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Self assembling cluster crystals from DNA based
dendritic nanostructures
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Cluster crystals are periodic structures with lattice sites occupied by several, overlapping
building blocks, featuring fluctuating site occupancy, whose expectation value depends on
thermodynamic conditions. Their assembly from atomic or mesoscopic units is long-sought-
after, but its experimental realization still remains elusive. Here, we show the existence of
well-controlled soft matter cluster crystals. We fabricate dendritic-linear-dendritic triblock
composed of a thermosensitive water-soluble polymer and nanometer-scale all-DNA den-
drons of the first and second generation. Conclusive small-angle X-ray scattering (SAXS)
evidence reveals that solutions of these triblock at sufficiently high concentrations undergo a
reversible phase transition from a cluster fluid to a body-centered cubic (BCC) cluster crystal
with density-independent lattice spacing, through alteration of temperature. Moreover, a rich
concentration-temperature phase diagram demonstrates the emergence of various ordered
nanostructures, including BCC cluster crystals, birefringent cluster crystals, as well as hex-
agonal phases and cluster glass-like kinetically arrested states at high densities.
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rystals are orderly states of matter in which particles with

sizes ranging from sub-nanometer to micron are arranged

in a periodic lattice. Crystalline solids epitomize the notion
of rigidity, lying at the antipode of fluidity that is embodied by
liquids. Accordingly, hybrid, exotic phases that combine crystal-
linity with (super-)fluidity have fascinated researchers both in the
classical realm of soft matter physics!= and in the quantum
domain®-10, In usual crystals, the lattice constant a and the
particle concentration ¢ obey the proportionality a & c~1/3, dic-
tated by the condition that the (conventional) unit cell be
populated by a fixed number of particles determined by the lattice
geometry. Cluster crystals, a newer concept, are unconventional
states of matter whose lattice sites are occupied by clusters of fully
or vpartially overlapping particles rather than single
ones!~3:6-81L12 T these states, the number of overlapping par-
ticles within a cluster, the lattice-site occupancy Ny is a fluc-
tuating quantity, with its expectation value scaling with
concentration as N, « ¢ and thus resulting in a concentration-
independent lattice constant, the latter being the salient structural
characteristic of both cluster crystals! and cluster
quasicrystals!314.

Cluster crystals were first discovered in a simple model of
penetrable spheres!! and thereafter it was established that they
are stabilized in general in any system of classical particles
interacting by means of soft, bounded potentials whose Fourier
transform has negative parts!3. The interaction can be purely
repulsive, leading thereby to the counterintuitive result of clus-
tering in the absence of attractions>!®. This is a physical
mechanism distinct to the one that leads to cluster formation in
colloidal systems with diverging interactions combined with a
strong, short-range attraction and a weak, long-range
repulsion!®-19. The clustering criterion has since then been
generalized also to interactions featuring a hard core?{, and
clustering phenomena have been experimentally observed in
quasi-two-dimensional systems of core-softened magnetic
colloids?!, whereas similar phenomenology has been observed in
simulations of cell colonies?2. Concrete suggestions for realizing
cluster-forming building blocks in the soft matter have been made
in computer simulation models on the basis of effective
potentials?3, and for concentrated solutions in full, monomer-
resolved simulations®2423,

Soft matter cluster crystals bear striking analogies with the
supersolid state of matter in the quantum regime®-10. Scientific
breakthroughs in atomic physics have made it possible to create
artificial interatomic potentials by exploiting collective matter-
light interactions in cavities?®?7 or by weakly coupling a Rydberg
state to the ground state using laser light?8-32. Theoretical
investigations have demonstrated that the resulting core-softened,
repulsive interactions stabilize cluster- and supersolid phases with
remarkable similarities to soft matter cluster crystals2®30:33-38,
There has been growing experimental evidence for the existence
of (metastable) quantum cluster- or supersolids in the last few
years3?~4l but no experimental realization of the soft matter
cluster crystals has been reported thus far. Here, we show theory-
informed, suitably designed DNA-based dendritic triblock are
appropriate soft-matter building blocks unambiguously leading to
the formation of stable cluster crystals whose properties conform
to earlier theoretical predictions.

Results and discussion

Building blocks design. We synthesized and studied the self-
assembly of DNA-based dendritic-linear-dendritic triblock.
Neutral bifunctional Poly(2-oxazoline)-based copolymers (Poxa)
chains that possess lower critical solution temperature behavior
(Trcst=33°C in 150 mM NaCl aqueous salt solutions) were

end-capped with all-DNA charged stiff dendrons*>#3 of first and
second generation (Fig. 1). Poxa is a thermoresponsive polymer
that exhibits a reversible and sharp coil-to-globule phase transi-
tion in water by increasing the temperature above the Trcst4.
The conformational change of the individual Poxa chains is
accompanied by partial dehydration, suggesting that Poxa alters
hydrophilicity and hydrophobicity abruptly in the vicinity of
Trcst (see measurements of the cloud point of Poxa in Supple-
mentary Method 3). The dendrons’ free-ends were terminated by
a non-sticky single-stranded DNA (ssDNA) dangling tail in order
to ensure that possible intermolecular base-stacking interaction
between blunt-ended DNA helices is prohibited>. We refer to the
DNA-based triblock build up from first and second-generation
dendrons as the G1-P-Gl (Fig. la) and G2-P-G2 (Fig. 1b),
respectively. Non-denaturing gel electrophoresis was employed to
confirm the successful assembly of the DNA-polymer archi-
tectures which are schematically depicted in Fig. la-c (see
Fig. 1d). The gyration radii Ry are 6.4 nm and 9.8 nm for G1-P-Gl
and G2-P-G2, respectively. More details regarding the synthesis
and the molecular characterization are given in the Methods,
Supplementary Methods 1-3, and Supplementary Note 1.

