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ABSTRACT

Using molecular dynamic simulations of coarse-grained models, we study the self-organisation of
star-shaped all-DNA constructs, composed of suitably intertwined single-stranded DNA chains, con-
fined to water-air interface. Two configurations of DNA stars are considered: planar and tripod with
respect to whether the entire star is fixed to an interface or only its terminating nucleotides, while the
rest is allowed to dive into a water where high concentration of monovalent salt is dissolved. Calcu-
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lated structural properties of the solutions they form as well as their dynamical features, investigated
in a range from low- to intermediate densities, reveal that both systems stay in liquid state maintain-
ing remarkably similar properties despite striking differences in the conformation of the composing

molecules.
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1. Introduction

The bottom-up approach for surface nano-patterning
relies on the self-assembly of two-dimensional confined
building blocks. Among the available building materi-
als in this emerging field, DNA holds great promise for
the realisation of nano-structured surfaces with arbitrary
complexity and spatial addressability at the subnanome-
ter level [1-8], which are of relevance in molecular
[9-11] and cellular biophysics [12-14] and materials sci-
ence [15-17]. Various strategies have been employed for
long-range patterning of self-assembled all-DNA nanos-
tructures (DNA tiles and DNA origami structures) on
solid substrates [18]. The interfacing of DNA structures
with hard surfaces has been achieved in numerous ways,
including surfaces that actively influence DNA assembly
(such as mica) [19] and selective adsorption on litho-
graphically patterned surfaces [20], which is a charac-
teristic example of a synergy between bottom-up and
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top-down fabrication approaches and DNA confinement
onto fluid-like two-dimensional (2D) surfaces such as
lipid bilayers [21]. The latter type of DNA adsorption can
be achieved either by electrostatic binding on an oppo-
sitely charged cationic lipid bilayer [22,23] or by a com-
bination of a hydrophobic-mediated DNA anchoring and
electrostatic DNA binding to these membranes [24]. The
main advantage of this 2D DNA confinement approach
over the above-mentioned strategies is that these fluidic
2D surfaces can effectively interface DNA with spher-
ical and planar solid substrates, allowing DNA nanos-
tructures to diffuse freely in-plane. The critical role of
the surface-mediated diffusion in the long-range organ-
isation of DNA nano-structures with controlled lateral
interactions has been demonstrated, revealing that DNA
origami structures [22,23] and star-shaped crossover
DNA tiles [24] can self-assemble into a rich assortment
of micrometer-sized surface packing morphologies.
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From the experimental point of view, the most com-
mon tool to access the static structure of these all-
DNA 2D assemblies is atomic force microscopy (AFM).
A far more difficult task is to probe dynamic pro-
cesses involved in the formation of these assemblies.
High-speed AFM imaging [23] and noninvasive super-
resolution microscopy [25] experiments seem to be a
promising tool for the direct visualisation of the self-
assembly process, however, access to local and fast pro-
cesses such as the mean squared displacement of the
centre of the mass of the adsorbed DNA nanostructures
is a major experimental challenge. Molecular dynamics
(MD) simulations could be a complementary tool offer-
ing structural and dynamical information in an unprece-
dented level of detail.

Here, we investigate the properties of concentrated
adsorbates of a structurally simple yet rich all-DNA
construct, the so-called Y-shaped all-DNA [26], i.e. a
DNA-based three-arm star. To this end, we employ com-
puter simulation in order to gain a detailed informa-
tion about DNA-star assemblies confined to an inter-
face. This DNA entity is a three-armed star, consisting
of double-stranded helices, 13 base-pairs long, as shown
in Figure 1(a), formed in synthesis via hybridisation of
three single-stranded DNA chains. Each of these DNAs
has partially complementary sequences to the other two
DNA chains, leading thus to the formation of base-pairs
along the arms. The Y-shaped DNA nanostructure has
been used as a building block for the controlled assem-
bly of novel all-DNA dendritic structures [27]. These
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novel macromolecules have been modelled in computer
simulations [28] via a simple bead-spring model, pro-
posed in the context of polyelectrolyte brushes [29,30].
In this contribution, we rely on the proposed model,
which was also tested experimentally (see Ref. [28]) for
Y-shaped DNA star as well as for higher generations of
all- DNA dendrimers with rigid or flexible connecting
bonds between the successive generations [31]. Hence,
we investigate the self-assembly of all-DNA stars using
the tested model, where the each base-pair is represented
by a single monomer bead (see Figure 1(b)), which inter-
acts with neighbouring ones via the interactions that
recover structural properties of double-stranded DNAs
(see also Appendix).

Considering a 2D ensemble of these DNA-stars con-
fined to a water—air interface, we study two different
scenarios: one where we have assumed that all base-pairs
are fixed to an air-water interface, termed the ‘planar
configuration’ and shown in Figure 1(b), and the other
where the only terminating beads of each arm are fixed
to this interface, allowing thus the central monomer of
the star to ‘dive’ into the water, termed the ‘tripod con-
figuration’ and shown in Figure 1(c). Particular static
and dynamic properties that we have calculated from
our simulations, enable us to spot out the characteristic
differences between the two scenarios.

