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We present a comprehensive theoretical and experimental study of the solution phase properties of a
DNA-based family of nanoparticles - dendrimer-like DNA molecules (DL-DNA). These charged DNA dendrimers are novel macromolecular aggregates, which hold high promise in targeted self-assembly of soft
matter systems in the bulk and at interfaces. To describe the behaviour of this family of dendrimers (with
generations ranging from G1 to G7), we use a theoretical model in which base-pairs of a single DL-DNA
molecule are modeled by charged monomers, whose interactions are chosen to mimic the equilibrium
properties of DNA correctly. Experimental results on the sizes and conformations of DL-DNA are based
on static and dynamic light scattering; and molecular dynamics simulations are employed to model the
equilibrium properties of DL-DNA, which compare favorably to the ﬁndings from experiments while at the
same time providing a host of additional information and insight into the molecular structure of the nanostructures. We also examine the salt-responsiveness of these macromolecules, ﬁnding that despite the
strong screening of electrostatic interactions brought about by the added salt, the macromolecules shrink
only slightly, their size robustness stemming from the high bending rigidity of the DNA-segments. The
study of these charged dendrimer systems is an important ﬁeld of research in the area of soft matter due
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to their potential role for various interdisciplinary applications, ranging from molecular cages and carriers
for drug delivery in a living organism to the development of dendrimer- and dendron-based ultra-thin
ﬁlms in the area of nanotechnology. These ﬁndings are essential to determine if DL-DNA is a viable candidate for the experimental realization of cluster crystals in the bulk, a novel form of solid with multiple site
occupancy.

Introduction
All-DNA constructs are complex self-assemblies made solely by
DNA. The creation of such nanostructures was initiated in the
early 1980s when Seeman proposed the use of DNA as a programmable nanoscale building material,1 laying the foundation for structural DNA nanotechnology.2,3 This interdisciplinary research field has had a striking impact on
nanoscience and nanotechnology, demonstrating the construction of a remarkably rich assortment of multidimensional all-
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DNA nanoarchitectures4–10 with promising applications in
areas such as molecular and cellular biophysics,11–15 macromolecular crystallography,16 inorganic nanoparticle templated
self-assembly
for
nanoelectronics,17–19
protein
11,20–23
assembly,
drug delivery24 and biotechnology.25
Very recently, the area of DNA-based self-assembly has been
embraced by the research field of soft-matter physics for fabricating all-DNA particles with engineered shape and interaction
potentials that could serve as model systems for exploring
unconventional bulk phase behaviour of diverse states of
matter such as gels26–28 and liquid crystals.29,30 In 2004, Luo
and co-workers,31 demonstrated the fabrication of a novel dendrimer-like DNA (DL-DNA) construct. The DL-DNA particles
were synthesized in a controlled step-wise fashion from the
enzymatic ligation of Y-shaped DNA (Y-DNA) building blocks
with rigid arms and specifically designed hybridization
regions known as “sticky-ends”, leading to the formation of a
highly charged and void-containing macromolecular assembly
with tree-like architecture (see Methods for more details).
Here, we perform a joint experimental/theoretical analysis of
the shapes, sizes, and forms of these constructs, demonstrat-

This journal is © The Royal Society of Chemistry 2019

View Article Online

Published on 08 October 2018. Downloaded by TU Wien Bibliothek on 1/23/2019 4:11:12 PM.

Nanoscale

ing their unique properties. We show that they are diﬀerent
from both sterically and charge-dominated dendrimers, they
possess a regular spherical shape with voids, and are robust to
the influence of added salt.
DL-DNA molecules are a clear example of novel functional
nanostructures that can be assembled with remarkable control
and subnanometer precision through programmable stickyend cohesions. Unlike other chemical dendrimers, their builtin modularity allows tailored reshaping of the dendritic
scaﬀold in terms of surface functionalization32 and internal
structure modification33 by employing standard tools from biofunctional chemistry. Thus, these DNA-based dendritic architectures have been envisioned to play a promising role in
developing nano-barcodes,34,35 DNA-based vaccine36 technologies, and functioning as a structural scaﬀold as well as a
structural probe involving multiplexed molecular sensing processes.37,38 Furthermore, from the fundamental research perspective, their polyelectrolyte character and inherently open
architecture near their center of mass endow the DL-DNA particles with an ultrasoft repulsive potential39 and penetrability;
features which make the DL-DNA molecules optimal candidates for the experimental realization of the recently proposed
cluster-crystal structure.40–42
The investigation of the structural properties of DL-DNAs at
a single particle level, including their responsiveness to charge
screening, is imperative for the development of emerging
applications and for the understanding of intriguing collective
phenomena related to this type of novel soft material. Broadly
speaking, access on global molecular characteristics such as
particle diameter and spatial structure at a very coarse-grained
level is feasible with numerous scattering techniques.
However, probing in detail the internal and surface morphology of a complex nanostructure is a challenging task. To
this end, we adopted an approach of tackling the above issues
by combining experiments and simulations to profound
insights from the latter into quantities and properties not
accessible to experimental techniques. As a prerequisite for
establishing the reliability of the latter, we first validate the
model by comparing results from the simulation approach
with accessible experimental findings.

System description
The building block of the dendrimer of interest is the Y-DNA
unit, a three-armed structure consisting of double-stranded
DNA (dsDNA), formed via hybridization of three singlestranded DNA chains (ssDNA), each of which has partially
complementary sequences to the other two. Each arm is made
up of 13 base-pairs and a single-stranded sticky end with four
nucleobases, see Fig. 1. While a single Y-DNA corresponds to
the first dendrimer generation, G1, attaching further Y-DNA
elements yields DL-DNA of higher generations, as shown in
Fig. 2. This attachment is achieved by enzymatic ligation,
where the single-stranded ends of two diﬀerent arms form a
regular double-strand through base-pairing. In this paper we
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Fig. 1 Sketch of the Y-DNA structure: three ssDNA chains (colored red,
green, and blue) assemble to form a star-like conﬁguration with sticky
ends.