Our choice of the experimental building blocks is guided by
computer-based design ideas for dendritic-type molecules whose
effective interactions satisfy the prerequisites for cluster crystal
formation®232>. The (electrostatically) repulsive dendrimer
coronae give rise to a repulsive interaction, which increases as
the separation between the dendrimers’ centers of mass
diminishes. This trend is tempered by the effective mutual
attraction between the thermosensitive polymers in the core of
the molecule. In this way, a core-softened repulsion results®23:2>.
Due to the decreasing solubility of bare Poxa at higher
temperatures, we expect that the propensity to cluster formation
will become stronger as the temperature increases?3. Similarly,
since the electrostatic repulsion between the terminal DNA-
dendrons is enhanced at higher generations, the clustering ability
of the G2-P-G2 blocks is anticipated to be weaker than that of
their G1-P-G1 counterparts. The key structural features of the
proposed dendritic-like building blocks are their open structure
and the chemical dissimilarity between the flexible Poxa chains

a G1-dendron C

G1-dendron

Fig. 1 Schematics and characterization of the tethered all-DNA dendrons.
a First generation of dendritic-linear-dendritic triblock (G1-P-G1). b Second
generation of dendritic-linear-dendritic triblock (G2-P-G2). ¢ First
generation of dendritic-linear diblock (G1-P). d Non-denaturing
polyacrylamide gel electrophoresis (PAGE) analysis. 10% PAGE: Lane M
contains 50 base-pair (bp) DNA markers. Lanes 1-4 contain G1, G1-P-G1,
G1-P, and G2-P-G2, respectively.
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and the stiff all-DNA dendrons. By linking together two stiff and
highly charged dendritic blocks (all-DNA dendrons) through a
long and flexible polymer chain (Poxa), in combination with the
microphase separation mechanism driven by the immiscibility
between the DNA and polymeric blocks#®, we allow the centers of
masses of different DNA-based constructs to coincide, without
significant interpenetration of the dendrons. We shall demon-
strate that the degree of segregation between all-DNA dendron
and Poxa blocks can be temperature-controlled within the weak
limit*’, owning to Poxa’s LCST and triblock’s macromolecular
architecture. The beneficial effect of this is reflected by the
emergence of stimuli-responsive cluster crystals by altering the
temperature, leading to intriguing phase transition pathways. All
experiments were carried out in 1xTris/Na buffer (10 mM Tris,
pH: 8.0, 150 mM NaCl).

Absence of a micellization mechanism in DNA dendritic-based
triblock. The tendency of particles to form stable clusters in the
absence of attractions is a phenomenon clearly distinct from
micellization, which is common for block copolymers in selective
solvents*8-50, polymeric amphiphiles®'~7, and small molecule
amphiphile surfactant sytems®3. A conventional block-copolymer
amphiphilie, a system most relevant to our DNA dendritic-based
triblock, is commonly composed of a hydrophilic and a hydro-
phobic segment that are covalently linked. The hydrophobic part
can be a synthetic polymeric block®!:52:5459 or different types of
moieties (such as long-carbon alkyl chains, lipid molecule and
fluorescent dyes)>>>>°7, These amphiphiles can be assembled
into micelles (aggregates) with rich morphological and size
diversity at room temperature at low critical micelle concentra-
tion (cmc); with the latter obtained at extremely low concentra-
tions, and in particular many orders of magnitude below the
overlap concentration (¢*) of amphiphiles in solution. In addition,
temperature-dependent hydrophobic blocks, similar to the Poxa
employed in this study, can result in a thermoresponsive cmc,
allowing micelle assembly and disassembly upon a change in
temperature. This means that the segregation strength between
the blocks forming this type of polymeric amphiphiles can be
externally controlled, allowing access from the weak- to strong-
segregation regime?’.

However, the segregation strength of the above-mentioned
system and consequent its crmc behavior is strongly dependent on
the position of the thermoresponsive block relative to the
hydrophilic block in the block-copolymer amphiphilie. By
comparing the dilute self-assembly behavior of the dendritic-
based triblock (G1-P-G1) and diblock (G1-P), we show that the
encapsulation of the Poxa block in an effective shell of two all-
DNA dendrons results in the absence of micellar aggregates at
temperatures well above the Ty cst of Poxa. Static light scattering
(SLS) and dynamic light scattering (DLS) measurements were
employed to determine the presence and hydrodynamic radius
(Ry) of aggregates. Figure 2 presents the temperature-dependent
self-assembly behavior of the G1-P-G1 and its linear-dendritic
analog (G1-P, Fig. 1c) in dilute aqueous solutions at a
NaCl concentration of 150 mM containing buffer (Methods and
Supplementary Note 1). For the G1-P system (red-symbols in
Fig. 2), the temperature dependence of Ry; and the SLS intensity I
(at fixed scattering angle 6 =90°, g = 0.0187 nm~!) indicate the
formation of large aggregates with a narrow distribution in size at
a temperature slightly above the Poxa’s Ticst (Ry=175.3 nm,
see Supplementary Fig. la). Such a molecular aggregation is
clearly absent in the case of G1-P-Gl, as illustrated in Fig. 2
(black-symbols); with the scattering intensity and hydrodynamic
radius to be virtually unaffected within the range of 15 °C to 50 °C
(see also DLS data for the G2-P-G2 at temperature well-above the
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Fig. 2 Dilute solution properties of G1-P-G1 and G1-P. Temperature-
dependent static light scattering (SLS) intensity (left-axis, circles) at a
scattering angle of 8 =90 °, and hydrodynamic radius (Ry, right-axis,
triangles), normalized with respect to their values at T=15 °C, of dilute G1-
P-G1 (black curves) and G1-P (red curves) aqueous solutions (with DNA
concentration ¢ equal to 5.0 mg/ml and 3.0 mg/ml, respectively) using
1xTris/Na buffer (10 mM Tris-HCI, pH: 8.0, 150 mM NaCl). The gray-zone
indicates the temperature window where the concentrated G1-P-G1 and
G2-P-G2 self-assembled phase behavior is investigated.