Experiments confirmed the importance of a role of
DNA stars in the formation of gels [32], liquid crystals
[33], cluster crystals [34] in bulk solution. Particularly
the bulk solution of 3-arms DNA stars with sticky ends
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Figure 1. Schematic sketches of: (a) a three-arm DNA star composed of double-stranded helices 13 base-pairs long; and the two config-
urations it can take when confined to an interface (b) the planar configuration and (c) the tripod configuration with the tip immersed into
the fluid. Monomer beads stand for base pairs along DNA strands (not drawn to scale) whereas the blue plane represents the interface
to which the macromolecules are confined. In the tripod configuration the ends of the arms of the DNA star are attached to the interface
via amphiphilic units, depicted by the red appendices, while in the planar configuration the entire DNA star is fixed to the interface via

amphiphilic units (not shown).



is studied in simulations [35] and in experiment [32] and
it is shown that system stays in a disordered state for a
wide range of DNA star concentration and temperatures.
Concerning all-DNA organisation in two-dimensional
confinement, the self-organisation of DNA motifs has
also been investigated experimentally [36] showing how
DNA tiles can be used for constructing 2D lattices with
programmable features of nanometer precision. Never-
theless, the experimental verification of results for the
system at hand is still lacking.

In this paper we provide a general description of the
model accompanied with details of the set up for the
molecular dynamics simulation we use to study two sys-
tems of DNA stars confined at the interface, given in
Appendix. Section 2 is dedicated to a detailed presenta-
tion of the static and of the dynamic properties of the
DNA stars in planar and in the tripod configurations
respectively. The obtained results for the two aforemen-
tioned scenarios are then directly compared with one
another. The work is supplemented with results for the
effective interactions of the DNA-stars in the planar con-
figuration, given in Section 3, where we discuss how it
compares with the data provided in the literature on a
closely related model.

2. DNA stars in planar and tripod configurations

As specified in the Introduction, we study self-assembly
of DNA stars at water—air interface, focusing on two types
of DNA star solutions: one composed of all-DNA stars
in planar configuration, Figure 1(b), and the other con-
sisting of all-DNA stars in tripod configuration, Figure
1(c). In experiments, the flat configuration is achieved
via amphiphilic units [37,38] that decorate DNA chains,
so that the whole star is fixed to the surface. For the tri-
pod configuration, amphiphilic units are attached only
at the end of the arms, fixing the terminating beads to
the interface, Figure 1(c), while the remaining parts of
the star are able to dive into the water solution with dis-
solved monovalent salt. In our model, these amphiphilic
units are not considered explicitly. Instead, we fix the star
to the interface simply by setting the vertical coordinate
of all beads to zero in the case of flat DNA stars while
in the case of tripod system only the end monomers are
confined to z = 0 plane, matching the vertical position of
the interface and allowing other monomers to dive into
the solvent. The interface itself is not simulated explic-
itly but is provided by the introduced confinement. DNA
stars in both configurations are allowed to move freely in
the lateral direction. We employ the same coarse-grained
bead-spring model for the DNA stars in both configura-
tions, as stated in Introduction, modelling each base-pair
as spherical unit, resulting in a sequence of 13 monomers
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per arm of the star whose length amounts to ~44 A.
Each monomer interacts with the neighbouring beads
with different types of interactions that mimic structural
properties of DNA double strand. Salt ions are treated
implicitly via a Debye screening parameter. The numeri-
cal values of parameters for each potential employed are
given in Appendix (for more details see also [28,30]). In
our system, DNA helices have blunt ends in contrast to
that of Ref. [28], where the arms are terminated with the
short sequence of the single-stranded DNA chains that
were used as linkers between stars for building higher
generation of dendrimers.

The density of 2D solutions of DNA stars is charac-
terised by the (planar) packing fraction,

ns = 271'R§pd with pg = % (1)
Here, Rg is the radius of gyration of the DNA star. For
the flat configuration, it takes the value Ry = 25.5 A. The
same value is used for the densities of the tripod system
for the reason of an unambiguous comparison of corre-
sponding quantities that follow. Moreover, the stars in
the tripod configuration take the planar shape at low star
densities. In the above relation, pq is the number density,
Ny is the number of stars in a given area A. As discussed
in the subsequent subsections, we considered #s-values
up to 0.57. For simplicity, we assume that the permittiv-
ity in both media is the same as the stars remain, due to
their hydrophilicity, slightly below the interface, in water
with dissolved salt of concentration ¢ = 100 mM, which
represents a typical experimental salinity.

In order to investigate the properties of our systems
we have performed standard molecular dynamics sim-
ulations in the canonical ensemble, using a Langevin
thermostat, fixing the temperature to room conditions,
T = 298K and applying the periodic boundary condi-
tions in x and y directions only. We have used the software
package ESPResSo [39]. Throughout, ensembles of 400
DNA stars have been considered, corresponding to 400 x
13 x 3 = 15600 monomeric beads. MD simulations were
extended over 108 time steps, corresponding thus to a
total, macroscopic time of 0.25 us (for more details see
Appendix). Simulation snapshots for low- and mid-DNA
star densities, # are shown in Figure 2, for both types
of solution - one composed of planar DNA stars (a)
and (b) and one consisting of tripod star configuration

(c) and (d).

2.1. Systems of planar DNA stars

To study planar (flat) all-DNA stars confined to the inter-
face, monomer-resolved MD simulations are performed
for the interface density of the DNA stars, #s, as defined
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Figure 2. Simulation snapshots of bulk DNA stars solutions confined at the air-water interface at salt concentration ¢ = 100 mM and
DNA stars’ densities (a) #s = 0.17 and (b) #s = 0.34 for the planar configurations of stars and (c) #s = 0.17 and (d) #s = 0.54 for the
tripod configuration of stars. DNA stars are shown in different colours in order to increase distinguishability between them. The upper
panels in (c) and (d) stand for the projection of the simulation box in the yz-plane, whereas the bottom panels show the projection on
xy-plane. The orientations of the x-, y- and z-axis are indicated by the red, green and blue arrows, respectively.

in Equation (1) between 0.17 and 0.34. Already for inter-
mediate densities (i.e. for #s =~ 0.25) the particular shape
of the stars renders the construction of the initial con-
figurations very challenging. To avoid an overlap of the
arms, the stars have to be arranged for their initial con-
figuration in a particularly chosen geometric pattern.
With such ordered arrangements one might even pro-
ceed to higher #,-values; however, at these high densities
the system would never be able to equillibrate but would
rather remain in a trapped configuration. For this rea-
son, we have limited our investigations on the flat stars
to ns < 0.34.