study experimentally and computationally DL-DNA macromolecules from the first generation, G1, up to the sixth generation, G6. We extend the theoretical model also to G7 dendrimer for selective quantities that spread light on the dendrimers’ internal structure. Subgenerations of a GN dendrimer
will be indicated by gi, i = 1, 2, …, N.
In order to build a model of the DL-DNA nanostructures, we
start with a simple and widely used approach by assuming a
bead-spring DNA model, where the interactions and the corresponding parameters are carefully chosen to mimic the structural properties of a single dsDNA chain.43,44 This particlebased model for a dsDNA, which is presented in the following,
has already been introduced in recent theoretical studies of
polyelectrolyte brushes43–45 and its validity has been tested in
comparison with experiments in the context of salt-dependent
forces between DNA-grafted colloids.46–49 Accordingly, each
Y-DNA arm is modeled as a chain of charged monomers consisting of a single dsDNA junction monomer followed by twelve
dsDNA chain monomers and a single-stranded end group of
four monomers. While the first thirteen monomers correspond
to base pairs, the last four represent single nucleobases. The
connection between two Y-configurations is established by
replacing four + four ssDNA monomers with four dsDNA monomers, see Fig. 2. The numbers of constituents of each generation are given in Table 1.
The beads of the DNA-strands carry electric charges; mobile
counterions are introduced in order to preserve the electroneutrality of the system. Additionally, we also introduce diﬀerent
concentrations of monovalent salt ions, Na+ and Cl−, with the
purpose of studying the influence of salt on the conformational
characteristics of DL-DNA. The properties of each particle type
can be seen in Table 2. The steric interaction is described via a
truncated and vertically shifted Lennard-Jones potential, which
is equivalent to the Weeks–Chandler–Andersen (WCA) potential,
here with a possible horizontal shifting by rαβ as follows:
8
1
>
>
<  σ 12  σ 6 1
αβ

þ
Vsteric ðrÞ ¼ 4ε
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r  rαβ
r  rαβ
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Fig. 2 Schematic representation of our DL-DNA model: the left part shows the representation of a single Y-DNA according to our particle-based
model; the middle part shows how the union of Y-DNAs via enzymatic ligation gives rise to a dendrimer-like structure; the rightmost part shows the
equivalence of two combined sticky ends to regular dsDNA at the connection of two Y-DNAs in our model.

Table 1 Characteristic numbers NY (i.e., number of Y-DNAs), Nbp (i.e.,
number of base pairs), and Nmon (i.e., number of monomers) for DL-DNA
of diﬀerent generations

Generation

NY

Nbp

Nmon

G1
G2
G3
G4
G5
G6

1
4
10
22
46
94

39
168
426
942
1974
3666

51
192
474
1038
2166
4422

Table 2 Properties of system’s constituents. The radii at the last
column refer to the model in eqn (1)

Particle type
−

Regular monomer (M )
Y-junction monomer (M−)
Sticky end-linker (M−)
Counterions (C+)
Salt particles (S±)

Mass m[u]

Charge q[e]

Radius rα [Å]

660
660
330
20
20

−1
−1
−1
+1
±1

9
9
9
2
2

with the following parameters values: σ = 4 Å, ε = 1 kJ mol−1
and rαβ = rα + rβ − σ (with α,β = M−, C+, or S±, referring
to monomers, counterions, and counter/co-ions belonging
to the salt particles, respectively), where rM− = 9 Å and rC+ =
rS± = 2 Å.
This way, the excluded volume interaction between counterion particles reduces to the usual WCA interaction, diverging
at zero separation, while the potential between monomers and
ions diverges at a center-to-center distance of 7 Å and the interaction between monomers diverges at the distance of 14 Å,
accounting for the larger size of the monomers. Thus, the
steric interaction acts in the range of r ≤ 18.5 Å, corresponding
to the value of the eﬀective DNA helix diameter, which is
approximately equal 20 Å.
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Consecutive monomers along dsDNA- or ssDNA-strands are
connected with bonds described by a harmonic bonding
potential:
Vb ðrÞ ¼

kb
ðr  lb Þ2 ;
2

ð2Þ

where the spring constant takes the value kb = 210 kJ (mol
Å2)−1, giving a dispersion of about 0.15 Å, which is consistent
with the values observed in structural studies of DNA.50,51 The
equilibrium bond length is lb = 3.4 Å, (which renders the
spring constant equivalent to kblb2 ≈ 103kBT ) corresponding
to the typical distance between base pairs in DNA.44,50
Comparing the bond length lb with the steric monomer–
monomer interaction oﬀset rM−M− = 14 Å reveals that neighbouring monomers in a straight configuration are located in
the divergent regime of the WCA potential. Therefore, we set
the WCA steric interaction to only act between monomers
which are not within the same chain and additionally exclude
the steric interaction between the first five monomers located
at the Y-DNA junctions.
The stiﬀness of dsDNA is modeled via a harmonic bendingangle potential Vbend(ϕ), which acts on the angle ϕ between
the bonds connecting any monomer (index j ) to the two neighbouring monomers (indices j + 1 and j − 1):
Vbend ðϕÞ ¼

kϕ
ðϕ  πÞ2 ;
2

ð3Þ

where the constant of bending energy, kϕ, takes the values:
8
< 750 kJ mol1 for stiff chains;
ð4Þ
kϕ ¼ 150 kJ mol1 for sticky ends;
:
0
for the fully flexible Y  junction:
The bending energy constant value kϕ = 750 kJ mol−1 is
chosen to reproduce the typical persistence length L =
500–1000 Å of dsDNA at low ionic strength.52 While the bonds
between the three central junction monomers are the same as
between all other monomers, the Y-arms are fully flexible, i.e.,
the bending energy constant is chosen to be zero. Since the
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Fig. 3 Simulation snapshot of a G6 dendrimer. Each color corresponds
to a diﬀerent dendrimer generation. The ﬁgure shows only a small fraction of simulation box. Small spheres represent counterions.

persistence length of unpaired ssDNAs is lower than for
dsDNAs,53,54 the degree of flexibility of the ssDNA end group
monomer is set to kϕ = 150 kJ mol−1.
Since each monomer bears an elementary charge qM− =
−e < 0, a corresponding number of counterions with charge
e > 0 is added to ensure overall electroneutrality of the system.
Any two charged species α and β interact additionally via the
Coulomb interaction
VC ðrÞ
qα qβ
¼ λB
;
kB T
r

ð5Þ

where r denotes interparticle separation, qαqβ ∈ e,−e, and the
e2
Bjerrum length λB ¼
is set to λB = 7 Å. Water is treated
εr ε0 kB T
as uniformly dielectric with dielectric constant εr = 80.
The above described model is used in Molecular Dynamics
(MD) simulations, details of the latter are given in Methods. A
representative simulation snapshot for a G6 dendrimer is
shown in Fig. 3, where monomers pertaining to diﬀerent subgenerations are presented by diﬀerent colors.
It can be seen that the connections between successive
branching points are rather rigid segments with a strong overlap
between neighboring monomers, while the sticky ends (i.e., the
segments pertaining to ssDNA belonging to the outermost subgeneration) show a less stiﬀ behaviour. Counterions are found to
be absorbed into the interior of the dendrimer to a high degree.