Ticst in Supplementary Fig. 1a). In full agreement with the LS
data, the G1-P-G1 and G2-P-G2 form-factors, as probed by
small-angle X-ray scattering (SAXS) experiments reveal that their
global size (radius of gyration, R;) and internal structure is
temperature-insensitive (see Supplementary Fig. 1b, c). The R,
and Ry values of the G1-P-G1 and G2-P-G2 systems are listed in
the Methods, (“System parameters” section).

From the above results, it becomes evident that the
temperature-dependent solvophobicity of the Poxa-block does
not act as an effective short-range attraction in the interaction
potential of our DNA-based triblock that could initiate their
aggregation into stable clusters. The lack of a critical concentra-
tion and/or temperature for the GI1-P-Gl and G2-P-G2
micellization is intimately related to the absence of enthalpically
driven aggregation processes. However, the change of tempera-
ture allows the external steering of the microphase separation
between the two chemically incompatible blocks forming the
proposed DNA dendritic-based triblock, but only within the
weak-segregation limit. We shall demonstrate that this property
will emerge as a key factor for the rich phase behavior of G1-P-G1
and G2-P-G2 which is encountered at DNA concentrations above
their overlap values ¢* (see methods, “system parameters”
section).

In the present case, the building blocks have a repulsive
effective interaction with one another and the formation of
clusters occurs at concentrations close to their overlap value, in
agreement with theoretical predictions!!. The normal liquid thus
crosses over gradually to a cluster liquid!>2* as the overlap
density is approached, and at even higher concentrations the
cluster fluid undergoes a first-order phase transition to the cluster
crystal>3. This self-assembly pathway is sketched in Fig. 3a-c by
depicting representative simulation snapshots from the model of
Ref. 2. Together, in Fig. 3d-f, the corresponding concentration-
dependent cluster-forming scenario for the G1-P-Gl system is
depicted.

Phase diagrams of cluster-forming dendrimers. SAXS mea-
surements served as the basis for determining the phase behavior
of the dendritic-like constructs presented in Fig. la-b. A
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Fig. 3 Simulation snapshots and schematic representations of cluster-forming particles at different concentrations. Top panel: the snapshots were
produced by performing Monte Carlo simulations of point particles interacting by the model, cluster-forming potential v(r) = eexp[—(r/a)4] at temperature
kgT/e = 0.6, and densities poS as follows: a po> = 1.0, where a normal fluid is stable; b po> = 3.8, where a cluster fluid forms; ¢ po3 = 4.1, resulting into a
cluster body-centered cubic (BCC) crystal. Each sphere represents a single building block. Bottom panel: schematic representation of the proposed
concentration-dependent mechanism for the G1-P-G1 clustering in the absence of attractions, and, finally, the G1-P-G1 clusters crystallization into a BCC
cluster crystal structure: d G1-P-G1 fluid; e polydisperse G1-P-G1 clusters with a core-shell architecture, in coexistence with non-aggregated species; f BCC
crystal formed by monodipserse G1-P-G1 clusters. The characteristic lengths are also illustrated (R cluster core radius; ds: cluster shell thickness; agcc:
BCC lattice constant; dyn: the nearest neighbor distance along with the room diagonal). Different colors for the Poxa block are added to assist in identifying
individual G1-P-G1 molecules.
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Fig. 4 Self-assembly of G1-P-G1. a 1D-SAXS profiles at 20 °C for the G1-P-G1, with DNA concentrations from the bottom to the top panel (solid-lines):
156.5 (black), 188.2 (gray), 216.9 (cyan), 255.7 (violet), 287.7 (red), 322.9 (blue), 337.7 (orange) and 356.2 (magenta) mg/ml. The corresponding image
of the sample between cross-polarizers is also illustrated for selected concentrations at the right side of the panels. In the bottom panel, the 1D-SAXS
profiles for the G1 system (dashed-lines) are included, at the same total DNA concentration as for the G1-P-G1. Also, selected profiles are shifted along the
intensity axis for clarity. The intensity shift factors are presented on the left side of the profiles. In the second panel from the top, the expected reflections
for a BCC lattice based on the position of the first intense peak in the 1D-SAXS profile are shown. b Temperature-dependent SAXS profiles of the G1-P-G1
at concentration ¢ = 255.7 mg/ml. For each 1D-SAXS profile, the corresponding type of phase behavior is indicated (BCC: Body-Centered Cubic with Im3m
space group symmetry, BCC ¢ cluster: Liquid Crystalline BCC-like cluster crystal, HPC (P6/mm): Hexagonally Packed Cylinders with P6/mm space group
symmetry. The vertical solid-lines indicate the positions of the first seven possible reflections for the stated morphologies. The most right black dashed-line
is guide for the temperature- and concentration-dependence of the gpna-peak.