In Figure 3(a), we show the pair correlation function,
gy (), of our two-dimensional system of flat DNA stars,
where r represents the centre-of-mass distance, r¢om. We
find for g () the typical shape encountered for correla-
tion functions of a disordered state: a main peak with sub-
sequent oscillations, which become more pronounced as
the density increases. The distance of closest approach
(i.e. below which g _(r) essentially vanishes) is located at
r ~ 50 A, which corresponds to the length of one arm of
the stars. This feature indicates that as a consequence of

the two dimensional confinement, the DNA stars hardly
penetrate. The position of the maximum in g _(r) moves
to smaller values with increasing 7, as expected.

The information about the static structure of the
system is supplemented by dynamic properties: to this
end we have calculated the mean squared displacement
(MSD), denoted by

MSD(A?) = ((Arcom(A1))?)
= ((rcom(t + At) - rcom(t))2>’ (2)

where a DNA star is considered to be located at its
centre-of-mass, rcom. Averaging the one-particle corre-
lation function independently over each macromolecule
and using gliding time windows we can achieve a suffi-
ciently high numerical accuracy of the data. Results for
the MSD, calculated for densities within the aforemen-
tioned density window, are shown in Figure 3(b) on a
double logarithmic scale. At larger times we find a neat
diffusive behaviour, where different vertical shifts, corre-
sponding to decreasing diffusion coefficients, are found
for different #5-values, see discussion in the following



MOLECULAR PHYSICS e 5

a) 2 s =0.17 s = 0.27
s = 0.20 —— 15 = 0.30
1.5 Ns = 0.23 —— s = 0.34
=
IRl
o
0.5
0 1073 L
0 50 100 150 200 250 1072 107! 100 10! 10?
1Al At[ns
c) 2 d) " =017 — 1o =027
s = 0.20 —— ns = 0.30
15 s = 0.23 ——1ns = 0.34
a4 1) 2 05
= e
0.5 s =0.17 s =0.27
ns = 0.20 ns = 0.30
i s = 0.23 —— 15 = 0.34 0
-3 2 -1 0 1 2 0 10 20 30 40 50 60 70 8 90 100
logyo(At[ns]) At[ns]

Figure 3. (a) Radial distribution function g, (r) of a system of planar DNA stars, plotted as a function of centre-of-mass separation r, given
in units of A. (b) Mean squared displacement (MSD) (( Arcom (A£))?) of the centres-of-mass, reom (t) of DNA stars in the flat configuration,
given in units of Ré, as a function of the time lag At, given in ns. The dashed lines highlight the ballistic regime (i.e. MSD o t2), while
the dotted lines indicate the diffusive regime (i.e. MSD « t). (c) Local logarithmic derivative, y (At), of the MSD, related to the centres-
of-mass, reom (t), of DNA stars in the flat configuration, given in units of the squared radius of gyration Ré, as a function of the logarithmic
time lag. (d) Normalised ‘orientational’ time auto-correlation function ® (At) of DNA stars in the flat configurations as a function of lag
time At, given in ns. Results are shown for different values of surface density #s, as labelled.

subsection. To elucidate a possibly sub-diffusive regime,
we have calculated the logarithmic derivative of the MSD,
x (At), defined via

[10810((1‘com(f + Af) — rcom(t))2>]
d(log,, At]

d
x(At) = 3)

The quantity y(At) is shown in Figure 3(c). We find
that this function deviates for 101 ns < At < 10%ns
from the diffusive behaviour when y (At) assumes values
smaller than unity: there, y (At) ranges between ~ 0.8
(for low densities) to ~ 0.6 (at intermediate densities).
Obviously, in the latter case, the star-like architecture
of the macromolecules renders the system rather bulky,
leading to a more pronounced sub-diffusive behaviour
than at low densities, where the macromolecules can
move around more freely.

Finally, we have investigated the orientational dynam-
ics of the DNA stars, by calculating the ( normalised)
auto-correlation function of the orientation of the DNA
arms. To this end, we have tagged an arbitrarily chosen
arm in each DNA star and have connected the centre-
of-mass of the star with the end monomer of the same
arm via the vector a(t). The orientational correlation
function is then given at a lag time At by the func-
tion ®(At) = (a(¢) - a(t + At)). The results for the auto-
correlation function, obtained via a similar averaging
procedure as the one mentioned above for the MSD,

are shown in Figure 3(d) for different values of surface
density 7. As expected, the decay of this function is
strongly density-dependent: for instance, for the smallest
density #s = 0.17 and the largest density 7s = 0.34, the
auto-correlation of a(t) vanishes at lag times ns and #s,
respectively. In both cases, at these lag times, the DNA
stars have propagated over a distance of only 4Ry, see
Figure 3(b). This finding provides evidence that in this
system the orientational correlations decay considerably
faster than the spatial correlations.

2.2, Systems of tripod DNA stars

MD simulations have been performed to investigate all-
DNA stars in the tripod configuration confined to a
water—air interface. The salt concentration was assumed
to be mM as before. Due to the ability of these DNA stars
to immerse their tip (i.e. central junctions of the stars)
into the fluid, interface densities up to #s = 0.58 could
now be considered. The z-components of the tips of the
tripods in the initial configuration were forced to assume
rather large values, rendering thereby the triangular area
formed by the end monomers of the arms much smaller
(as compared to the case of flat, extended DNA stars). In
that way congestion is avoided.