Methods
Here, we briefly specify some of the experimental as well as
simulation techniques employed in this work.

Experimental
DNA sequences and synthesis of DL-DNA
The DL-DNA nanostructures were fabricated following the synthetic procedure described in the reference,35 which is based

This journal is © The Royal Society of Chemistry 2019

on two assembly procedures: (a) self-assembly and (b) enzymeassisted assembly. Briefly, DL-DNA was prepared from a core
three-arm DNA junction (Y-DNA), having each arm terminated
with a non-palindromic four-base-long sticky-end. We designate this Y-DNA as a first dendrimer generation (G1). To build
up the next generation (G2), the above all-DNA tri-functional
core was hybridized with three other Y-DNAs with sticky-ends
complementary to the core Y-DNA. The cohesions points were
enzymatically sealed using T4 DNA ligase (Promega).
Additional generations (G3, G4, G5, etc.) were created by
repeatedly ligating Y-DNAs to the sticky-ends of the previous
generation. The Y-DNA building block is synthesized by
annealing of three partially complementary single-stranded
DNAs (ssDNAs) at equal molar ratio, employing a one-pot
approach. Purification of excess DNA was performed using a
combination amicon ultra spin columns as well as dialysis.
The sequences of DNA strands used to create the DL-DNA
constructs are slightly modified compared to those reported in
reference35 in order to minimize the total number of diﬀerent
strands necessary for synthesizing all-DNA dendrimers up to
the 6th generation. The sequences of DNA strands were
designed using the program SEQUIN.55 All DNA strands used
in this study were purchased from Integrated DNA
Technologies, Inc. (http://www.idtdna.com), phosphorylated at
their 5′-end, and purified by denaturing polyacrylamide gel
electrophoresis. The DNA strand concentrations were determined by measuring the absorbance at 260 nm with a microvolume spectrometer (NanoDrop 2000).
DNA sequences and construction scheme for synthesizing
the all-DNA dendrimers used in this study are listed below.
The bold letters correspond to sticky-end sequence and p indicates the position of the phosphate modification.
DNA strand sequences:
□ Y1a: 5′-p-TGAC TGGATCCGCATGACATTCGCCGTAAG-3′
* Y2a: 5′-p-GTCA TGGATCCGCATGACATTCGCCGTAAG-3′
◊ Y3a: 5′-p-ATCG TGGATCCGCATGACATTCGCCGTAAG-3′
Δ Y4a: 5′-p-GCAA TGGATCCGCATGACATTCGCCGTAAG-3′
□ Y1b: 5′-p-TGAC CTTACGGCGAATGACCGAATCAGCCT-3′
* Y2b: 5′-p-CGAT CTTACGGCGAATGACCGAATCAGCCT-3′
◊ Y3b: 5′-p-TTGC CTTACGGCGAATGACCGAATCAGCCT-3′
Δ Y4b: 5′-p-GTCA CTTACGGCGAATGACCGAATCAGCCT-3′
□ Y1c: 5′-p-TGAC AGGCTGATTCGGTTCATGCGGATCCA-3′
* Y2c: 5′-p-CGAT AGGCTGATTCGGTTCATGCGGATCCA-3′
◊ Y3c: 5′-p-TTGC AGGCTGATTCGGTTCATGCGGATCCA-3′
Δ Y4c: 5′-p-GTCA AGGCTGATTCGGTTCATGCGGATCCA-3′
DL-DNA construction scheme:
1st generation DL-DNA: G1 = Y1 = Y1a + Y1b + Y1c
2nd generation DL-DNA: G2 = G1 + 3 × Y2,
where Y2 = Y2a + Y2b + Y2c
3rd generation DL-DNA: G3 = G2 + 6 × Y3,
where Y3 = Y3a + Y3b + Y3c
4th generation DL-DNA: G4 = G3 + 12 × Y4,
where Y4 = Y4a + Y4b + Y4c
5th generation DL-DNA: G5 = G4 + 24 × Y5,
where Y5 = Y1a + Y2b + Y2c
6th generation DL-DNA: G6 = G5 + 48 × Y6,
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where Y6 = Y3 = Y3a + Y3b + Y3c
Agarose gel electrophoresis was employed to confirm the
successful assembly of all-DNA dendrimers. As shown in
Fig. 4, the desired DL-DNA constructs migrate as single bands,
showing decreasing mobility with increasing generation. The
disparity in the sharpness of the bands is likely to be a result
of the increased flexibility of the larger dendrimers, which can
explore a variety of confirmations, leading to a diﬀuse band.
The G1 band is likely more diﬀuse due to having moved
further through the gel.
Light scattering experiments
Dynamic light scattering (DLS) and static light scattering (SLS)
experiments were performed by employing an ALV goniometer
setup equipped with an helium–neon laser operating at λ =
632.8 nm. The eﬀective hydrodynamic radii of the DL-DNA
constructs in dilute aqueous solutions at diﬀerent conditions
of salinity (NaCl) were measured with DLS. The Brownian
motion of the DL-DNA molecules was recorded in terms of the
time auto-correlation function of the polarized light scattering
intensity, G(q,t ), using an ALV-5000 multi-tau digital correlator. The measurement consisted of obtaining the intermediate
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
scattering (field) function Cðq; tÞ ¼ ðGðq; tÞ  1Þ=β at several
scattering wave vectors q = (4πn/λ)(sin(θ)/2), where β is an
instrumental factor related to the spatial coherence constant
and depends only on the detection optics, n the refractive
index of the solvent, and θ the scattering angle. C(q, t ) was
analyzed via an Inverse Laplace Transform (ILT) using the
CONTIN algorithm56 and the average relaxation time was
determined from the peak of the distribution of relaxation
times. The translational diﬀusion coeﬃcient, D = Γ/q2, was

