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DNA oligomers with properly designed sequences self-assemble into well defined constructs. Here,
we exploit this methodology to produce bulk quantities of tetravalent DNA nanostars (each one
composed of 196 nucleotides) and to explore the structural signatures of their aggregation process.
We report small-angle neutron scattering experiments focused on the evaluation of both the form
factor and the temperature evolution of the scattered intensity at a nanostar concentration where
the system forms a tetravalent equilibrium gel. We also perform molecular dynamics simulations
of one isolated tetramer to evaluate the form factor numerically, without resorting to any approximate
shape. The numerical form factor is found to be in very good agreement with the experimental one.
Simulations predict an essentially temperature-independent form factor, offering the possibility to
extract the effective structure factor and its evolution during the equilibrium gelation. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4961398]

I. INTRODUCTION

The development of new smart nanomaterials,1,2

i.e., materials able to adapt their nanoscale response to
different external stimuli, is central in many scientific and
technological fields, including medicine,3–5 drug-delivery,6–8

photonics,9,10 and computing.11,12 The desoxyribonucleic acid
(DNA) is one of the most promising materials to encompass
the aforementioned applications. Its base pairing specificity
(A · · ·T, G · · ·C) allows for detailed control over the design
of deliberated structures. The molecule responsible for
storing our genetic information, something as natural as life
itself, startlingly provides the perfect ingredient to create
new functional materials13,14 via a cascade of self-assembly
processes, each one guided by the length of complementary
sequences of distinct DNA strands.

One of the first DNA constructs which has been designed
and realized in the lab15 is the DNA nanostar (NS) with
controlled valence f . Here, the word valence indicates the
maximum number of bonds that a particle can form, and it is
the analog of the word functionality in chemical reactions.16

To build the structure, f properly designed DNA single strands
are mixed together in equimolar concentration. The sequence

a)Author to whom correspondence should be addressed. Electronic mail:
francesco.sciortino@uniroma1.it

design favours the pairing of each strand with two different
partners, in such a way that a construct with a flexible,
unpaired core and f double-helical arms is spontaneously
formed (see Fig. 1). A self-complementary short sequence
at the end of each arm provides the sticky site to bind
distinct NSs. This methodology allows for the synthesis of
supramolecular constructs in macroscopic quantities, opening
the way for an experimental study of their bulk behavior. NS
particles have been selected as optimal candidates for testing
the role of the valence on the gas-liquid phase separation.17,18

Consistent with theoretical studies19,20 it has been shown that
these particles undergo a phase-separation process between a
phase of isolated NSs and a network phase, in which NSs bind
to form a thermoreversible gel, the physical correspondent of
f -functional chemical gels.21

Differently from the chemical case, the equilibrium
phase behavior of this system can be explored. Beyond the
coexisting density, on cooling, the system moves continuously
from a high-temperature (T) state in which monomers
only interact via their excluded volume (and eventually
electrostatic) repulsion to a fully bonded low-T state (the
equilibrium gel) via a progressive formation of larger and
larger aggregates. The possibility to break and reform bonds
makes it possible to release stresses and reach at low T
a fully bonded state, e.g., a gel free of entanglement and
defects.

0021-9606/2016/145(8)/084910/7/$30.00 145, 084910-1 Published by AIP Publishing.
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FIG. 1. Representation of a NS at different levels. (a) The four sequences of
bases forming the NS. Each single strand has been represented with a different
color. Note the six unpaired bases, acting as sticky ends; (b) the oxDNA
representation of the self-assembled NS, in which each base is modelled as a
rigid body; (c) the corresponding full atom representation.

Dynamic light scattering (DLS) experiments18,22 of the
DNA-gel formation have shown that the density fluctuations
relax slower and slower on cooling, following an Arrhenius T
dependence, increasing by more than five orders of magnitude
in a small T interval, before exiting from the accessible
experimental time window (10 s). Here, we present a series of
Small-Angle Neutron Scattering (SANS) experiments carried
out to quantify the structural signatures associated with the
formation of the equilibrium gel at a selected concentration.
As T is decreased, the system evolves from fluid to gel through
a succession of equilibrium steps, without the interference of
phase separation. We also present experiments at a much
lower concentration, where the form factor of the NS can
be measured. We complement the experimental study with
a numerical investigation of the structure of a single NS,
based on the coarse-grained oxDNA223 model. This provides
an effective way to connect the observed signatures in the
SANS diffraction pattern with geometrical parameters. The
quality of the experimental data and the agreement with the
numerical form factor allow us to extract an effective structure
factor between the centers of the NSs under the hypothesis of
decoupling between translational and orientational degrees of
freedom.