In Figure 4(a), we show the pair correlation func-
tion g _(r) of the system where the distance between two
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Figure 4. (a) Radial distribution function g, (r) for the system of DNA stars in the tripod configuration, plotted as a function of the
centre-of-mass separation r, given in units of A. (b) Mean squared displacement (MSD) of the centres-of-mass, rcom (t) of DNA stars in the
tripod configuration, given in units of R2, as a function of the time lag At, given in ns. The dashed lines highlight the ballistic regime (i.e.
MSD o t2), while the dotted lines indicate the diffusive regime (i.e. MSD « t). (c) Logarithmic derivative, y (At), of the MSD related to
the centres-of-mass, rcom (t), of DNA stars in the tripod configuration, given in units of the squared radius of gyration Ré, as a function of
logarithmic time lag. (d) Normalised orientational time auto-correlation function ® (At) of DNA stars in the tripod configurations as a
function of lag time At, given in ns. Results are shown for different values of surface density #s, as labelled.

stars, now refers to the projection of the tips onto the
interface. Similar to the case of flat DNA stars we find cor-
relation functions which characterise a disordered, fluid
state; only for the highest packing fractions one can find
minute fingerprints of an evolving side-shoulder of the
main peak, close to the first minimum, a feature which
might be considered as a precursor of a possible super-
cooled state [40-42]. If we consider again the distance
beyond which g _(r) is non-zero, we find a value below
50 A, providing evidence that in the tripod configura-
tion the DNA stars are able to approach each other more
closely than in the case of flat stars. The positions of
the maxima in g (r) show the expected shift to smaller
distances with increasing #s.

In analogy to the previous subsection we investigated
the dynamic translational and orientational correlations
by calculating the MSD (now related to the projections
of the tips onto the interface), the logarithmic derivative
of the MSD, y (At) and the orientational auto-correlation
functions ®(At) of the arm vectors a(t) as functions of
the time lag At. The results are shown in Figure 4( b-d),
respectively, which now extend over a considerably larger
range of densities. For each of these functions, findings
similar to those made for the planar configuration hold
true. The direct comparison of the results obtained for
the aforementioned functions, in the the planar and in
the tripod configurations is presented in the following
subsection.

In contrast to the planar DNA stars, the marco-
moleules in the tripod configuration possess additional
degrees of freedom: the vertical position of the central
junction of the star Az, the angle enclosed by the arms
and the interface £, and the angles formed between the
arms 0;, see the inset of the Figure 5(a).

We calculated the probability distribution P(Az) of
the immersion depth of the tip of the stars, Az (which
is simply the orthonormal distance of the central junc-
tion from the interface), Figure 5(a), and the probability
distribution P(¢) of the angle ¢ (which is enclosed by the
arms of the star and the interface), Figure 5(b), for dif-
ferent densities. For a given density #;, P(Az) and P(&)
are very similar in their shape, a fact which is imposed
by the geometry of the tripod configuration. We find a
striking change in shape of these functions as the density
increases. According to the shape of the distributions we
can clearly separate three density regimes: at small densi-
ties we find a pronounced peak for rather small Az values
(Az ~ 8 A) and &-values located at & ~ 0.057 10°:
here the majority of the stars show a clear preference for
rather flat tripod configurations, made possible by the
ample space available at small densities. At high densities,
we find again pronounced peaks in the two distributions
(for Az ~25A and & ~ 0.2z ~ 36°); in this context it
must be noted (i) that the length of one star arm amounts
approximately to 44 A (to be compared to the aforemen-
tioned value of Az) and (ii) that the steric repulsion

~
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Figure 5. Probability distributions of characteristic length and angles of the tripod DNA star configuration (as indicated at the inset (a)),
i.e. @) P(Az) as a function of the immersion depth Az given in A. (b) P(¢) as a function of the arm-interface angle & given in units of .
(c) P(6) as a function of the interarm angles §; (i = 1,2, 3) given in units of 2z /3. The distributions P(6;) represent the cumulative results
over all three interarm angles 6;,i = 1, 2, 3. (d) Probability distribution P(5x ) as a function of the sum over the interarm angles, f5, given
in units of 2z . Results are plotted for different values of the surface density 7, as labelled. The probability distributions are normalised

via: [[°P(Az)d(Az) = 1;

K"

between the DNA arms does not allow angles ¢ much
larger than 7 /4 = 45°, corresponding to a vertical tip
position of 31 A. At high densities the tripods assume
rather sharp tripod configurations, as a consequence of
the reduced available space and the mutual repulsion
between the stars. The most interesting effects can be
found in the intermediate density regime (i.e. around
s = 0.44) where both distributions extend over a broad
range of the respective variables: to be more specific, a
broad ‘maximum plateau’ extends over ~8 A (in Az) and
over =~ 0.087 =~ 14° (in &) which does not allow to iden-
tify a preferred tripod configuration in terms of Az and
¢&. Instead, a large variety of preferred star conformations
can be identified. Undoubtedly, in this density range the
DNA stars also interpenetrate, and the effects are a conse-
quence of a strong interplay between space optimisation
(wide space offered between the arms for interpenetra-
tion) on the one hand and mutual repulsion between the
end beads of the arms, on the other hand.