representative series of one-dimensional (1D)-SAXS patterns at  various ordered phases is observed. Over the concentration range
20°C, a temperature well below the Poxa’s LCST, is shown in  156.5 mg/ml < ¢<255.7 mg/ml (bottom panel of Fig. 4a), the
Fig. 4a for various concentrations of aqueous solutions of GI-P-  SAXS patterns indicate that the GI-P-G1 solution undergoes
Gl containing 150 mM NaCl. By increasing the DNA con- gradually a transition from a usual fluid to a disordered state of
centration, a rich phase transition pathway from disordered to clusters with strong positional correlations between the dendritic-
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based building blocks. The latter is evidenced by the presence of a
pronounced peak with the maximum of the scattered intensity
located around the scattering wave vector value g, = 0.33 nm~1,
which  corresponds to a spatial correlation  value
d.=2m/q.,~219.0nm and represents the average inter-cluster
separation. The prediction from simulation?*2° is d, = 3R; using
the value R, = 6.4 nm for the G1-P-G1 blocks at hand (Methods
and Supplementary Note 1), we obtain d, = 19.2 nm, in excellent
agreement with the experiment. The SAXS profile in the fluid
phase (Fig. 4a, bottom panel, black solid-line, ¢ = 156.5 mg/ml)
displays a weak and broad Bragg reflection at g>1.0 nm~!. The
position of this correlation peak, gpna, is related to the average
distance between neighboring DNA helices®®!. Above the fluid
phase, at DNA concentration ¢ = 188.2 mg/ml (Fig. 4a, bottom
panel, gray solid-line), the SAXS pattern shows the existence of an
additional broad peak g, which becomes progressively more
intense and narrow with increasing G1-P-G1 concentration
(Fig. 4a, bottom panel, cyan and purple solid-lines); simulta-
neously the peak moves to noticeable lower g-values.

These observations evidence the presence of stable clusters
consisting of finite aggregates of G1-P-Gl molecules, as their
concentration approaches its overlap value, ¢* = 196.0 mg/ml (see
Methods, “System parameters” section). The existence of such a
cluster fluid phase is further corroborated by the SAXS patterns
obtained from the G1 system, at the same total DNA
concentrations as for the G1-P-G1 system (Fig. 4a bottom panel,
dashed-line profiles), which reveal the absence of such cluster-
induced interference peak. This allows us to assign the g, peak to
cluster-cluster correlations mediated by electrostatic interactions
between the charged clusters, whereas the gpna-peak, contrary to
the fluid phase, corresponds to positional correlations of the DNA
segments within a single cluster. Such a peak interpretation can
offer a plausible explanation for the opposite concentration
dependence of the gpna- and g.-peak shifts within the cluster
fluid regime (bottom panel, black and gray arrows, Fig. 4a). The
very open structure of our dendritic-based macromolecules allows
the centers of masses of different G1-P-Gl1 to lie on top of each
other, thus forming spherical aggregates with a core-shell
architecture, with the DNA dendrons (G1) located within the
shell region (see Fig. 3e). On increasing the DNA concentration,
clusters with such an internal structure can progressively grow by
further aggregation, however, with a slight change in their overall
size avoiding significant overlapping of the charged dendrons.
The above intra-cluster packing scenario implies a simultaneous
increase of the cluster’s shell DNA density and charge. Both
effects are reflected in the g, and gpna-peak shifts with
increasing concentration (see arrows at the bottom panel of
Fig. 4a), respectively. The stability of the cluster fluid phase is in
agreement with theoretical predictions®!>24,

At the vicinity of the G1-P-G1’s overlap density, the above
clustering-forming mechanism is spontaneously triggered to
counter high levels of packing frustration owing to excluded-
volume constraints at the molecular level®?>. A complete overlap
and penetration of a dendritic-linear-dendritic triblock with a few
others becomes energetically preferable over partial overlaps with
many neighbors as a consequence of its open-internal structure.
Additionally, the entropic penalty that the Poxa chains experience
as they possibly overstretch in an attempt to increase the
aggregation number inside the cluster is effectively counter-
balanced by the inherent tendency of the flexible Poxa and the
stiff all- DNA dendrons to minimize their unfavorable contacts at
the inter-cluster level, similar to classical block copolymers®2.

The cluster fluid phase persists up to a DNA concentration of
255.7 mg/ml (Fig. 4a, violet solid-line), however, with the g.-peak
accompanied by an emerging, broad peak at slightly higher g-
values. This indicates that the cluster fluid phase becomes more

structured, signaling the onset of a disorder-to-order transition by
increasing the G1-P-G1 density. Indeed, strikingly different is the
appearance of small-angle (g < 1.0 nm™!) scattering peaks for a
DNA concentration of 2877mg/ml as can be seen from the
second panel from the bottom in Fig. 4a. An intense and sharp
principal peak, at a scattering wave vector value q* = 0.31 nm~1,
slightly below the g.-peak, and several higher-order reflections
appear, offering an unambiguous determination of the lattice
structure and lattice constant based solely on the location of these
Bragg peaks. The finding ¢" < g. is consistent with the predictions
from simulations>®2> that upon ordering on a crystalline
arrangement, the clusters become less polydisperse and more
compact, thereby slightly increasing their inter-cluster separation.
The corresponding SAXS profile displays six distinguishable
peaks centered at q/q* = 1:4/2:4/3:4/5:4/6:4/7 (vertical red
lines), providing conclusive evidence that the G1-P-G1 clusters
have self-assembled into a body-centered cubic (BCC) crystal
(space-group Im3m) with significant long-range order and a
conventional unit cell of size apcc = +/2(27/q*) = 28.7 nm (see
lattice topology in the right cartoon of the bottom panel in Fig. 3c.
The faint presence of the fourth reflection at g/q* = +/4 is due to
the minimum in the cluster’s form-factor (blue curve in
Supplementary Fig. 2a and discussion in Supplementary
Notes 2.2-2.3). The reported cubic phase is also attested by the
absence of optical birefringence, as clearly illustrated in the
corresponding depolarized image of Fig. 4a (second panel from
the bottom, right image). Upon further compression
(c=322.9 mg/ml, third panel from the bottom in Fig. 4a), the
1D-SAXS profile shows that all the reflections are preserved and
shifted to lower g-values. The blue vertical lines above the
intensity profile indicate the locations of Bragg peaks with a BCC
lattice constant of 30.7 nm. However, surprisingly, the corre-
sponding depolarized image of the sample reveals a counter-
intuitive uniform birefringence (Fig. 4a liquid crystalline BCC-
like, BCC; ), since one would expect that a cubic phase will be
optically isotropic.