II. MATERIALS AND METHODS

A. Materials and sample preparation

The four sequences programmed to self-assemble in
tetravalent DNA-NSs are

where sequences with the same font family and style
indicate complementary strands. The underlined AA bases
at the center of each sequence constitute the central
flexible core. The black (CGATCG) self-complementary
6-base overhangs provide the sequences that permit the
connection between different DNA-NSs via so-called sticky-
ends. Bonding between different DNA-NSs is favoured by
the inclusion of a nucleotide A immediately before the

sticky-end. The non-bonded sequences help releasing angular
and rotational constraints, permitting both arm bending
and rotation of the end sequences. Depending on the salt-
concentration, NSs form at relatively high T and the lifetime
of the aggregates becomes essentially infinite at ambient and
smaller T . In our case, NSs self-assemble around 65 ◦C and
start to bind to each other below 50 ◦C.17

We prepare the sample dissolving each of the four
DNA single strands (provided by IDT already purified in a
polyacrylamide gel (PAGE)) in deionized and degassed filtered
(0.2 µm filters) H2O water. Each sample is then centrifuged at
25 ◦C/4.4 rpm for 5 min to favour the powder dissolution. Up
to three different Nanodrop24 measurements are undertaken
to obtain accurate values of the strand concentration.
The absorbance measurements (ratios 260/280 = 1.89 and
260/230 = 2.27) confirm the absence of proteins and low
concentrations of other contaminants. The resulting solutions
are then mingled at proper mixing ratios in order to obtain
an equimolar solution of the four different strands. The
prepared final concentration was 21 mg/ml, corresponding to
348 µM of NSs. Assuming that each phosphate group releases
one counter-ion, then [Na+] ≈ 63 mM. The experimental
form factor of the DNA-NS required the preparation of a
more diluted sample at c = 3.2 mg ml−1 (53 µM DNA-NS).
The diluted sample was prepared in an electrolyte 63 mM
NaCl solution to mimic the Na release conditions of the
high concentrated sample. This DNA concentration meets
the requirements to provide a signal strong enough and
consequently a good statistics in the SANS measurements,
but at the same time to reduce to a minimum the inter-particle
interactions. The resulting samples are heated to 90 ◦C for
20 min and then cooled down to room temperature in about
7 h. Further details on the preparation can be found in Ref. 18.

B. Small-angle neutron scattering experiments

Comparable volumes, 80 µl, of the two samples were
prepared to fill up the quartz Hellma cells (0.5 mm path).
In the case of DNA, the contrast provided by H2O is better
than that offered by D2O. Consequently, measurements were
performed using normal water as the solvent and then carefully
subtracting the strong incoherent background25 coming from
1H. SANS measurements of the high concentrated sample
were performed at the small-angle diffractometer D22 of the
Institut Laue Langevin (ILL, Grenoble, France).26–28 Using
an incident wavelength λ0 = 6 Å and suitable sample to
detector distances, we explored a wavevector q window from
0.0025 to 0.6 Å−1. Measurements were acquired in a T
range from 55 ◦C to 5 ◦C. Raw data were treated according
to standard procedures, including solvent and empty cell
subtraction, using the GRASP software provided by ILL,29

which yields the value of the scattering intensity onto the
absolute intensity scale. In order to test the reversibility of the
NS assembling process, the same sample was also probed at
the SANS instrument PACE of the Laboratoire Léon Brillouin
(LLB, CEA Saclay, France). The instrument configuration
allowed us to cover a q-range from 0.02 to 0.6 Å−1 and
data were analysed with the software PASiNET. Finally, to
properly evaluate the form factor P(q), the diluted sample
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with c = 3.2 mg/ml was measured on the V4 instrument of
the neutron source BER II at the Helmholtz-Zentrum Berlin
(HZB, Berlin, Germany).30 Data were acquired at T = 50 ◦C
in a q-range from 0.01 to 0.39 Å−1. Standard data reduction
was accomplished by means of the BerSANS-PC software.31