Fig. 4 Non-denaturing agarose gel (0.5%) electrophoresis analysis of
the assembly of DL-DNA. The electrophoretic mobility of puriﬁed allDNA dendrimers up to 6th generation is demonstrated. Lane M: 1 Kbp
double-stranded DNA marker (bottom to the top: 1 Kbp to 10 Kbp with
a 1 Kbp step), lane 1: G1, lane 2: G2, lane 3: G3, lane 4: G4, lane 5: G5
and lane 6: G6.
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found to be q-independent (Γ is the measured relaxation rate).
The hydrodynamic radius was extracted from the measured
diﬀusion coeﬃcient D assuming validity of the Stokes–
Einstein relation, RH = kT/6πηD (k is the Boltzmann constant,
T the absolute temperature, and η the solvent viscosity) for
spherical objects, (see Fig. 5).
The radius of gyration Rg of the higher DL-DNA generations
was extracted from SLS experiments in very dilute aqueous
solutions. The scattered intensity of the solution Isol, the
solvent Isolv, and the pure toluene Itol were recorded over an
angular range from 15° to 150° corresponding to scattering
vector q in a range of 3.46 × 103 < q < 2.55 × 102 nm−1. The
pure toluene was used as a scattering-angle-independent standard to account the dependence of the scattering volume on
the scattering angle. Thus, the scattered intensity I of the
DLDNA particles was determined as follows: I(q) = (Isol(q) −
Isolv(q))/Itol(q). The Rg was obtained from SLS experiments by
performing a Guinier plot: ln(I(q)) = ln(I(0)) − (q2Rg2)/3.
All experiments reported here were performed at room
temperature.
Simulation
To simulate the behaviour of the above described macromolecular system with given interactions we employ molecular
dynamic (MD) simulations. Simulations are performed using
two independent platforms, namely ESPResSo57,58 and
LAMMPS.59 The time step used is Δt = 10−3τ, where
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
τ ¼ mσ 2 =ε, so that the total running time of the simulations
extends over 100 ns (i.e., over 109 simulation steps). The box
size is chosen to keep the total particle density, ρp, independent of dendrimer generation. This number density is set to
the value of ρp = 5 × 10−7 Å−3 in order to avoid self-interaction

Fig. 5 Intermediate scattering functions, C(q,t ), at diﬀerent angles for a
dilute G6 all-DNA dendrimer aqueous solution at a concentration of 15
nM and under mild-salinity conditions (50 mM NaCl). For such dilute
regime only a single translational diﬀusion process is observed. Indeed,
the C(q,t ) is a single diﬀusive relaxation which is clearly conﬁrmed by
the q2 dependence of the decay rate, D = Γ (top inset). Bottom inset:
The natural logarithm of the reduced static light scattering intensity for
the G6 dendrimer as a function of q2 (Guinier plot). In both insets, the
slopes (red lines) were used for the extraction of the RH (top) and Rg
(bottom).
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via periodic boundaries while keeping the box size small at the
same time.
Canonical ensemble is applied and periodic boundary condition are applied. The evaluation of electrostatic interactions
is performed using the Ewald summation method60 and the
multilevel summation method61,62 (MSM) for ESPResSo and
LAMMPS, respectively, with a relative force accuracy of 10−5.
Langevin thermostat is chosen and set to preserve the temperature of T = 298 K. We use 1000 snapshots of a simulation
run over 0.1 μs (after equilibration) of a single DL-DNA molecule to obtain results that follow.

Results and discussion

Paper

Fig. 6 Hydrodynamic radius RH (as extracted from experiment) and
radius of gyration Rg (as predicted in simulation) as functions of the
generation index of DL-DNAs (as labeled). For DL-DNA of G5 and G6
experimental values of Rg are also provided.

Comparison between experiment and simulation
The overall size of the dendrimer can be characterized by its
radius of gyration Rg or its hydrodynamic radius RH. In principle, these quantities can be determined in simulations; they
are also experimentally accessible by means of diﬀerent scattering techniques, e.g., SANS, SAXS, or dynamic light scattering. However, in this contribution, we only calculate the radius
of gyration, Rg, from simulated systems via the following
expression:
*
+
N
1 X
2
2
Rg ¼
ðri  rcom Þ ;
ð6Þ
N i¼1
where N is the total number of monomers constituting the
DL-DNA, ri denotes the positions of the individual monomers,
and rcom stands for the center of mass of the molecule. This
quantity is readily accessible in MD simulations and enables
us to assign a typical size to the molecule described by the
employed model. The hydrodynamic radius RH was experimentally determined using dynamic light scattering and
measuring the diﬀusion coeﬃcient in diluted dendrimer solutions. Though the two radii are diﬀerent by definition, one
measuring spatial extent and the other hydrodynamic drag,
they diﬀer in their values only by a small amount so that a
comparison of Rg from simulation with RH from experiment is
a good way to validate the model. Moreover, static light scattering has been also employed to determine Rg for dendrimers of
higher generation numbers.
A comparison of the results originating from experiment,
RH, and simulation, Rg, is presented in Fig. 6. For G1 to G5 the
results of Rg and RH show excellent agreement, indicating the
appropriateness of the underlying model. The two sets of data
show small discrepancies for DL-DNAs of higher generations,
i.e., for G6 DL-DNAs; therefore, we show here also experimental values of Rg for G5 and G6 DL-DNAs. As experiments
show, for G5 DL-DNAs the radius of gyration coincides with
the hydrodynamic radius Rg = RH, which on the other hand,
fits nicely with the obtained simulation value. This matching
between results of static and dynamic light scattering for G5
justifies our choice of comparing two diﬀerent quantities that
characterize the size of a dendrimers of lower generation

This journal is © The Royal Society of Chemistry 2019

numbers. We observe that both the experimental and simulation data exhibit a concave shape as function of generation
index, reflecting the non-linear growth of the dendrimer with
increasing generation number. This feature can be explained
by the observed increase of the molecules’ sphericity with the
growing monomer density at the periphery of the DL-DNA. As
the sphericity of the dendrimer increases, as it is the case for
G6 DL-DNAs, the ratio between the experimentally measured
radius of gyration and the hydrodynamic radius deviates from
1 and goes toward smaller values, i.e., Rg/RH = 0.94. For the
sake of comparison, the theoretical value of this ratio is 0.778
for a homogeneous hard sphere64 and 1.0 for hollow spheres
with an infinitely thin shell.65 Therefore, the significant discrepancy observed between the experimental RH and Rg obtained
from simulation for G6 DL-DNAs and probably also for higher
generations becomes reasonable and one has to employ static
light scattering in order to obtain better agreement with the
results of the performed simulations.