Ultimately, increasing the G1-P-G1 concentration leads to a
number of significant changes in the scattering and birefringence
patterns. At DNA concentration ¢=337.7 mg/ml, the sample
under crossed polar1zers shows a vivid colorful birefringence,
with the principal q"-peak becoming noticeably wider; it also
shifts to lower g-values (second panel from the top, Fig. 4a). In
contrast, the shape of the higher order reflections is distorted,
with their positions being concentration-independent. The above
observations, in combination with the clear disagreement
between the observed peaks and the allowed reflections (orange
vertical lines) for a BCC crystal based on the primary and most
intense reflection at g, are indicative for a mechanically unstable
crystal phase. Eventually, upon further increase of the DNA
concentration to ¢ = 356.2 mg/ml, (top panel of Fig. 4a), the G1-
P-G1 solution undergoes a structural phase transition to a
hexagonal packed cylinders morphology (HPC with P6/mm
space-group symmetry), as evidenced by the three clear
reflections at ratios q/q* = 1:4/3:4/4 (magenta vertical lines).
From the primary peak, the inter-column distance dypc =
471/(+/3q") is calculated to be 26.8 nm.

The spontaneous cluster crystallization is clearly demonstrated
by the temperature-dependent 1D-SAXS profiles of the G1-P-G1
at DNA concentration ¢ = 255.7 mg/ml, which are presented in
Fig. 4b. By increasing the temperature, a phase transition from
(cluster) fluid to BCC crystal with agcc=28.2nm is observed,
similar to the concentration-dependent manner presented in the
two bottom panels of Fig. 4a (a more detailed discussion
regarding the SAXS profiles of Fig. 4b is presented in
Supplementary Note 3). It is particularly important to emphasize
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Fig. 5 Self-assembly of G2-P-G2. a 1D-SAXS profiles at 38 °C for the G2-P-G2, with DNA concentrations from the bottom to the top panel: 177.2 mg/ml
(gray); 190.8, 204.7, 220.5 mg/ml (red); 234.08, 250.6 mg/ml (purple). b Temperature-dependent SAXS profiles of the G2-P-G2 at a concentration

¢ =220.5mg/ml. The blue arrows denote the presence of the cluster form-factor feature in the corresponding 1D-SAXS profiles (see also Supplementary
Fig. 2). For each 1D-SAXS profile, the corresponding type of phase behavior is indicated (BCC: body-centered cubic with Im3m space group symmetry and
Cluster G: Non-birefringent Glass-like. The vertical solid-lines indicate the positions of the first seven possible reflections for the stated morphologies. The
most right black dashed-line is guide for the temperature- and concentration-dependence of the gpna-peak.

that this fluid-to-crystal transition occurs within a narrow
temperature range (between 20 and 23 °C) which is noticeably
lower than the LCST of Poxa. Interestingly, heating the sample up
to 38 °C, a temperature well above the LCST of Poxa, produces
identical scattering patterns compare to those at 23 °C. The latter
is in accordance with the temperature-independent behavior of
G1-P-G1 in dilute conditions. Therefore, the results in Fig. 4b
undoubtedly supports our claim for the absence of a micellization
mechanism in the reported DNA-based dendritic building blocks.

The influence of dendron generation on the clustering ability of
these DNA-based dendritic-linear-dendritic triblock and their
subsequent self-assembly to cluster crystals is demonstrated in
Fig. 5, where the concentration- and temperature-dependent
phase behavior of G2-P-G2 (Fig. 1b) are presented. Both
encompass the same type of cluster fluid-to-crystal transition,
with the increase of dendron size to be consistently reflected in
the measured BCC lattice constant, agcc =42.0nm at DNA
concentration ¢ = 220.5 mg/ml (fourth panel from the bottom of
Fig. 5a and, at for temperatures above 23 °C, Fig. 5b). Also, the
BCC crystal shows temperature- and concentration-independent
lattice constants, as witnessed by the Bragg peaks positions over a
relatively broad range of DNA densities (190.8 < ¢ < 220.5 mg/ml
at T=38°C, Fig. 5a) and temperatures (25°C<T<38°C at
¢=220.5mg/ml, Fig. 5b). However, contrary to the G1-P-Gl
where the concentration increase revealed a rich phase transition
pathway from cluster fluid to various crystalline phases, the G2-
P-G2 BCC cluster crystal becomes unstable at high DNA
densities, leading to a disordered solid. This is illustrated in the
scattering profiles of the two top panels of Fig. 5a, both of which
demonstrate that the sharp principal peak and higher orders
reflections are replaced by two broad peaks which systematically
move toward lower g-values with increasing concentration. These
intensity profiles demonstrate an intriguing similarity with the
one obtained from the cluster fluid phase (Fig. 5b, T'=23°C),
suggesting that the observed disordered phases are reminiscent of
cluster glass-like structures (Cluster G). These findings are in
agreement with simulation results based on monomer-resolved