C. Simulations

We perform molecular dynamics simulations of one
isolated NS for different T and salt concentrations to provide
the theoretical predictions for the NS form factor. We employ
oxDNA2,32 a coarse-grained model that has been shown
to provide a physical representation of the thermodynamic
and mechanical properties of single- and double-stranded
DNA.23,33,34 The basic unit of the model is a nucleotide,
represented as an oriented rigid body. In oxDNA2, the
interaction between nucleotides takes into account the sugar-
phosphate backbone connectivity, excluded volume, hydrogen
bonding, nearest neighbour stacking, cross-stacking between
base-pair steps in a duplex, and coaxial stacking. Hydrogen
bonding can occur between complementary bases when
they are antialigned, leading to the formation of double-
stranded conformations. Electrostatic interactions are included
as screened Yukawa repulsions, assuming dissociation of
the phosphorous sites. Unfortunately, low ionic-strength
simulations of the aggregation process with an accurate DNA
model, even at the coarse grained oxDNA2 level, are still
unfeasible and a direct comparison between simulations and
experiments in non-dilute conditions is not possible. Indeed,
under conditions of low ionic strength, repulsive screened
electrostatic interactions become long ranged, slowing down
the computation beyond what is currently possible. We thus
limit ourselves to simulations of isolated DNA NSs, to evaluate
their form factor.

In addition, in order to evaluate the form factor of the NS,
we need to convert the oxDNA2 representation into a full-
atom one. This conversion is crucial to properly reproduce the
interatomic distances and therefore their scattering signature
in the large-q window. We carry out this procedure by
considering that the orientation of each coarse-grained base
is identified by three axes. Two of these, a⃗1 and a⃗3, define
the directions along which hydrogen bonding and stacking
interactions are maximised. These can be mapped onto an
aromatic base by exploiting the planarity of the latter, making
it possible to define the atomic analogues of a⃗1 and a⃗3. This
procedure fixes the orientation of the bases. Their positions are
then set by superimposing the base site of each coarse-grained
nucleotide with the centre of mass of the full-atom aromatic
ring and shifting it by 1.13 Å along the a1 axis. When applied
to a perfect double helix, this method reproduces the full-atom
phosphate-phosphate distances with a 99.9% accuracy.

We evaluate the normalised numerical form factor PSim(q)
as

PSim(q) = 1N
i, j=1 bibj ⟨ ������� N

j=1

bj exp[iq · t j]
�������

2⟩, (1)

where N is the total number of atoms composing the NS,
t j is the vector joining the center of mass of the NS to

atom j, and bj the atom scattering length. The average ⟨· · · ⟩
is performed over all different orientations and all different
configurations generated in the molecular dynamics run (to
sample all possible geometrical shapes assumed by the NS).

III. RESULTS AND DISCUSSION

A. Dilute sample: Form factor analysis

Fig. 2 shows the normalized intensity measured at
T = 50 ◦C for the sample at c = 3.2 mg/ml, compared with
PSim(q). Beyond 0.03 Å−1, the experimental data are very well
described by PSim(q), supporting the quality of the oxDNA
force-field in modelling the structure of the NS. The radius
of gyration, calculated by the atomic model, corresponds to
Rg = 54 Å, to be compared with an estimated length of the
double helix arms of 68 Å (0.34 Å per base35).

