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Abstract

Adding shape and interaction anisotropy to a col-
loidal particle offers exquisitely tunable routes to
engineer a rich assortment of complex-architected
structures.  Inspired by the hierarchical self-
assembly concept with block copolymers and DNA
liquid crystals, and exploiting the unique assem-
bly properties of DNA, we report here the con-
struction and self-assembly of DNA-based soft-
patchy anisotropic particles with a high degree
of modularity in the system’s design. By pro-
grammable positioning of thermo-responsive poly-
meric patches on the backbone of a stiff DNA du-
plex with linear and star-shaped architecture, we
reversibly drive the DNA from a disordered en-
semble to a diverse array of long-range ordered
multidimensional nanostructures with tunable lat-
tice spacing, ranging from lamellar to bicontinu-

ous double-gyroid and double-diamond cubic mor-
phologies, through the alteration of temperature.
Our results demonstrate that the proposed hierar-
chical self-assembly strategy can be applied to any
kind of DNA nanoarchitecture, highlighting the
design principles for integration of self-assembly
concepts from the physics of liquid crystals, block
copolymers and patchy colloids into the continu-
ously growing interdisciplinary research field of
structural DNA nanotechnology.
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One of the most well-established bottom-up self-
assembly strategies in soft matter for achieving
exquisitely complex and long-range order in one,
two, and three dimensions (1D, 2D and 3D) is based
on block copolymers, through the microphase sep-
aration of covalently connected blocks with chem-
ical dissimilarity.! A fundamentally different ap-
proach is based on the Watson-Crick chemical
complementarity, a programmable self-assembly
method that offers a powerful tool for designing all-
DNA multidimensional functional complex struc-
tures with unparalleled control over nanoscale-
domain geometry. >

Although the DNA base specificity is the great-
est advantage in DNA-based self-assembly, it can
also be the Achilles heel. Increasing the de-
sign complexity of the target structure requires
a large number of DNA strands with unique se-
quences, which not only raises serious scalabil-
ity issues but also unavoidably introduces errors
in self-assembly, leading to short-range ordered
structures. A synergy of these two chemically
and conceptually distinct self-assembly pathways
can offer alluring opportunities to generate tailored
macroscopic DNA-based reconfigurable soft ma-
terials that could circumvent the above mentioned
limitations, while retaining their sequence address-
ability. So far, this idea remains limited to the
construction of micelles, vesicles, nanotubes and
ordered nanofibers from DNA-polymer.®'3 To re-
alize the full potential of the combination of block
copolymer self-assembly and programmed DNA
self-assembly in the field of structural DNA nan-
otechnology, the formation of highly ordered multi-
dimensional arrangement of DNA blocks is highly
desirable.

Here, we demonstrate a robust pathway on
achieving the above goal, based on the fabrication
of DNA-based anisotropic soft-patchy particles,
comprising a charged rigid DNA rod and a neu-
tral thermo-sensitive flexible polymeric segment
(Poly(N-isopropylacrylamide), pNIPAm) that are
covalently linked. Typical examples are presented
in Figure 1, where the pNIPAm polymer can be
either linked to the ends of a stiff linear DNA
fragment (see Figure la) or to programmed sites
along the DNA fragment (Figure 1b), or to the
ends of a star-shaped DNA construct with stiff
arms (Figure 1c). The key ingredient of the pro-

posed self-assembly strategy, based on the block
copolymer paradigm, is the microphase separation
mechanism driven by the immiscibility between
the rod-like DNA-block and the coil-like pNIPAm-
block. A similar approach was employed for the
self-assembly of anisotropic inorganic particles in
linear and circular polymer-like structures by func-
tionalizing hydrophilic gold nanorods at both ends
with hydrophobic homopolymer. '