Finally, the deviation of DNA stars from the pla-
nar configuration can also be analysed via the interarm
angles 6;, with i = 1, 2, 3, and their sum 0x. The cor-
responding probability distributions P(6;) with i = 1, 2,
3 and P(fy) are shown in Figure 5(c ,d). Oy shows a
pronounced peak at low densities for 8y ~ 2z = 360°
and P(#;) has a maximum slightly smaller than 27 /3 =
120°, corroborating the emergence of predominantly
flat star configurations. At high densities, on the other
hand, &5 shows a flat, but well-identifiable maximum for

P(E)dE = 1; [T P(6) d6r = 1and [;" P@x)dfs = 1.

~ 0.78(2x) = 280°, while P(6;) has a well pronounced
maximum for =~ 0.75(2x /3) =~ 90°. In the range of inter-
mediate densities P(fx) is very broad, indicating that a
large variety of tripod configurations can be identified in
the system.

To obtain more insights into the conformational
changes of the DNA stars as the density is increased, we
introduce the concept of a local density, #joc: this quan-
tity is defined as the star density within a circular area
of radius rjoc = 200 A (corresponding to roughly 4.5 arm
lengths), centred at the projection of the tip of the star
onto the interface. In this manner, we obtain a quan-
titative information about the density fluctuations in a
system of given global surface density, #s. The probabil-
ity distribution of #jo¢, P(#10c) is shown in Figure 6(a) for
each of the global densities #; of the tripod systems inves-
tigated. We see that the distributions are very similar in
their shape for the different #;: all of them are centred at
the respective 75-values and have a rather narrow half-
width (= 0.05), indicating that the local density varies
only moderately around the value of the global density.
With the concept of the local density in mind, we can
now re-consider the immersion depth Az and analyse it
as a function of #,: in this context, it should be empha-
sised that — due to the considerable overlap of the P(#0.),
obtained for different global densities 7 (see Figure 6(a))
- data for a given value of the local density can now
originate from simulations carried out for systems with
different #s-values. The corresponding data are shown
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Figure 6. (a) Probability distribution P(70c) as a function of the local surface density, 7joc, of DNA stars in the tripod configuration.
Results are plotted for different values of the global surface density s, as labelled. The probability distributions are normalised via
fooo P(#10c) dnioc = 1. (b) Probability distribution P(Az) as function of the immersion depth, Az, of DNA stars in the tripod configu-
ration; Az is given in A. Results are plotted for different values of the local surface density 7o, as labelled. The probability distributions
are normalised via fooo P(Az) d(Az) = 1.(c) Immersion depth Az as function of the local surface density, 7o, of DNA stars in the tripod
configuration; Az is given in units of Iy, i.e. equilibrium length of the harmonic bond, which for our model is given by I, = 3.4 A. The

vertical bars represent the half-width of the distribution of the Az.

in Figure 6(b ,c) over a representative range of #j,c. The
probability distributions P(Az), plotted for different local
densities — see Figure 6(b) — shows essentially the same
shape as the related functions, plotted for different global
densities 75 — see panel (a) of Figure 5. If we now display
the tip position as a function of #jocal, see Figure 6(c), we
see that Az(#10ca1) undergoes a sigmoidal transition from
a rather small value of Az =~ 2.3}, (corresponding to the
left peak in panel (b) of Figure 6) to a considerably larger
value of Az =~ 5.9l (corresponding to the right peak in
the above-mentioned panel); }, is the equilibrium length
of the harmonic bond (see Appendix), which for our
model is given by }, = 3.4 A. The monotonous increase
of Az(n10c) as a function of #o. provides evidence that it
is essentially the local density around a given DNA tripod
that imposes the actual value of its tip position.

2.3. Planar DNA stars vs. tripod DNA stars

In this subsection, we present a direct comparison of
selected properties, calculated in the previous subsec-
tions for the planar, and the tripod configurations of DNA
stars confined to the interface and highlight the impact
of the additional degrees of freedom for the tripod sys-
tems. Of course, this analysis is only possible for surface
densities up to 5, = 0.34.

In Figure 7(a), we present the comparison of the radial
distribution functions, gyy(r). At the lowest density (s =
0.17) there is almost no differences between the two
scenarios. At 57, = 0.34, only a minor difference arises
indicated by ability of DNA stars in the tripod config-
uration to arrange closer at the confinement. For the
highest investigated density we see a small shoulder close
to the first minimum in the gyy(r) of the tripod system,
reflecting the aforementioned precursor of a possible
supercooled state.

We continue with the comparison of the translational
and the rotational correlations as functions of time; these
results are presented in Figure 7( b—d). These data reveal

that the differences in the dynamic properties between
the two types of systems are marginal. The MSDs in
Figure 7(b) shows, although hardly discernible, that flat
DNA stars diffuse somewhat slower than the tripod ones.
We find that the logarithmic derivative of the MSD dis-
played in Figure 7(c), provide evidence of only marginal
differences between the two types of systems: for DNA
stars in the planar configuration the transition from the
ballistic to the diffusive regime is somewhat shallower,
corresponding to a slightly less pronounced sub-diffusive
behaviour. Also, the orientational auto-correlations of the
arm vectors, a(t), shown in Figure 7(d), decay slightly
slower for DNA stars in the flat configurations. The
tripods at the highest density, #s = 0.58 hardly reach the
diffusive regime in the time-window simulated and they
show signatures of slow dynamics and an incipient glassy
state; also the orienational correlation function barely
relaxes within the time window of 250 ns.

Finally, we have extracted the diffusion constant, D,
from the MSD via the Einstein relation for both types
of systems as a function of #,. This quantity is shown in
Figure 8. It can be concluded that in the tripod configu-
ration the DNA stars are slightly more diffusive, which is
due to their aforementioned ability to evade each other at
the interface.