Fig. 2 also shows the theoretical form factor of a
homogeneous rigid cylinder of radius rc = 8 Å and with
length much larger than rc36,37

PCyl(q) ∼
(

2J1(qrc)
qrc

)2

, (2)

where J1 is the Bessel function of the first kind. The figure
shows that between 0.06 Å−1 < q < 0.35 Å−1 the experimental
data can be quite accurately modeled by PCyl(q). The 8 Å
radius agrees with the value reported in previous small-angle
scattering studies of short DNA double helices.38–40 We ascribe
the difference between the 8 Å and the outer diameter of the
B-DNA helix (∼10 Å) to the assumption of the homogeneous
cylinder.25,40,42–44

The dissimilarity between P(q) and PCyl(q) for q
< 0.06 Å−1 highlights the effects of the inter-arm correlations
inside one single NS. While PSim(q) models rather well the
experimental data and captures the extra scattering due to
inter-arm correlations, it fails to describe the measurements

FIG. 2. Normalised experimental P(q) form factor (blue dots), simulated
PSim(q) form factors (solid red line) and theoretical predictions for a cylin-
drical shape PCyl(q) (dashed black line), calculated from Eq. (2), assuming
an infinite long cylinder with cross section radius Rc = 8 Å. The experimental
P(q) is obtained from the intensity measured on V4 at 50 ◦C on the diluted
sample (c = 3.2 mg/ml). The experimental intensity in absolute units is re-
ported in the inset. The green line represents the level of the background. The
numerical form factor PSim(q) is calculated averaging over an equilibrium
ensemble of configurations of an isolated NS at 50 ◦C and [NaCl]= 0.1 M.
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below 0.03 Å−1. In this region the data might be affected
by weak but detectable long range electrostatic repulsion
among NSs. Indeed, DNA is known to be a highly negatively
charged polymer, in which all phosphorous groups are ionised,
resulting in a bare net charge of about 200 e per tetramer. The
significant DNA charge originates an inter-NS repulsion which
is detected even at low density. A precise characterization of
the window q < 0.03 Å−1 would require measurements at
lower NS concentrations, where, unfortunately, experiments
are not easily performed due to the weak scattering signal.

The quality of the comparison between the experimental
and the theoretical structure factor, besides providing a precise
characterisation of the geometry of the NS, confirms the high
efficiency of the self-assembly process. Electrophoretic gel
runs have indeed suggested that more than 95 per cent of the
NS properly form.17

The agreement between simulations and experimental
data offers us the possibility to exploit simulations to quantify
the dependence of the NS radius of gyration, Rg , on T and
on the salt concentration. The T-dependence is particularly
relevant, since it is not possible to perform experiments
at low T at dilute concentration due to the onset of the
limited-valence gas-liquid like phase separation17 which takes
place in the sample. Luckily, the inset of Fig. 3 reveals that
Rg strongly depends on the salt concentration whereas it
weakly changes with T . According to the oxDNA2 model,
the increase of Rg arises prevalently from the expansion
of the central junction, where repulsive forces are non-
compensated by complementary base bonding. The predicted
salt dependence of PSim(q) shows the sensitivity of the
experimental measurement, which is only consistent with the
form factor evaluated at the lowest accessible ionic strength.32

B. Gel-forming sample

Previous static and dynamic light scattering studies
have focused on the thermodynamic behavior of the NS,
providing evidence of a limited-valence phase separation17

in the low concentration region. At a total [Na+] ≈ 60 mM,
phase separation extends from very low concentration up to
17 mg/ml. For higher NS concentration the system remains

FIG. 3. Ionic strength dependence of the simulated form factor PSim(q), as
obtained by the oxDNA2 model. The inset shows the corresponding radii of
gyration Rg for two different T as a function of salt concentration.

homogeneous at all Ts, forming an open equilibrium-gel
structure at low T .17

We provide here the first measurement of the structural
properties of the system in the equilibrium gel region, covering
the range of T (from 55 ◦C to 5 ◦C) over which DLS observes
an increase of the relaxation time by more than five orders
of magnitude, revealing the formation of larger and larger
clusters of bonded NSs that eventually span the entire system,
forming the gel. The highest investigated T is lower than the
T at which the stars unfold (Tm ≈ 65 ◦C).

Experimentally, we measured the scattered intensity by
the DNA NS in H2O and the solvent contribution, Isample(q) and
Isolvent(q), respectively. Under the hypothesis of decoupling
between translational and orientational degrees of freedom,
the signal coming from the DNA NS can be written as

INS(q) = Isample(q) − αIsolvent(q) = βP(q)S(q), (3)

where P(q) is the experimental form factor and S(q) is
the NS-NS structure factor, resulting from the interparticle
interactions of the DNA NSs. The parameter β is defined
as β = nv2

p(∆ρ)2, with n the number density of particles, vp
the volume occupied by a NS, and ∆ρ the particle scattering
length density difference between the NS and solvent. Finally,
α is a T-dependent fitting factor.