models®2>, Indeed, in contrast to simplified models based on
pairwise additive effective interactions?, for real dendrimers the
cluster population cannot grow indefinitely with concentration
and thus the clean theoretical prediction N, ¢ eventually
breaks down at some system-specific crossover concentration c,.
For values ¢ 2> c,, distortions of the lattice constants, anisotropic
phases and even glassy behavior have also been seen in
simulations of such systems®2>. Interestingly, the cluster-
forming SAXS signature can be easily detected in the 1D-SAXS
profiles of Fig. 5a as indicated by the blue arrows, suggesting that
clusters persist over the concentration-dependent phase transition
pathway from cluster fluid to cluster BCC crystal and finally to a
disordered solid. Finally, it is important to underline that the
disorder-to-order cluster transition is fully reversible with
temperature (Supplementary Fig. 3), and therefore it reflects
thermodynamic equilibrium morphologies.

Further analysis of the 1D-SAXS profiles corresponding to the
G1-P-G1 (Supplementary Fig. 2a) and G2-P-G2 (Supplementary
Fig. 2b) BCC cluster crystals show that the global cluster size of
the G1-P-G1 and G2-P-G2 is noticeably larger than the radius of
gyration of a single particle, implying the formation of clusters
with moderate occupancy (details on the fitting procedure of 1-D
SAXS profiles are given in Supplementary Notes 2.1-2.2). A
schematic of the cluster model is depicted in Fig. 3¢ (bottom
panel, right cartoon). Indeed, from the total DNA concentration
and BCC lattice constant, absolute values of an average cluster
occupancy number N, can be estimated (see Methods, “System
parameters” section), leading to N, = 29 for both G1-P-G1 and
G2-P-G2. In addition, the fitting values for the nearest neighbor
distance dyy along the body diagonal of the formed BCC crystals
(left cartoon in Fig. 4f) indicate that the dendritic-based cluster
crystals almost reach the close-packed configuration (see table for
the fitting parameters in Supplementary Note 2.1 and relevant
analysis in the Supplementary Note 2.2). The lattice constants
correspond to a ratio apcc/R,=43 (27.9nm/6.4nm and
42.0 nm/9.8 nm for G1-P-G1 and the G2-P-G2, respectively), in
excellent agreement with simulations of generic similar models?>,
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Fig. 6 Phase diagrams of G1-P-G1 and G2-P-G2. A concentration-temperature phase diagram of aqueous solutions of G1-P-G1 (a) and G2-P-G2 (b). The
following phases are indicated: Fluid (black circles), cluster fluid (gray circles), BCC cluster crystal (red triangles), liquid crystalline BCC-like cluster crystal
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assignment of the orange region in the G1-P-G1 phase diagram based solely on the SAXS data was not possible. The green-dashed lines indicate the DNA
overlap concentration ¢ of G1-P-G1 and G2-P-G2 (see Methods, “System parameters” section).
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Fig. 7 Cluster phases and extracted lattice parameters at various concentrations. a 1D-SAXS profiles at 38 °C for the G1-P-G1, with DNA concentrations
from the bottom to the top panel: 188.2, 216.9, 255.7, 287.7 (red profiles), 300.8, 322.9, 337.7 (blue profiles) and 356.2 (brown profile) mg/ml. The
vertical solid-lines indicate the positions of the first seven allowed reflections for a BCC crystal. In the middle panel, the gray circles indicate the appearance
of the fourth diffraction peak. The black dashed-line is guide for the concentration-dependence of the gpna peak. The profiles presented in the bottom and
middle panels are shifted along the intensity axis for clarity. The intensity shift factors are presented on the left side of the profiles. b The BCC lattice
constant agcc (top panel) and the cluster occupancy Ny (bottom panel) against G1-P-G1 concentration at 38 °C. The dashed lines are guides for the
concentration-dependence of agcc (red-line) and N, (blue-line) within the non-birefringent regime. Top panel inset: Depolarized images of selected G1-P-
G1 samples at 38 °C. DNA concentration from the left to the right: 287.7, 300.8, 322.9 and 337.7 mg/ml. ¢ Schematic of the proposed arrangement and
deformation of the G1-P-G1 clusters within the optically anisotropic BCC-like phase (Liquid Crystalline (LC)-"cubic” phase).

in which the ratio apcc/R,=4.1 was found for broad density crystals in a temperature-dependent manner. The independence
ranges. of the peak positions on concentration, the bottom panel of

The phase diagrams of G1-P-G1 and G2-P-G2 as a function of ~ Fig. 7a, points to the density-independent lattice constant, top
the temperature and the total DNA concentration are presented panel of Fig. 7b. In contrast to the G1-P-G1 case, the phase
in Fig. 6. A combination of the above-mentioned SAXS diagram of G2-P-G2 displays one type of crystal phase (BCC
measurements and depolarized images of the samples allow us cluster) with its thermodynamic stability restricted in a noticeable
to identify most of the formed phases. Both systems, at narrower region in the plane of temperature versus concentration
sufficiently high densities, form stable clusters in the fluid phase, (red areas in Fig. 6a-b), as previously anticipated. While G2-P-G2
which upon further compression self-organize into cluster BCC  exhibits only an optically isotropic glass-like (Cluster G, purple
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area in Fig. 6b and SAXS profiles in Fig. 5a) behavior at higher
DNA densities, the G1-P-G1 demonstrates a rich structural
polymorphism involving birefringent crystals and birefringent
glass-like phases (Grc, brown region in Fig. 6a, and SAXS profile
in the top panel of Fig. 7a). This is not surprising given the
increased dendron size which is employed for the fabrication of
the G2-P-G2 triblock. Although the underlying physical mechan-
ism that drives the emergence of clustering is identical for G1-P-
G1 and G2-P-G2, the latter encounters higher levels of dendron
packing frustration since the length of the polymeric tether (Poxa
chain) has remained unchanged. The correct length of the Poxa
chain can lead to not only a widening of the region where the
BCC cluster crystal is stable but also allow liquid crystalline
morphologies (BCCrc and HPC in Fig. 6a) to become stable.
Therefore, the G2-P-G2 phase diagram highlights the key role of
the open architecture of the building blocks for the stabilization of
cluster crystals with an intriguing structural diversity.