Conformational analysis
A more detailed analysis of the form factor Fmm(q) of the dendrimer provides a deeper insight into the structural properties
of the dendrimer. The form factor is defined as
*
+
N
1 X
Fmm ðqÞ ¼ 1 þ
exp ½iðq  rij Þ ;
ð7Þ
N i=j
where the summation runs over all inter-monomer distances
rij and the brackets 〈…〉 stand for an average over all conformations, which restores rotational symmetry; here, q denotes
the scattering wavevector, allowing to look at diﬀerent scales
within the molecule. At coarse length scales, qRg ≲ 1, the
above expression reduces to the Guinier law:66
"
#
ðqRg Þ2
Fmm ðqÞ ’ N exp
;
ð8Þ
3
which represents a useful relation between the form factor and
the radius of gyration within the regime qRg ≲ 1. Via this
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expression, the radius of gyration can be extracted from experimental form factor data in the small wave-vector limit.
An overview of the results for Fmm(q) from simulation is
given in Fig. 7, where this function is shown on diﬀerent
scales. As eqn (8) implies, the form factor becomes equal to
the total number of monomers of the molecule in the limit of
small wave vectors, i.e., for q → 0. Further, we observe oscillations in Fmm(q) for qσ ∼ 10−1; the first local minimum
becomes more pronounced with increasing generation index,
signifying that these larger molecules possess a more spherical
shape and that the sharpness of the molecules’ boundary at
the outermost shell increases. The rigidity of the dsDNA
strands within the molecule reflects in the large wave-vector
behaviour of Fmm(q), namely, the form factor satisfies the law
Fmm(q) ∼ q−1 in the limit of large wave vectors.63 This is the
typical scaling law for scattering from rigid rods, which is in
contrast to flexible dendrimers, which usually scale with ∼q−4
in the same range of q, according to Porod’s law.67 This
outcome can be better understood in the context of scattering
from fractal aggregates: it can be shown68 that for arbitrary
systems of scatterers the scattering intensity Fmm(q) scales with
the wave vector as
F mm ðqÞ  ðqRÞ2Dm þDs

for R 1 < q < a 1 ;

ð9Þ

where Dm and Ds are the mass and surface fractal dimensions,
respectively. The size of a single monomer is a, while the size
of the whole system is denoted as R. In the case of solid
spheres the mass dimension Dm is equal to the system’s
spatial dimension d (Dm = d = 3), while the surface dimension
is Ds = d − 1 = 2, which results in the well-known Porod’s law,
Fmm(q) ∼ q−4. On the other hand, a rigid dendrimer can be
characterized as a single fractal aggregate. Therefore, its fractal
dimension, D, is equal to the fractal mass and surface dimensions, D = Dm = Ds < d, obeying the scaling law
F mm ðqÞ  ðqRg ÞD

for qRg > 1;

Additional insight into the conformational features of
DL-DNAs can be acquired by analyzing the monomer–
monomer pair correlation function. In Fig. 8 the radial distribution function gmm(r) for DL-DNAs of generations G1 and G5
is plotted as a function of the distance r, given in units of the
equilibrium bond length lb. The well-defined maxima which
occur at equidistant positions indicate that the bonds between
the monomers are rather stiﬀ. The first and largest peak represents the nearest neighbour separation along the Y-DNA
arms. The height of the maxima scales with r−2, which is the
rate at which the volume of the spherical shells increases. The
two curves of gmm(r) are identical for G1 and G5 in this regime.
Another quantity that provides detailed information about
the complex internal structure of DL-DNAs is the density
profile of the constituents of the macromolecule with respect
to the center of mass of the dendrimer:
ρðrÞ ¼

*
Nm
X

+
δðr  ri þ rcom Þ ;

ð11Þ

i¼1

where the summation runs over all particles of a particular
type, such as the monomers or the counterions; the vectors ri
denote the corresponding positions of the particles. In Fig. 9
the density profiles for specific components of DL-DNA molecules are shown, focusing on a G3 (Fig. 9(a)) and a G6

ð10Þ

with D = 1. By analyzing the form factor in this way, we have
obtained a beautiful reflection of the distinctive behaviours of
flexible and rigid dendrimers.

Fig. 8 Monomer–monomer radial distribution function gmm(r) for
DL-DNAs of generations G1 and G5 plotted as functions of distance r,
given in units of the equilibrium bond length lb.

Fig. 7 The form factor Fmm(q) of the DL-DNAs of generation G1 to G6 (as labeled) obtained from simulations, given as a function of the dimensionless wave-vector. Data are shown: (a) on a linear scale; (b) on a double-logarithmic scale; and (c) on a double-logarithmic scale with limq→0Fmm(q)
rescaled to 1. The dashed lines in panel (c), i.e., Fmm(q) ∼ q−1, correspond to the typical scaling law for the scattering from rigid rods63 for large
q-values.
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(Fig. 9(b)) dendrimer, respectively. The diﬀerent entities considered are (i) all monomers (without distinction; “total”), (ii)
the monomers pertaining to a specific subgeneration, gi, and
(iii) the counterions. The monomers are regularly distributed
in concentric-like structures such that only minor overlap
between subsequent subgenerations exists. This kind of behaviour is typical for charged macromolecules with rigid
bonds:69,70 the strong Coulomb repulsion, combined with
rigidity and the dendritic character prevent backfolding of the
outer monomers towards the interior of the molecule, a
feature that is in contrast to the standard dense-core model of
dendrimers with flexible bonds.71,72 This rigidity is in addition
reinforced by the Coulomb repulsion between like-charged
monomers, resulting in a complete suppression of backfolding. Because the Y-DNAs of the individual subgenerations
exhibit a transition at the junction, where one inward-facing
arm splits into two outward facing arms, the corresponding
density profiles feature a double-peak. This double-peak
feature is not as pronounced in subgenerations with higher
index gi, as the spatial distribution of these higher subgenerations is less coherent and more flattened out.
The counterion density distribution closely follows the
monomer density due to the system’s propensity towards local
charge neutrality and the spatial structure of the counterions
is less pronounced due to an entropic ‘smearing out’ of the
profiles. Overall, we obtain, especially for higher generations,
almost flat-density molecules, whose monomer- and counterion-profiles are tunable by varying the generation index, GN.
Contrary to the usual, dense-core, flexible dendrimers,67,72 the