The best value for α has been determined by imposing that
in the 0.1 < q < 0.3 Å−1 region the signal from NSs coincides
(again apart from the constant β) with the normalized
simulated form factor PSim(q). The best fit values for α are all
between 0.99 and 0.96, suggesting a very small T variation
of the solvent incoherent scattering. The best fit values of β
(defining the value of the form factor in q = 0) are found to
be 1.4 ≤ β ≤ 1.8.

Figure 4 shows the resulting I(q) (normalized by β)
at all investigated Ts. According to these results, we
can differentiate three scattering regions. At low-q values,
at the lower limit of the experimental resolution, we
observe a significant signal, suggesting the presence of

FIG. 4. Temperature evolution of INS(q) measured on the c = 21 mg ml−1

sample. Data were acquired at the D22 diffractometer at T varying from
55 ◦C to 5 ◦C. The inset (same units) shows three different measurements
done at the PACE diffractometer to provide evidence of full reversibility
of the assembling process. Data were acquired at 20 ◦C. The sample was
initially measured after a long equilibration (black squares). Subsequently
it was re-measured after a cooling scan started from 45 ◦C (blue circles) and
finally re-measured after an heating scan from 6 ◦C (red diamonds).
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correlated scatterers over tens of nanometers. This upturn for
q < 0.02 Å−1, which is commonly found in polyelectrolyte
solutions,45,46 has been discussed by several authors.41,47–51

Within this context, the strong low-q signal is usually
associated with the recurrent clustering behavior of biological
macromolecules, such as DNA.52–55 In the present case,
this tendency is always observed, at all T , even when all
NSs are not bounded and hence this very low q peak
cannot be associated with inhomogeneities in the gel. We
note on passing that DLS has also evidenced the presence
of small concentrations of approx 0.1 µm size, which are
possibly introduced in the sample during the DNA synthesis.
These impurities could be well responsible for this low-q
signal.

The most interesting part of the scattered intensity is
the region of q ≈ 0.05 Å−1, where we observe the presence
of a peak which increases its amplitude on cooling. The
corresponding real-space distance estimated as d∗ = 2π/q
= 114 Å is comparable with the center-to-center distance in a
pair of bonded NSs (estimated to be about 140 Å), suggesting
the possibility to interpret such growth as structural evidence
of the progressive formation of the gel, in agreement with the
previous DLS measurements of the same DNA NS sample
solutions.18

For q > 0.1 Å−1 the intensity does not vary with T
anymore and all the curves decay following the form factor.

It is worth noting that the aggregation process of the DNA
NSs is fully reversible. This is clearly visible in the inset of
Fig. 4, where three measurements at T = 20 ◦C are reported.
The first measurement was taken at the sample preparation
conditions, whereas the second and third were acquired after
cooling the sample down from T = 45 ◦C and heating it up
from T = 6 ◦C, respectively.

C. Structure factor analysis

Fig. 5 shows the structure factor S(q) as defined in
Eq. (3). The T-dependence of the effective structure factor
shows the onset of a peak at a qpeak position that shifts to
lower q values (see the inset of Fig. 5) as T decreases until
it stabilizes at qpeak = 0.0585 Å−1 (2π/qpeak = 107.4 Å) once

FIG. 5. Static structure factor S(q) at different T (55–5 ◦C) calculated from
the ratio between I (q) and PSim(q). The shift of the peak position (Å−1) (dark
orange dots) and its intensity (light green squares) as a function of T are
displayed in the inset.