Broadly speaking, the proposed system has many
features in common with the conventional block
copolymers, so that the equilibrium self-assembled
morphologies will be governed by similar funda-
mental physical principles: the compromise be-
tween minimizing unfavorable contacts between
the incompatible blocks and maximizing the sys-
tem’s configurational entropy. In our DNA-
polymer hybrids, however, the combination of
multi-blocks in one system having tunable en-
thalpic, entropic and charge disparities have pro-
found consequences concerning their associated
self-assembly behavior. In comparison to tradi-
tional uncharged flexible block copolymers, addi-
tional entropic contributions will be present in the
system’s free energy, leading to rich phase tran-
sitions pathways and intriguing complex phases,
as demonstrated in the present work. These con-
tributions are related to the anisotropic shape of
the DNA-block that can result in the formation of
anisotropic liquid crystal phases,’>™'® and to the
entropy of counterions owing to the charged char-
acter of the DNA-block. '>?° Furthermore, from the
enthalpic point of view, the temperature-dependent
solvophobicity of the pPNIPAm-block allows the ex-
ternal steering of the degree of amphiphilicity of
our system, thus offering a way to fine control the
segregation strength between the blocks forming
the proposed DNA-based block copolymers. Our
findings on self-assembly of the reported DNA-
polymer constructs constitute an experimental re-
alization of the pioneering concept for nanoparticle
self-assembly based on the “precise positioning of
tethers on the surfaces of nanoparticles of arbitrary
geometry and composition”, as suggested by sim-
ulation study more than a decade ago.?!



Results and discussion

Synthesis of DNA-polymer hybrids. Our syn-
thetic scheme involves sequence-specific post-
decoration of stiff double-stranded DNA (dsDNA)
fragments with pNIPAm polymer chains employ-
ing copper-free click chemistry®?> (more details
are given in the Method section and Support-
ing Information, Sections 1.1-1.3). pNIPAm is a
temperature-responsive polymer with lower criti-
cal solution temperature behaviour at T ~ 33°C
in salt-free aqueous solutions. The length of
the dsDNA fragment is well below its persis-
tence length (~ 50nm) and therefore the DNA
fragments can be considered as stiff rods. The
term “‘soft-patchy”, used to describe the proposed
anisotropic DNA-based particles, refers to the poly-
meric nature of the patchy units (pNIPAm) in
which shape and position fluctuations are allowed.
These features are absent in the conventional “hard-
patchy”’particles,?*** and, as we shall demonstrate,
they have a profound effect on the dominant self-
assembly pathways. Non-denaturing gel elec-
trophoresis was employed to confirm the successful
assembly of the DNA-polymer architectures which
are schematically depicted in Figure la-c. The
electrophoresis experiments presented in Figure
1d-e were performed on the crude reaction mix-
tures with the optimal ratio of reacting compounds.
The desired DNA structures migrate as a single
sharp band, suggesting that DNA-polymer conju-
gates were properly formed (see Supporting Infor-
mation, Section 1.4 and Figures S1-S3 for more
details). In terms of block copolymer architecture,
the three proposed DNA-based soft-patchy parti-
cles resemble a linear-shaped coil-rod-coil triblock
(L-CRC), II-shaped rod-coil triblock (IT-RC) and
star-shaped diblock with rod-coil arms (S-RC).

We shall demonstrate the proposed concep-
tual strategy for encoding information into self-
assembling DNA building blocks by presenting
the temperature dependence of the self-assembly
behavior of the above-mentioned DNA-based
anisotropic soft-patchy particles in aqueous solu-
tions, at selected DNA concentrations, employing
small-angle X-ray scattering (SAXS) experiments
(see Methods for details) and optical depolarized
light observations of the samples.
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Figure 1: Synthesis and characterization of