In the phase diagram of G1-P-G1 (Fig. 6a), a stable phase (blue
region), which retains the diffraction features of a BCC structure
and shows unexpected optical anisotropy (BCCy ), is observed at
DNA densities above the ones where the cluster BCC crystal
phase (red region) occurs. This birefringent phase is stable over a
remarkable wide range of concentrations and temperatures. In
addition, the phase transition from BCC-to-BCCyc can also be
reversibly driven through the alteration of temperature (at DNA
concentration ¢ = 300.8 mg/ml in Fig. 6a, see also Supplementary
Fig. 4), in accordance with the thermodynamic stability of this
phase. The concentration-dependent series of SAXS profiles
acquired at 38°C (Fig. 7a), together with the corresponding
depolarized images of the samples (top panel inset of Fig. 7b)
offer a qualitative insight into the possible molecular origin of the
BCCi and its clustering character (a more detailed discussion is
presented in Supplementary Note 4). A molecular packing
scenario for the BCCy ¢ phase based on orientationally ordered
ellipsoidal-like clusters occupying the sites of the BCC lattice is
schematically shown in Fig. 7c.

Taken together, our work on self-assembly of purely repulsive
all-DNA dendritic-based triblock unambiguously demonstrate
the experimental realization of the long-anticipated equilibrium
cluster crystal structure at high densities. The experimental
discovery of this unconventional crystalline state of matter is
based on five pillars which constitute the key and unique
identifying properties of cluster crystals, namely: the absence of
micellar aggregates in dilute conditions; the emergence of clusters
in the fluid phase at ¢ Sc*; the stability of the clusters in the
absence of attractions; the crystallization of the cluster fluid into a
cluster crystal; and finally the crystal’s remarkable adaptability in
crowded conditions, as reflected by the density-independent
lattice constants (top panel of Fig. 7b) and the scaling Ny ¢
(bottom panel of Fig. 7b), that holds over a broad concentration
range. The latter is the most prominent hallmarks of cluster
crystals predicted by theory!=* and hereby experimentally
confirmed.

An intriguing aspect of this study is that the building block
design, reliant on the block copolymer paradigm, confers our
DNA-based triblock with temperature-responsiveness, resulting
to cluster crystal structures with unexpected optical anisotropy
and self-assembly transition pathways that can readily be
controlled by altering the temperature. This confluence of self-
assembly approaches from block copolymers®? and DNA
nanotechnology®® has already been shown to be capable of
furnishing temperature-regulated nanoscale structures with high
levels of self-assembled structural complexity®®. Given its versatile
and robust character, the synthetic scheme reported here can
easily be applied to any kind of all-DNA nanoscale architecture.
We foresee that the present developments in the design and

construction of DNA nanostructures with arbitrary complexity in
the research field of structural DNA nanotechnology can provide
unprecedented freedom in cluster crystal engineering through
careful design of the tethered all-DNA geometry, and therefore
opens up the possibility of steering the macroscopic properties of
the system in a predictive manner.

Methods

Synthesis of DNA-polymer hybrids. Custom, phosphorylated and dibenzylcy-
clooctyne (DBCO)-modified oligonucleotides were purchased from Biomers and
purified by HPLC. The DNA sequences used for the fabrication of all-DNA den-
drons of first (G1) and second (G2) generation were adapted from previous work
with a slight modification in order to suppress the base-stacking attraction between
the dendrons’ blunt-ends*3. To assemble the reported DNA-based dendritic
nanostructures, a strain-promoted alkyne-azide cycloaddition (SPAAC, copper-
free click chemistry) reaction was employed®. To construct G1-P and G1-P-G1, a
three-arm DNA junction (G1) having one arm terminated with a DBCO and a
mono- or di-azide (N3) end-functionalized Poly(2-oxazoline)-based copolymer
Poxa were dissolved in 1xTris/Na buffer (10 mM Tris-HCI, pH 8.0, 150 mM NacCl)
and homogenized, respectively. The optimal ratio of reacting compounds (DBCO/
N;) was found to be close to 4:1. The reactions are carried out at room temperature
overnight. A detailed description of the azide-functionalized Poxa polymer
synthesis procedure and its characterization is provided in Supplementary
Methods 2-3.