the gel is formed. S(qpeak) increases slower and slower on
cooling. This behavior, predicted theoretically and supported
by numerical calculations, has been observed in the ageing
process of a clay gel56 but never observed experimentally
in a controlled and designed thermoreversible system. In the
theoretical studies, saturation results from the formation of a
fully bonded network of tetravalent particles. In this “ground
zero” structure, all possible bonds are essentially formed and
structural evolution is completed. Dynamics is still possible
via the rare breaking and reforming of the inter-NS bonds
on a timescale dictated by the free-energy cost ∆Gbreaking.
This last quantity has been estimated by DLS experiments to
be about 1.3 ∆GCGATCG, where ∆GCGATCG is the known57

binding free energy of the sticky CGATCG sequence. At the
lowest investigated T , the bond-breaking timescale is larger
than 10 s. Fig. 5 also shows that the system has a very small
compressibility (the limit of S(q) for q → 0), as expected
for a solution of significantly charged particle at small ionic
strength.58

IV. CONCLUSIONS

We have investigated the aggregation process of self-
assembled DNA NSs, generated by mixing equimolar
quantities of four properly designed 49-base DNA oligomers.
On cooling, these four strands first associate to form a
four-arm star with sticky ends, followed by aggregation of
these four-functional supramolecules in a thermoreversible
gel structure. The dynamics and phase behavior of this
interesting biomaterial have been previously investigated
via light scattering. When the system forms an highly
connected gel, the DLS results do not provide direct
structural information. Indeed, the decay times cannot be
straightforwardly interpreted in term of characteristic length
scales. For the DNA NS gels, the decay of the density-density
correlation functions measured in DLS experiments (over a
length scale of about 20–100 times larger than the particle
size) has been previously interpreted as composed of two
contributions, one fast diffusive decay associated with network
vibrations at a fixed bonding pattern and a slow component
associated with network restructuring. The timescale of
this slow process is controlled by the inter-NS bond
lifetime.18

Here, we provided a structural characterization of
the system resulting from the synergy between neutron
experiments and computer simulations. Specifically, we
reported the first SANS measurement of the form factor
and compared it with predictions based on oxDNA2,32 a
nucleotide-level coarse-grained DNA model. The predictions
of the model are found to be in very good agreement
with the experimental results in the entire wavevector range,
allowing us to estimate precisely the shape of the NS. For
the investigated low salt concentration, the NS is found to
be rather planar, a geometry that minimizes the electrostatic
repulsions. Simulations also provide evidence that the T effect
on the shape is negligible. By contrast, the ionic strength exerts
a strong dependence on the shape of the NS. On increasing salt
concentration, the radius of gyration significantly decreases
and the four arms fluctuate more freely.
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SANS measurements in the equilibrium gel region
showed the presence of a peak in the scattered intensity
whose amplitude evolves during the aggregation process and
appears to level off at the lowest investigated T , suggesting
that a structurally complete fully bonded tetrahedral network
has been formed. The effective structure factor, evaluated
assuming the validity of the relation S(q) = I(q)/P(q),
confirms the previous analysis, in agreement with theoretical
predictions of simplified colloidal patchy-particle models.59

Hopefully, a new experiment at significantly large ionic
strength (where bulk simulations start to be feasible60) will
allow us to clarify the dependence of the structural properties
and the ionic strength effect on the gel structure. Additional
experiments could also assess the validity of the decoupling
between translational and orientational correlations and
substantiate the interpretation of the effective S(q) as the
center-to-center structure factor.

SANS techniques have often been applied to the study of
gels composed of polymers51,61–63 (mostly irreversibly cross-
linked64–68), proteins,69–71 or nanocomposite clays,56,72–74 but
not commonly interpreted in terms of form and structure
factors even for chemical gels very similar to the present
physical one (e.g., the binary system developed by the group of
Shibayama based on two four-arm poly(ethylene glycol) poly-
mers21,75). Cases for which the form factor was measured in-
clude the colloid-polymer suspensions characterized by Shah
and Zukoski,76,77 and the SANS characterization of mono-
clonal antibody conformations reported by Yearley and Liu78.
The DNA gel discussed here, built on the base-pair selectivity,
represents a realisation of an ideal biocompatible physical gel
free of entanglement and defects and with a well defined supra-
molecular unit. Such monodisperse constituents of the network
nodes, together with the possibility to compare the neutron
data with the accurate geometry provided by the simulations,
are crucial for evaluating an effective gel structure factor.
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