Fig. 9 Monomer and counterion density proﬁles ρ(r) as functions of r,
given in units of the equilibrium bond length lb; ρ(r) is shown for
diﬀerent entities of the system (as labeled and see text). Data are shown
(a) for a G3 DL-DNA and (b) for a G6 DL-DNA.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Simulation snapshot of G5 DL-DNA. The encircled G1 DL-DNA
is inserted to the ﬁgure to guide the eye to better visualization of the
void size.

monomer profile of the DL-DNA does not monotonically drop
as one moves from the center of the molecule towards its periphery, but it remains rather flat and constant (with modulations close to the junction points). Moreover, these nanostructures feature very low local monomer packing in their
interior, ρ(r)σ3 ∼ 10−3 (see Fig. 9), as opposed to typical values
ρ(r)σ3 ∼ 1 for flexible dendrimers.67 Accordingly, they oﬀer a
great deal of empty space (voids) in their interior, capable of
accommodating smaller molecules, such as a G1-dendrimer,
as demonstrated in Fig. 10. Due to their ‘uniform-density’
interior, DL-DNA constructs are also suitable for an analytical
description using the Poisson–Boltzmann theory,73,74 since the
constant ion density inside the molecule simplifies analytical
calculations.
In the following, a more detailed analysis of the counterion
condensation is presented. In our investigation we have
encircled each arm of the individual Y-DNA elements by a tube
of radius r; we have then counted the percentage of ions Qt (r)
captured in those cylinders. The dependence of Qt (r) on the
tube radius r is depicted in Fig. 11(a). Even though the considered system is electro-neutral, a diﬀerence in the value of
Qt (r) of approximately 20% between G1 and G5 dendrimers
can be observed for tube radii larger than 3rM−C+. This observation is a direct consequence of an increase in the available
volume provided by the larger dendrimers. The same eﬀect
can be seen in Fig. 11(b), where the total amount of counterions absorbed by the dendrimers is shown, expressed via function Qs(r). When the radius of the sphere r that encircles the
dendrimer exceeds the size of the dendrimer rmax only 40% of
counterions are absorbed by a G1 DL-DNA, whereas this percentage grows with increasing dendrimer generation number
and approaches 90% in the case of a G5 DL-DNA. It is also
worth noticing that the transition of the counterion profile
from the interior to the exterior becomes increasingly sharp as
the dendrimer generation index grows: accordingly, high-G
DL-DNA’s act as osmotic dendrimers, in full analogy with the
osmotic polyelectrolyte stars,75–77 which capture the counterions in their interior. However, in contrast to these, DL-DNA’s
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Fig. 11 (a) Percentage of total counterions, Qt (r), captured in tubes of
radius r surrounding each arm of the Y-DNA elements as a function of r
(in units of σ). (b) Percentage of total counterions, Qs(r), captured in
spheres of radius r centered at the center of mass of the DL-DNA rcom as
a function of r/rmax, where rmax denotes the maximum distance between
a DNA-monomer and rcom. The graphs are shown for dendrimers G1,
G3, and G5 (as labeled).

are very robust against salinity, maintaining their size essentially unaﬀected by addition of large quantities of monovalent
salt, as it will be shown in what follows.
In Fig. 12 the probability of the nearest junction-to-junction
separation of successive subgenerations gi and gi+1 within a G6
DL-DNA is shown as a function of distance given in units of
bond length. Since each branch extending from junction to
junction point consists of 30 monomers, the peak of this function is located slightly above 29lb for the innermost branches
and its position decreases monotonically as one moves away
toward the exterior of the molecule, (i.e., towards the outer

Fig. 12 Probability for the nearest junction-to-junction separation of
successive subgenerations gi and gi+1 within a G6 DL-DNA given in units
of the equillibrium bond length lb.
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subgroups) while the variance increases at the same time. The
shrinkage of bond lengths belonging to the outer branches is
a consequence of osmotic swelling which tends, on one hand,
to stretch central (inner) branches, while on the other hand, it
allows a slightly higher flexibility of the branches belonging to
higher subgenerations. To understand the physics behind this,
we need to consider the osmotic pressure from the counterions trapped in the interior of the molecule, which tries to
swell the dendrimer by exercising an outward force at a fictitious spherical surface of radius rmax that surrounds the molecule, touching the free tips of the outermost Y-junctions (composed of 4-bases long ssDNA). This force is transmitted to the
interior of the dendrimer, but the number of Y-junction tips
among which it is partitioned is halved each time the subgeneration index decreases by one. Accordingly, the innermost
generations are pulled more strongly than the outermost ones;
thus they are more rigid, more straight-line looking. This eﬀect
is also observable in the simulation snapshot (see Fig. 3),
where it can be seen that the innermost branches are more
rigid, having the shape of a straight line, while the branches
belonging to the outermost subgenerations expose a more
wiggly behaviour. This interpretation is corroborated by the
analysis of angular fluctuations in what follows.
In order to analyze the internal freedom of the typical conformations of the dendrimers, we measure in the simulations
two kinds of bond angles, namely ϕ and θ, for the individual
subgenerations. Here, ϕ is defined, according to eqn (3), as the
angle between two consecutive bonds within a Y-arm; it is consequently a reliable measure of the rigidity of the Y-DNA arms.
The angles θi (i = 1, 2, 3), on the other hand, are defined as the
angles between the vectors pointing along the three arms of
the Y-DNA, whereby an arm vector is defined as the vector connecting the first and last monomer of a specific Y-DNA arm,
i.e., the arm is assumed to be fully rigid. Each Y-DNA element
is characterized by three of these angles: θ1, θ2, and θ3. For
fully rigid connections between successive Y-junctions in the
dendrimer, one would find ϕ = π and θi = 2π/3 for all i.
In Fig. 13(a) the probability distribution P(ϕ) of the angle ϕ
for the innermost generations, g1, is shown for DL-DNAs of
diﬀerent generation index. The distributions all exhibit a pronounced maximum close to the value of a fully rigid dendrimer, i.e., ϕ ≅ π. This feature again demonstrates that the interactions of our model tend to keep the monomer chains
straight. A slight but visible enhancement of the peak (i.e., a
reduction of the fluctuations) can be seen for the G7 dendrimer. This indicates, that its inner generation is more stretched
and thus more straight as the number of generation grows.
This feature is one manifestation of the increased osmotic
stretching force from the counterions. If we focus on a
G7 molecule and look at the stretching of the various generations gi within the G7 DL-DNA, Fig. 13(b), a similar trend can
be observed: the distribution is rather sharply peaked close to
the angle ϕ = π, pointing to stretched connections between the
junction points. Again, one can notice that the probability distribution P(ϕ) for higher subgenerations displays a ‘leakage’ to
smaller ϕ-values, indicating that the branches belonging to the
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Fig. 13 The probability distribution P(ϕ) of angle ϕ of (a) the innermost
subgeneration g1 for DL-DNAs of generation index G1–G7 (as labeled)
and (b) individual subgenerations within a G7 DL-DNA (as labeled). The
ðπ
distribution P(ϕ) is normalized as PðϕÞdϕ ¼ 1 .
0