DNA-based anisotropic soft-patchy particles.
Schematic representation of the DNA-polymer par-
ticles used for the exploration of the self-assembly
behavior of patchy rod-shaped molecules. a,
Linear-shaped coil-rod-coil triblock (L-CRC). b,
[1-shaped rod-coil triblock (II-RC). ¢, Star-shaped
diblock with rod-coil arms (S-RC). The car-
toons (a-c) approximately capture the relative
length scales in our DNA-polymer hybrids d-e,
Non-denaturing polyarcylamide gel electrophore-
sis (PAGE) analysis. (d) 15% PAGE. Lane M
contains 20 base-pair (bp) DNA marker. Lanes
1-3 contain dsDNA fragment, coil-rod-coil (L-
CRC) and II-shaped rod-coil (II-RC) respectively,
with a length of Lgpna = 48bp ~ 16 nm (using
0.33 nm per base-pair) and pNIPAm with molecu-
lar weight of 20KDa. (e) 10% PAGE. Lanes M-1
contain 50bp DNA marker and three-arm dsDNA
junction (Y-DNA) respectively, with arm length
of Lgspna = 13bp ~ 4.4nm. Lanes 2-3 contain
the Y-DNA of lane 1 functionalized with 1.7 KDa
and 20 KDa pNIPAm (S-RC), respectively. For the
20KDa pNIPAm, the hydrodynamic radius is about
3.5nm in the swollen state.



Phase behavior of the L-CRC for concentra-
tions well below the liquid crystal ordering of
DNA-block. One-dimensional SAXS (1D-SAXS)
profiles, at 4°C for the bare DNA-block with a
fixed length Lgpna = 48 bp ~ 16 nm, are shown
in the top panel of Figure 2a for various concentra-
tions. These profiles are obtained by azimuthally-
averaging scattering intensity of a two-dimensional
SAXS (2D-SAXS) scattering pattern, an example
of which is shown in Figure 2b. With increas-
ing DNA concentration, the DNA-block is found
to exhibit the liquid crystal behavior typical for
DNA.? Two-phase coexistence develops at the
transition from the isotropic to chiral nematic tran-
sition, as demonstrated in the images in Figure 2a
(inset of top panel) taken through cross polarizers.
The isotropic to biphasic transition concentration
is found to be around 170 mg/ml. For concen-
trations well above the isotropic-to-chiral nematic
transition, the 1D-SAXS profile (Figure 2a, top
panel, black curve) reveals a single intense and
narrow Bragg reflection. This correlation peak
originates from a strong positional order between
neighboring, parallel DNA helices and is associ-
ated with the formation of a hexagonal-columnar
DNA mesophase. 26-?

Incorporation of a pNIPAm-block at the ends
of the DNA-block, which yields the formation of
the L-CRC system presented in Figure 1a, drasti-
cally affects the associated phase behaviour. While
DNA concentration is below the critical value re-
quired for the liquid crystal (LC) phase formation
(cLec ~ 195mg/ml) and the temperature is far be-
low the lower critical solution temperature of the
pNIPAm-block, the image of the sample taken
through cross polarizers reveals the formation of
a strongly birefringent phase (similar to Figure 2f).
A further striking difference is the shape of the
SAXS profile for the L-CRC system and the un-
modified DNA-block at the same DNA concen-
tration and temperature, as can be seen from the
comparison of the scattering profiles presented in
the top (brown curve) and bottom panel of Figure
2a. For the L-CRC, a clear shift of the value of
dpna Peak to higher g, and a significant narrowing
of its width are observed. This suggests strong po-
sitional correlations between the DNA-blocks. In
addition, the L-CRC system shows a sharp prin-
cipal scattering peak at a wavevector q* and sev-

eral higher-order reflections, with wavevector ra-
tios q/q* of 1:2:3:4. Such higher-order reflections
are indicative of a lamellar (Lam) structure. The
position of the primary peak q* corresponds to a
layered structure with a spacing between adjacent
layers of diam = 27/q* = 28nm. Information
concerning the arrangement of the DNA-block in
the layers can be obtained by observing 2D-SAXS
patterns of a shear-aligned sample,? an example of
which is given in Figure 2b. The peaks originating
from correlations between the lamellar planes (arcs
close to the beam stop) are oriented exactly perpen-
dicularly to the peaks originating from correlations
in DNA diameter (the outer broad arc, which corre-
sponds to the qpy, peak in the 1D-SAXS profile).
This clearly implies that the DNA-blocks of the L-
CRC system within the layers are oriented parallel
to the layer’s normal.