Summarising, it can be concluded that the results for
the static and dynamic correlation functions are remark-
ably similar between the two types of systems, despite
their striking difference in their conformations. The rea-
son for an almost identical behaviour could be sought in
the range of investigated packing fractions. Namely, the
stars in planar configuration are investigated for densi-
ties up to only #; = 0.34. In that range of densities the
available space offers possibility to the DNA star in tripod
configuration to spread and take more planar-like shape,
which is confirmed by probability distribution functions,
see Figure 5. The same figure suggests that the differences
between two systems would most likely arise for higher
packing fractions, #5 > 0.5 which is at the moment not
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Figure 8. Diffusion constant of DNA stars, D, rescaled by Ré and

given in ns~" as a function of the star density #s. Results are com-
pared between systems of DNA stars in the planar and in the
tripod configuration, as labelled.

accessible for our full monomer-resolved simulations of
solutions composed of planar DNA stars.

3. Effective interactions of planar DNA stars

To supplement results from the previous sections, we take
into a consideration of additional insights to 2D DNA
stars self-assembly. We calculate the effective potential
between planar DNA stars. The analysis presented in the
paper is based on the exact results calculated directly
from the full monomer-resolved MD simulations and
here we do not tend to use the approximative method of
effective interactions to recover them. Instead, we aim to

corroborate the work of Velasco et al. [43], who calcu-
lated analytically the effective potential between planar
Y-shaped DNA stars floating at the interface. The model
they used (let us name it: the reference model) treats each
arm of the DNA star as a stiff rod of the length corre-
sponding to 13 base-pairs as it is the case in our system.
Hence we use the Widom insertion (WI) method (see,
e.g. [44,45]) to calculate the effective interaction between
monomer-resolved model of DNA stars and we check
how it compares to the analytical results from the ref-
erence model [43]. In both models, the dielectric jump
between two interfacing areas is not considered and the
stars are immersed in a water solution of the same salt
concentration of ¢ = 100 mM. It is important to empha-
sise the differences between the two models: one arises
from the description of the charge along the arms - in the
reference model it is considered as continuous, while it is
discrete in monomer-resolved case; the other refers to the
flexibility of the central junction of the star — namely in
the reference model the angles enclosed between the rigid
arms of the DNA stars were fixed to 6; = 2, i = 1, 2,
3 whereas in monomer-resolved model they are allowed
to fluctuate. Therefore, in the following subsections, we
introduce two types of planar monomer-resolved DNA
stars: the one that we already studied in the main text
which we will name here as flat DNA star with flexi-
ble junction and a modified version termed flat DNA
star with a rigid junction where the angles 6; are fixed
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to match the scenario from the reference model. To
gather the data for the related effective potential 2000
independent Widom insertions were performed for each
system.

3.1. Planar DNA stars with rigid junction

In this subsection, we discuss our results obtained for
the effective potential between two flat DNA stars with
rigid junction, ¢eg(a; Ax, Ay), which depends both on
the inter-star vector, r = (Ax, Ay), and on the angle of
rotation between the two stars, a, see Figure 9. Due to
the symmetry, it is sufficient to limit the investigations to
0 < a < 60°. The vector r connects the centres-of-mass
of the stars. We adjusted the respective system so that we
consider only DNA stars with rigid (i.e. straight) arms,
thus the interarm angles are fixed to 6; = 27”1' i=1,
2, 3). This modification allows for a direct compari-
son between our numerical and the analytic approach
[30]. Due to the high internal symmetry, the centre-
of-mass of the star, r.om, coincides with three central
junction-monomers, rj.

We have used the Widom insertion method [44] to
calculate ¢e(a; Ax, Ay). Due to the rigidity of the stars,
they do not contribute entropically to the effective poten-
tial, thus only one single Widom insertion per parameter
set {a, Ax, Ay} is required to extract the interaction
energy de(a; Ax, Ay) between the two stars; neverthe-
less, we will keep for consistency’s sake the label “‘Widom
insertion method’.

Results obtained for ¢eg(a; Ax, Ay) via our numeri-
cal procedure (see Figure 10(b ,d)) are compared in the
following to data originating from the reference model
[43], see Figure 10(a ,c) at angles & = 0° and a = 60° as
indicated at the panels. The potentials are shown both in

Figure 9. lllustration of the effective interaction parameters
between rigid DNA stars in the flat configuration: displacements
Ax and Ay and rotation angle o.

two dimensional contour plots as well as in energy pro-
files, the latter ones being denoted by ¢eg(a; Ar;), with
i = 1, 2, along selected slices through these energy land-
scapes; Ar; and Ar, are the respective slice coordinates.
Additional results for slices through the related energy
landscapes for a = 15°,30°,45° are shown in Figure 11.

Due to the three-fold rotational symmetry of the inter-
nal structure of the DNA stars we expect the effective
potential geg(a; Ax, Ay) to exhibit a corresponding rota-
tional symmetry. Indeed, all results display such a three-
fold symmetry, as can be seen in panels (c) and (d) in
Figure 10. For the angle & = 0° even a six-fold symmetry
can be identified in the potential ¢eg(a = 0°; Ax, Ay),
see panels (a) and (b) of Figure 10. We note that the
largest values for ¢eg(a; Ax, Ay) can be expected for
a = 0° and o = 60° due to the parallel alignment of one
or more arms of the DNA stars and the resulting high
probability for a considerable degree of overlap of the
arms.