For the fabrication of G2-P-G2, a core G1-P-G1 with its free-ends terminated
with a phosphorylated non-palindromic 4-base single-stranded overhang (sticky
end) is employed. This tetra-functional dendritic-polymer core was hybridized with
four other G1 molecules with sticky-ends complementary to the G1-P-G1 in order
to finally assemble the G2-P-G2. The post-assembly ligation of the G2-P-G2 is
performed by the T4 DNA ligase (Promega). The three-arm DNA junctions
involved in the construction of the G1-P, G1-P-G1 and G2-P-G2 were formed by
hybridizing three partially complementary to each other synthetic ssDNA strands
in a 1:1:1 stoichiometric ratio in 1xXTE/Na buffer (10 mM Tris-HC, pH 7.5, 0.1 mM
EDTA and 150 mM NaCl)2. The final concentration was 15 pM for each strand.
The DNA concentration was determined by measuring the absorbance at 260 nm
with a micro-volume spectrometer (NanoDrop 2000). The oligo mixtures were
cooled slowly from 90 °C to room temperature in 10 L water placed in a styrofoam
box over 48 h to facilitate strand hybridization. The detailed construction scheme
and sequence of DNA oligos used to assemble G1-P, G1-P-G1 and G2-P-G2
systems are listed in Supplementary Method 1. Nondenaturating polyacrylamide
gel electrophoresis (PAGE) experiments were employed to confirm the successful
assembly of G1, G1-P, G1-P-G1, and G2-P-G2. As shown in Fig. 1, the desired all-
DNA and DNA-based dendritic constructs migrate as single sharp bands, with the
dendritic-linear-dendritic triblock to demonstrate decreasing mobility with
increasing generation.

System parameters. The radius of gyration (Ry) is obtained from small-angle X-
ray scattering (SAXS) and hydrodynamic radius, (Ry) is obtained from DLS. The
corresponding values for the G1-P-G1 and G2-P-G2 are 6.4 nm and 9.8 nm for Ry;
4.9 nm and 7.9 nm for Ry, respectively (more details in Supplementary Note 1).
The DNA overlap concentration (c*) of the employed dendritic-linear-dendritic
triblock (G1-P-G1 and G2-P-G2) was estimated using the equation

¢* = M,,/(3nR}N,), where M,, represents the DNA molecular weight of the tri-
block (ME~P=Gl = 58.09 KDa, M$?~P~62 = 170.36 KDa), Ry; the hydrodynamic
radius at T= 38 °C, and N, Avogadro’s number. The average cluster occupancy
Noc is calculated using the relationship N, = cNa3c/(M,f), where c is the
total DNA concentration, apcc the edge length of the BCC conventional unit cell,
and fis the number of clusters per unit cell (f=2 for a BCC lattice). The molecular
weight of the Poxa chains is 15.9 KDa for the G1-P-G1, G2-P-G2, and 19.6 KDa for
the G1-P. The concentrated DNA solutions were prepared using 1xTris/Na buffer.

Purification of G1-P-G1 and G2-P-G2. To purify desired dendritic-linear-
dendritic structures, reactions products were separated by size-exclusion chroma-
tography (SEC) on Superdex 200 Increase 10/300 GL. The column was developed
at the flow rate of 0.2 mL/min in 1xTris/Na buffer. The reaction mixture was
diluted in the same buffer to the final concentration of 2.0—4.0 mg/mL and injected
into the column by 0.3—0.4 mL portions per run. Two major peaks were collected
and the corresponding fractions were analyzed by PAGE. The first peak corre-
sponded to the DNA-based dendritic triblock and the second one to not react to
three-arm DNA junctions. Fractions eluted from 10.0—11.0 mL were pooled
together and concentrated by ultrafiltration (Amicon-Ultra 15 mL centrifugal fil-
ters). For the purification of G1-P, an anion exchange chromatography column
HiPrep DEAE Fast Flow16/10 (GE Healthcare) was used.

Light scattering (LS) experiments. DLS and static light scattering (SLS) experi-
ments were performed by employing an ALV goniometer setup equipped with a
Helium-Neon laser operating at A = 632.8 nm. The Brownian motion of the G1-P-
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G1, G2-P-G2 and G1-P was recorded in terms of the time autocorrelation function
of the polarized light scattering intensity, G(g, ), employing an ALV-5000 multi-
tau digital correlator. In DLS experiments, the intermediate scattering (field)
function C(q,t) = \/(G(q,t) — 1)/p at several scattering wave vectors q =

(47n /1) sin(6/2) is obtained, where f 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 0 the scattering angle. To analyze C(g, t), an inverse Laplace
transformation using the CONTIN algorithm was applied. The average relaxation
time was determined from the peak of the distribution of relaxation times L(In 7)%3
(see Supplementary Fig. 1a).

Small-angle X-ray scattering (SAXS). SAXS experiments were carried out at the
high brilliance Galium Anode Low Angle X-ray Instrument (GALAXI) of the Jiilich
Center for Neutron Science (JCNS, Germany)®*. A Dectris-Pilatus 1M detector
with a resolution of 981 x 1043 pixels and a pixel size of 172 x 172 um? was
employed to record the 2D SAXS scattering patterns. The 2D SAXS patterns were
integrated using FIT2D software. Bragg peaks indexing in 1D SAXS profiles was
performed using the Scatter computer program®. 1D SAXS profiles fitting was
done using Jscatter® (more details on the fitting procedure are given in Supple-
mentary Note 2). The DNA solution was thoroughly homogenized (up to 3 days
for the more viscous samples) ensuring the absence of spatial concentrations
gradients before loading into capillaries (2 mm thickness borosilicate, Hilgenberg)
for SAXS experiments. The capillaries were sealed and stored at 4 °C for at least
1 month before being used for X-ray experiments. Long term stability and
reproducibility were confirmed by repeating SAXS measurements on selected
samples almost 6 months later (G1-P-G1 system, Supplementary Fig. 5).

Data availability
The relevant data sets generated during and/or analyzed during the current study are
available from the corresponding authors on reasonable request.
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