Fig. 14 P(θi), i.e., (a) the probability distribution of angles θi, (i = 1, 2, 3)
of the innermost subgeneration g1 for DL-DNA of generation index G1–
G7 (as labeled) and (b) the probability distribution of outer angle θ3
(dashed lines) and the inner angles θi, (i = 1, 2) (solid lines) of the individual subgeneration within a G7 DL-DNA (as labeled). Each P(θi) is normalðπ
ized as Pðθi Þdθi ¼ 1.
0

outermost subgenerations are more flexible compared to the
innermost branches, which is consistent with the finding on
the inter-bonding separation (see Fig. 12) and our interpretation of its physical origin. In addition, we also show in
Fig. 13(b) the probability distribution of angle ϕ corresponding
to those parts of the chains that are characterized as a stickyend. As it is expected, the function spreads over a wider range
of possible conformational angles, reflecting the fact that
sticky ends exhibit a significantly more flexible behaviour.
Fig. 14 shows the corresponding probability distributions
P(θi) for the angles θi (i = 1, 2, 3), for DL-DNAs of diﬀerent
generation index. In particular, in Fig. 14(a) we focus on the
innermost generation, g1, of various GN-dendrimers and we do
not distinguish between the three angles θi, i = 1, 2, 3, since
their distributions coincide by symmetry. The distinction is
being made in Fig. 14(b), for which we collected statistics of
outer angle θ3 and inner angles θ1,2 to determine the three
individual distributions Pi (θ) for the three angles denoted in
the insets. Here, we can see that the most probable angle of
the innermost subgeneration, g1, of dendrimers of diﬀerent
generations is centered around θi = 2π/3, confirming the rigidity of the Y-branches. However, the width of these distributions
increases with decreasing generation number GN, as the
amplitude of the fluctuations in θi correlates negatively with
the size of the dendrimer branch attached to the corresponding arm. With growing generation number, the number
of branches grows more rapidly, so that the fluctuations in the
angle θ become less probable due to the reduced available

This journal is © The Royal Society of Chemistry 2019

volume and the restrictions due to the mutual electrostatic
repulsions between the diﬀerent arms. When examining the
distributions of diﬀerent subgenerations within a G7 DL-DNA,
Fig. 14(b), the emergence of diﬀerently centered peaks of P(θ3)
and P(θ1,2) for the corresponding intermediate subgenerations
can be observed.
This phenomenon can be explained by the deformation of
Y-DNAs from a conformation with θi = 2π/3, i = 1, 2, 3, into a
configuration with θi > 2π/3, with i = 1, 2, and θ3 < 2π/3. This
change is caused by the monomers pertaining to the outer
(inner) generations that pull ( push), respectively, monomers of
the intermediate subgenerations outwards via steric and
electrostatic interactions. This phenomenon does not occur
for Y-DNAs of the last subgeneration, i.e., g7 in the examined
case, as these Y-DNAs are not constrained by subgenerations
of higher index.
Finally, in Fig. 15 the distribution P(θΣ) is shown for a G7
3
X
DL-DNA, where θΣ ¼
θi . The data provide evidence that the
i¼1

Y-DNA of the innnermost subgeneration, whose arms are
subject to outward forces caused by the subsequent generations, is almost completely planar, i.e., θΣ ≈ 2π. With increasing generation index, however, the Y-DNAs’ deviation from the
planar configuration becomes more pronounced, i.e., θΣ < 2π.
Underlying to this behaviour are two opposite eﬀects:
Coulomb repulsion and the aforementioned outward forces
drive the Y-DNAs towards a planar configuration, but at the
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Influence of salt on conformational properties of DL-DNA

Fig. 15 P(θΣ), i.e., the probability distribution of the sum of the three
junction angles θΣ of the individual subgenerations within a G7 DL-DNA
ð 2π
(as labeled). P(θΣ) is normalized as
PðθΣ ÞdθΣ ¼ 1.
0

same time this planarity reduces the number of configurations
available to the Y-DNAs and therefore their entropy. As we
proceed to the outermost generations, the branches of the
Y-junctions have more freedom to fluctuate and entropic contributions become enhanced, enabling fluctuations of the
Y-junctions that deviate from planarity.

Fig. 16 The eﬀect of diﬀerent NaCl concentrations on the hydrodynamic radius RH for DL-DNA of generations G2 to G6 (as labeled). The
inset shows a comparison between the RH- and the Rg-shrinkage (as
compared to respective salt-free values R0H and R0g ) for a G6 DL-DNA.

We have also analyzed the eﬀect of a finite salt concentration
(NaCl) on the overall size of the dendrimer. The experiments
are performed for diﬀerent values of salt concentrations,
extending from a low salt regime (c = 0.1 mM) up to very high
salt concentrations (c ≈ 5 M). Due to numerical limitations,
only salt concentration up to c ≈ 30 mM could be considered
in simulations. Results for the hydrodynamic radius, as
obtained from the experiment, are summarized in Fig. 16. By
adding salt essentially no change in the size of the dendrimer
is observable up to a concentration of c = 10 mM.
This observation is confirmed in the simulations (see
Table 3). The absence of any significant shrinking at low salt
concentrations is the consequence of the rigidity of the molecule, i.e., the high persistence length. In order to overcome the
stiﬀness of the molecule, one has to proceed to higher salt
concentrations, i.e., above c = 10 mM; under such conditions
the screening of the charge of the molecule starts to aﬀect the
Coulomb interaction between the monomers, inducing
thereby the shrinking of the molecule. This reduction in size
is more pronounced for higher dendrimer generations and it
can range from approximately 10% to 15% for extremely
high salt concentrations (i.e., c ∼ 1 M). Throughout, the
decrease of RH is generation-dependent and the critical salt
concentration at which the molecule starts to shrink diﬀers
from generation to generation.The inset of Fig. 16 shows the
comparison of the experimental results for the radius of
gyration and for the hydrodynamic radius of G6 DL-DNA
under the change of salt concentration. Both quantities show
the same trend but with slightly more expressed shrinkage of
RH over Rg.
We have performed simulations of G4 DL-DNA for various
values of salt concentration, and the resulting radius of gyration as a function of salt concentration is given in Fig. 17(a).
The comparison with the hydrodynamic radius obtained from
experiments is also shown. From simulation, we observe the
shrinking of the molecule by approximately 7% when varying
the salt concentration from c = 1 mM to c = 30 mM, while the
experiments show the shrinkage by approximately 5% when
varying the salt concentration from c = 1 mM to c = 50 mM. In
Fig. 17(b) we present the form factors, comparing two sets of
simulation data corresponding to diﬀerent salt regimes. The
curves unambiguously demonstrate that the added salt does