The comparison of the two sets of data for @eg
(a5 Ax, Ay), calculated for o = 0° and a = 60°, reflects,
on one side differences in the features of the continu-
ous and of the discrete models but provides, on the other
side, evidence for a high degree of consistency of the two
approaches. As a consequence of the constant charge den-
sity along the arms in the model used in Ref. [43], the
effective potentials are smooth functions in their argu-
ments, as can be seen both from the contour plots as
well as from the energy profiles. In contrast, the effec-
tive interactions for the bead model, computed via the
WI method clearly reflects the internal architecture of
the arms, which are composed of essentially impenetra-
ble spherical units: their strong repulsion at short dis-
tances is responsible for the pronounced peaks, located
at the positions of each of these monomeric units. On
the other hand, it can be seen that the peaks in the
density profiles ¢eg(a; Ar;), with i = 1, 2, obtained via
the WI method nicely ‘sit’ on the smooth curves of the
related potential calculated via the reference method;
this feature demonstrates the consistency of the two
approaches.

Finally, we compare the energy profiles ¢eg(a; Ari)
with i = 1, 2, calculated via the reference method and
via the WI method for a broader range of a-values.
These energy profiles are obtained by cutting, for a
given angle a, a slice through the potential energy
landscape ¢ef(a; Ax, Ay) along selected lines in the
(Ax, Ay) plane. Our arbitrary choice for these lines are
marked in Figure 10 by red and green dashed lines.
In Figure 11 we show the energy profiles for o =
0°,15°,30°,45°, and 60°. Again we find an excellent
agreement between the results for ¢eg(a; Ar;) with i =
1,2, obtained via the two aforementioned methods: the
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Figure 10. Effective potential, ger(a; Ax, Ay), between two flat DNA-stars with rigid junction in a contour plot as a function of the
centre-of-mass shift Ax and Ay and the relative angle a between the two stars (see Figure 9). et (ar; Ax, Ay) is given in units of kgT
(see also colour code at the top of the figure), whereas Ax and Ay are given in nm; « is indicated in the top-right corner of each panel.
The interarm angles are fixed to §; = %’”i, withi = 1,2, 3.In each of the panels two dashed lines (coloured in red and green) indicate two
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in the corresponding red- and green-framed plots. The data for the potentials were obtained via the reference method [43] (panels (a)

and (c)) and via the Wl method (panels (b) and (d)).

characteristic peaks of the WI-based data nicely ‘sit’ on
the smooth curves obtained via the reference method.
Again, these periodically arranged peaks are induced by
the bead structure of our macromolecule, as discussed
before.

3.2. Planar DNA stars with flexible junction

We have also calculated the effective potentials for flat
stars with flexible junction. Of course, for this case no
results obtained via the reference method are available.
Here, the DNA arms are not completely straight and the
interarm angles deviate from the ideal values ; = ZT”i,
i =1, 2, 3, thus entropy plays an important role in the

calculation of the effective potential. In order to calculate

the effective interactions between two stars, we tag one
arm per DNA star to define the rotation angle o between
the two stars as the angle between the corresponding arm
vectors; the arm vector points from the first to the last
monomer of the tagged arm. In contrast to rigid DNA
stars, the fluctuations in the conformations of the (equilli-
brated) DNA stars require now a large number of Widom
insertions to average over 2000 pairs of configurations.
The resulting effective potentials are shown in
Figure 12 with the centre-of-mass position reom as the
effective coordinate of the star; results for a = 0° and
a = 60° are depicted. As a consequence of the flexibility
of the stars the effective potentials are now continuous
functions of their variables, a fact which is both visi-
ble in the contour plots as well as in the energy profiles,
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Data were obtained via the Widom insertion method (labeled ‘WI’) and the reference method [43] (labeled ‘ref’).

obtained as slices through this two-dimensional energy
landscape. The fingerprints of the granular internal bead-
structure of the arms, that is present in the system of
planar stars with rigid junctions, Figures 10 and 11, have
been completely smeared out.

This insight shows how the introduced minimal flex-
ibility in the model significantly modifies the effective
potential of the system. The similar flexibility-induced
sensitivity of the effective interaction between all-DNA
constructs was also observed in the system of all-DNA
dendrimers of the second generation [31] where it was
shown how the effective interaction can be fine-tuned
with user-prescribed insertion of short flexible segments
between stiff DNA arms which further makes strong
impact on self-assembly behaviour. The control over self-
organisation of DNA constructs in solutions through
programmable construction of macromolecules is an
application-relevant feature that requires more detailed
investigations. These results for the effective potential can

serve for further study of phase diagram of DNA stars in
the confinement.

4. Conclusions

In this contribution, we have investigated the self-
organisation scenarios of planar and of tripod-shaped
all-DNA stars which are fixed via amphiphilic units to
an air-water interface: in the planar configurations the
entire arms are fixed to this interface while in the tri-
pod configurations, the central monomer of the star is
allowed to dive into the water with dissolved monovalent
salt. The investigations are based on monomer-resolved
simulation with suitable interactions between the beads
that have been employed to mimic the structural prop-
erties of double-stranded DNA chain. By systematically
increasing the planar packing fraction #; in range from
low to mid star densities, we have investigated the static
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the potentials were obtained via the Wl method.

and dynamic properties of 2D assembly of all-DNA stars
for both configurations.

For the planar configuration of DNA stars investiga-
tions could be carried out up to ns =~ 0.34. The radial
distribution function shows the typical features of a dis-
ordered system; the logarithmic derivative of the mean
squared displacement of the star centres reaches val-
ues that go down to y(At) =~ 0.8 between the ballis-
tic (y (At) = 2) and the diffusive (y (At) = 1) regimes.
Comparing the time-scales of the auto-correlation func-
tion of the arms and of the mean squared displacement
we can conclude that the orientational correlations decay
faster than the spatial correlations.

