluid is predicted.18 More importantly, by accu-
rately evaluating the free energy of both crystal and
fluid states, we have shown that the chemical potential
of the liquid state is lower than the one of the crystal
state in a wide range of concentrations. Even though
we have shown that the chemical potential of the fluid
is lower than that of the crystal at T= 24 �C, the fact that
the comparison involves two phases which are both
fully bonded implies that a further decrease of the
temperature does not alter their relative stability. DNA
gels are more stable than the corresponding crystal
phases down to the temperature where the freezing of
the solvent prevents further observations. Our calcula-
tions show that crystallization can be avoided by de-
sign and provides a theoretical background for the
realization of fully bonded equilibrium gels. Differently
from colloidal gels based on depletion interactions, or
fromarrested states ofmatter driven by a glass transition,
in DNA gels, the absence of crystallization, observed on
experimental time scales, is not a nonequilibrium effect
but arises from the thermodynamic stability of the fluid
phase: DNA nanostar gels will never crystallize.

MODEL AND METHODS

Model. The basic unit of the model is a nucleotide, modeled
as a rigid body interactingwith its neighbors through a complex
set of highly anisotropic interactions that reproduce the struc-
ture and mechanical properties of stiff double helices and
flexible single-strandedDNA. Themodel has been parametrized
to reproduce the melting temperature of DNA duplexes as a
function of length at a fixed monovalent salt concentration of
0.5 M. OxDNA has been tested on a number of systems, con-
sistently showing very good agreement with experiments.44�47

The relevant features of the oxDNA model that we exploit
are the quantitative thermodynamic predictions for themelting
of duplexes and the ability to reproduce the different flexibility
of double- and single-stranded DNA. Both quantities are indeed
very well captured by oxDNA. We should note that oxDNA does
not reproduce the major and minor groove of duplex DNA, a
feature that might yield unrealistic results for the structure of
tight four-way junctions, but the junctions in our systems are
designed to avoid this problem.

Simulations. We perform Brownian dynamics simulations in
the NVT ensemble to investigate bulk systems composed of 64
tetramers, for a total of 8448 nucleotides. Such a large number
of nucleotides is highly demanding from a numerical point of
view, and therefore, we carry out all computations with the
GPU-enabled version of oxDNA, which is 30�50 times faster
than its CPU counterpart on such large systems. The simulations
start from a configuration of isolated tetramers and proceed in
time until the energy (or equivalently the number of interstar
bonds) equilibrates. We also perform studies of a diamond
crystal, equilibrating an initial configuration in which the cen-
ters of the stars are located on a perfect cubic diamond lattice
and the arms are properly oriented to facilitate the formation of
sticky end bonds with the four nearest neighbors. Finally, to
provide a reference energy for the fully bonded liquid, we
perform low T simulations starting from a fully bonded dis-
ordered pattern inwhich the location of the star centers and the

orientation of the star arms are extracted from a fully bonded
configuration of tetravalent Kern�Frenkel48 patchy particles
with a patch width selected to match the DNA nanostars. All
simulations have been performed with the oxDNA molecular
simulation package, which is freely available online.49 In total,
the simulations ran for more than 4 months on six GPUs.

Free-Energy Calculation. In the following, we only sketch the
steps taken to compute the free energy, while all the details are
provided in the SI. The free energy of the fluid is calculated with
respect to an ideal gas of tetramers with switched-off sticky
ends (where the base-pairing interaction has been disabled
only for the sticky end nucleotides; see SI) at Tref = 60 �C and at a
sufficiently low concentration c to consider them noninteract-
ing. The thermodynamic integration is performed according to
the following steps. (i) We integrate the equation of state (at Tref)
of a system of tetramers in which the sticky end interactions are
switched off, increasing the concentration from the ideal gas
regime to c = cref. (ii) We gradually turn on the interactions
between the tetramers at Tref, evaluating the free-energy
difference between the interacting and noninteracting fluid
by a standard Hamiltonian integration.43 (iii) We lower T,
integrating the potential energy to evaluate the free-energy
difference between Tref and T. (iv) Finally, to estimate the fluid
free energy ffluid(c,T) as a function of the tetramer concentration,
we integrate along the numerically evaluated equation of state
at fixed T. A sketch of the process is presented in Figure 4.

In order to compute the free energy of the diamond crystal,
we develop an extension of the Einstein crystal technique,50

adapted for DNA nanostars. Also in this case, to evaluate the
free-energy difference with respect to an ideal gas of noninter-
acting tetramers, we proceed in a series of thermodynamic
integration steps. (i) We integrate the temperature dependence
of the potential energy from Tref to T for noninteracting tetra-
mers at effectively zero concentration. (ii) We attach the non-
interacting tetramers to an ideal diamond lattice via harmonic
springs acting on one of the central nucleotides in each
tetramer, generating the Einstein cubic DC.50 The free-energy
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change associated with this step is the free-energy difference
between an ideal Einstein crystal and the ideal gas and can be
calculated analytically. (iii) In the next step, we gradually turn on,
for each arm, harmonic springs on one of the sticky end
nucleotides of the (still noninteracting) tetramers, restricting
their orientations. The free-energy change is obtained by
integrating the potential energy associated with the harmonic
wells. (iv) We turn on the interactions between the tetramers, as
in the fluid step (ii), while maintaining the springs on the
tetramer centers and arms. (v) To complete the thermodynamic
path, we progressively turn off all springs attached to the
tetramers, again calculating the free-energy difference by
integrating the harmonic potential energy. As in the case of
the fluid, integration along the crystal equation of state provides
the free energy of the crystal as a function of c and T, namely,
fcryst(c,T). Figure 5 presents a cartoon of the procedure.
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