Table 3 Comparison of the results for the radius of gyration, Rg, obtained in simulations and for the hydrodynamic radius, RH, extracted from
experiment (as labeled) over six generations of DL-DNA. Experiments are performed for a salt concentration of 0.1mM. Simulations are carried out
both for the salt-free regime (c0 = 0 mM) and using a salt concentration of c1 = 1 mM with diﬀerent simulation packages (as labeled)
exp

Generation

RH=c¼0:1 mM ½nm

RESPResSo
g=c¼0 mM ½nm

RLAMMPS
g=c¼0 mM ½nm

RLAMMPS
g=c¼1 mM ½nm

G1
G2
G3
G4
G5
G6

3.5
9.31
14.42
21.43
30.58
40.49

3.30
9.60
15.75
22.14
28.87
36.02

3.37
9.37
15.52
22.02
28.75
35.8

—
9.6
15.4
21.6
28.2
—
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Fig. 17 (a) Hydrodynamic radius RH, as extracted from experiments,
and radius of gyration Rg, obtained from simulation, (as labeled) as functions of the NaCl concentration (given in mM) for a G4 DL-DNA. (b)
Form factor Fmm(q) as a function of q for a G4 DL-DNA for salt concentrations c = 0 mM and c = 30 mM (as labeled), obtained from simulation.

not have any impact on the rigidity of the dendrimer, i.e., in
the regime of large wave vectors the form factor satisfies the
above mentioned q−1 scaling law irrespective of the salt concentration. From these data one can conclude that the
Coulomb interactions do stretch the bonds between the monomers, but the related eﬀect is subdominant when compared to
the role that rigidity has in suppressing significant changes in
bond lengths.
The shrinking of flexible, charged polymers upon addition
of salt can be physically traced back to the screening of the
electrostatic interaction or to the enhanced osmotic pressure
from the co- and counterions at the exterior of the macromolecule.76 For the case at hand, it is not clear that the same
physical mechanism is at work, since the shrinkage is
minimal and the molecular architecture is diﬀerent. To shed
light into the mechanism behind the size reduction of the
nanoparticle, we look at the density profiles with and without
salt. In Fig. 18(a) and (b), the monomer density profile for a
G4 DL-DNA is shown for the salt-free case and for a NaCl salt
solution of concentration c = 30 mM, respectively. One can
notice that the only diﬀerence between corresponding
monomer profiles under diﬀerent salt conditions appears for
the outermost subgeneration g4. In the salt solution enhanced
backfolding of the outermost branches arises, resulting in the
small shrinkage of the dendrimer’s radius of gyration,
observed at Fig. 17(a). The interior of the dendrimer remains
unaﬀected by the added salt, an additional manifestation of
the combined eﬀect of rigidity and branched architecture of

This journal is © The Royal Society of Chemistry 2019
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Fig. 18 Monomer density proﬁle for G4 DL-DNA: (a) salt-free regime,
c = 0 mM; (b) c = 30 mM.

the novel DL-DNA constructs. These are remarkably resistant
macromolecules, which nevertheless feature a very low internal
monomer concentration, allowing them to absorb counterions
or smaller molecules in their interior. In addition, whereas salinity is expected to aﬀect the eﬀective interactions between
such dendrimers, practically it does not aﬀect their sizes and
shapes, rendering them thus as prime candidates for molecules with tunable, ultrasoft eﬀective repulsions.

Conclusions
We have investigated the structural properties of DL-DNA at a
single particle level with sizes ranging from G1 to G7.
Additionally, we probed the salt-responsiveness of the complex
nanostructure of said molecules with regards to backfolding of
dendritic arms, providing a thorough investigation of the
structural properties of these all-DNA nanostructures. Through
a combination of experiments and molecular modeling we
provide an advancement of our understanding of such dendritic DNA constructs, which is essential for developing applications and investigating novel phenomena related to this type
of soft material.
In colloidal polymer network terms, the high-G DL-DNA
and ionic microgels share some common characteristics. Both,
highly permeable to solvent molecules, can act as eﬃcient
absorbers of their own counterions under salt-free conditions,
and at a very coarse-grained level their internal structure has a
core–shell morphology. However, our results revealed that the
DL-DNA’s scaﬀold architecture and its inherent rigidity grant
these all-DNA nanostructures with low internal monomer con-
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centration, regular voids in their interior and, at the same
time, a resilience against the addition of salt; intriguing and
promising features which are absent in ionic microgels and
which are expected to have significant impact on the dendrimers’ collective behaviour. More specific, experimental as well
as computational results show that varying the salt concentration only minimally aﬀects the conformation and does not
cause any backfolding of dendritic arms. This low salt-responsiveness allows for adjusting the eﬀective interaction between
diﬀerent DL-DNA molecules without the dendrimers collapsing or their structure deforming significantly. In addition, the
monomer density profiles revealed that high-G DL-DNA are
dendrimers with almost flat density and internal cavities with
generation-independent size. The cavity space, located at the
dendrimer’s center of mass, was found to be comparable to
the size of G1, implying that the void interior can be
engineered at subnanometer precision (at the level of a
single level) by simply adjusting the arm length of the Y-DNA
building block belonging to the first generation; thus allowing
full control over the degree of dendrimer interpenetrability.
We believe that the above properties make these highly
charged tailored empty-core/shell nanostructures ideal candidates for exploring novel forms of self-assembly such as cluster
crystallization in the bulk. The current work sets the pivotal
point for the investigation on the many-body properties of concentrated DL-DNA systems, which will be the subject of the
future work.
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