In contrast to the planar configurations, the DNA stars
in the tripod configuration have an additional degree
of freedom, namely the vertical position of their cen-
tral junction, which increases upon dipping the star

into solvent, shrinking in that way the area spanned
by the ending beads of the three arms of a star. That
enables denser stars packing in the confinement, so
the simulations were extended up to 7 ~ 0.58 in this
case. From low to mid densities, DNA stars in tri-
pod configuration show an almost identical behaviour
as it is the case for the planar DNA stars, whereas
for the highest densities, we find an emerging side-
shoulder of the main peak in the radial distribution
function, indicating the emergence of a supercooled
structure.

Particular focus has been put on the probability distri-
butions of the immersion depth of the central monomer,
Az, and of the angle enclosed by the arms and the air-
water interface, &. As we vary 7, we find a striking change
in the shape of both distribution functions: for small den-
sities the stars prefer to assume flat tripod configurations
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while at high densities the stars assume rather sharp tri-
pod configuration, induced by the competition between
available space and steric repulsion. In the intermediate
density regime, a broad variety of tripod configurations
can be found, reflected by rather flat distributions of Az
and £. This consequently leads to the cause for obtained
similar self-assembly patterns of two systems studied.

The experimental verification of results for the sys-
tem at hand is still lacking, nevertheless, recently, 2D
self-assembly of blunt-ended all-DNA 3-arms stars has
been investigated in experiment [24]. The set up is
restricted to the assembly on a supported lipid bilayers
with cholesterol-mediated DNA anchoring. The research
showed the importance of the interaction between DNA
duplexes through x -stacking that leads to a long range
order in controlled patterned surfaces. That opens the
direction in which our further research of denser DNA
stars solutions can be conducted to include the interac-
tion between blunt-ends of DNAs that are not neglectable
in dense environment and which is not present in our
present bead-spring model.

To overcome restrictions of monomer-resolved sim-
ulations for studying denser DNA star solutions, one
can employ the method of effective interactions and pre-
dict theoretically the corresponding phase behaviour.
We paved the way for the proposed study by calculat-
ing the effective interactions between planar DNA stars,
Section 3. In this paper, the emphasis is put on the com-
parison with the analytically obtained results for similar
system of Y-shaped DNA stars [43]. As we have shown
good agreement between two models, one can proceed
with calculation of effective interaction for the tripod
configuration of DNA star and show how the two systems
compare in the regime of densities that are not accessible
in full monomer-resolved simulations.
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Appendix. Simulation details

The Y-shaped DNA star is approximated with the bead-spring
model used in [28] where each nucleotide is represented by
a monomer of mass m = 660u, size d = 18 A and charge
q = —e that interacts with the Hamiltonian:

Hiym = Vster + Vi + Vbend + Vel (Al)

The steric interaction between monomer beads takes the form

o 12 o 6
VI = 4e -
ster (r_rmm) (r_rmm)

1
+ Zi| if rpm <r< «660' + "mm (A2)

otherwise for r < rpy it diverges, while it vanishes for r >
ffZa + mm. The input parameters are ¢ = 4A and € =
1kmol™' and ryy = 2 — o, withry, = 9 Abeing the radius
of monomer, so that the steric interaction acts in the range
r < 18.5 A corresponding to the effective diameter of the DNA
helix.

The harmonic bonding potential is given

k
W = ?b(r —Ip)? (A3)

with the spring constant k, = 210kJ(molA?)~! and equilib-
rium bond length I, = 3.4 A.

The harmonic bending angle potential models the stiff-
ness of a DNA arm by acting on the angle ¢ between bonds
connecting neighbouring monomers:

k
Vbend = f(qs — ) (A4)

with bending energy kg = 750 kJmol~! chosen to reproduce
the typical persistence length of double-stranded DNA chain.
The central junction is left fully flexible by setting the bending
energy to zero.

All DNA stars systems are studied in high salt concentration,
¢ = 100 mM, allowing counterions and salt ions to be implic-
itly treated through Debye length x~!. Hence, the electrostatic
interaction between charged monomer beads is modelled via a
Debye-Hiickel interaction

Valr)  q> e
kgT ~— 4mwepe r

(A5)

with x = 0.106 A=!. The dielectric constant of both media
water and air is set to € = 80 assuming that electrostatic effect
that arise when the dielectric jump is present in the system can
be neglected as subdominant in the case of high salt concentra-
tion.

The bulk 2D solutions of both planar and tripod DNA
stars are simulated using two-steps procedure. First the sys-
tem is warmed up using Nyteps = 10° simulation steps with
time step At = 107'° s for a total simulation time t = 107%0's
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and then simulated for Nyteps = 2 x 107 simulation steps with
time step At =5 x 107'°s for a total simulation time ¢ =
1077 s for all area densities #s. Simulations were run in
canonical NV T ensembles with periodic boundary condi-
tions at T = 298K using a Langevin thermostat. The num-
ber of stars is kept fixed to 400 units (resulting in 15600
monomers) and the length of the quadratic simulation cell

is varied to achieve the following densities of the solu-
tions #, = 0.17,0.20,0.24,0.27,0.31 and 0.34 corresponding
to the cell length [ = (2.19,2.00,1.85,1.73,1.63, and 1.55) X
10% A respectively. Tripod DNA stars solutions are considered
for additional star densities: #s = 0.37,0.41,0.44,0.48,0.51,
0.54, and 0.58, setting the cell length / = (1.48,1.41,1.36,1.31,
1.26,1.22, and 1.19) x 10% A accordingly.
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