Further analysis of the 1D-SAXS profile of Fig-
ure 2a (bottom panel), based on a combined model
able to describe in detail the lamellar structure as
well as the DNA-block local packing inside the
lamellar domains, revealed that the average coher-
ent domain size, Dy, in the direction perpen-
dicular to the lamellar layers is close to 1.2pum
(details on the fitting procedure of the 1-D SAXS
profile and the model employed are given in Sup-
porting Information, Sections 2.1-2.2 and Figure
S4). In addition, the extracted value for the in-
layer positional correlation length Ap, as calcu-
lated from the width of the narrowed qpy, peak,
reveals the formation of well-ordered domains of
dimension A\p = 314nm; this suggests that about
100 DNA helices pack in coherent manner within
the DNA layers. A schematic of the above pack-
ing scenario for the L-CRC system is presented
in Figure 2c, consisting of uncorrelated layers in
which the molecules are positioned in a hexago-
nally close packed array (smectic-B type of liquid
crystal phase).

By increasing the temperature, an unexpectedly
rich phase transition pathway from lamellar to var-
ious cubic network phases is observed. The SAXS
signature of this multiple order-to-order morpho-
logical transition is shown in Figure 2d for the
L-CRC at DNA concentration of 119.3 mg/ml. Up
to 23°C, a temperature quite below the lower criti-
cal solution temperature of the pNIPAm-block, the
L-CRC exhibits ordered lamellar structure charac-
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Figure 2: Self-assembly of polymer-tethered DNA nanorods. a, Top panel: SAXS profiles for the bare
DNA-block, with total concentrations are 278.0 (black), 238.0 (red), 216.5 (green), 183.5 (blue) and 171.0
(brown) mg/ml. The inset shows pictures of selected samples between cross-polarizers in one-phase and
two-phase coexistence (total concentrations from left to right: 171.0, 183.5, 190.0, and 206.0 mg/ml).The
red bars indicate the height of the isotropic region. The SAXS profile for the duplex at 183.5 mg/ml is taken
from the liquid crystal region of the second capillary from the left in the inset photograph. Bottom panel:
SAXS profile for the coil-rod-coil (L-CRC) at a concentration of 163.0 mg/ml. The SAXS profiles were
taken at 4°C. b, 2D-SAXS pattern for a shear-aligned sample of the coil-rod-coil (L-CRC) at 163.0 mg/ml.
¢, Schematic of the proposed arrangement of the coil-rod-coil (L-CRC) molecules in the lamellar. The
DNA and polymer are illustrated as cylinder and ball, respectively. d, Temperature-dependent SAXS
profiles of the coil-rod-coil (L-CRC) at 119.3 mg/ml. The arrows indicate the relative positions for the first
possible reflections for the stated morphologies. Profiles are shifted along the intensity axis for clarity.
The intensity shift factors are presented on the left side of the profiles. The most right green dashed line is
guide for the temperature dependence of the qpy, peak. The remaining green vertical lines are added to
indicate the temperature dependence of the location of the q* peak, as well as the higher order reflections
related with the lamellar morphology. e-f, Depolarized images of the L-CRC sample with a concentration
of 119.3 mg/ml at different temperatures.



terized by a macroscopically uniform birefringent
pattern, as evident by the depolarized image given
in Figure 2f. The considerable qpy, peak broaden-
ing indicates a liquid-like positional order between
the DNA-blocks inside the lamellar layers, in oppo-
sition to the sharp peak observed at the higher con-
centration (Figure 2a, bottom panel). Heating the
sample produces a gradual shift of the reflections
towards higher q values. Since the pNIPAm-block
is the only block in the L-CRC system that is con-
formational sensitive to temperature, the decrease
of the layer spacing is attributed to a shrinkage of
the pNIPAm-block upon heating. The change in
the lamellar spacing due to the pNIPAm confor-
mational change is paired by an increased distance
between neighboring, parallel DNA helices within
the DNA-block layers with increasing temperature,
as revealed by the shift of the maximum of the qpy,
peak to lower q values.

The effective swelling of the DNA-block layer
persists up to 23°C, where a slightly further temper-
ature increase induces a markedly different phase,
as can be seen from the SAXS profiles in Figure
2d. More specifically, the L-CRC undergoes a se-
quence of phase transitions from a lamellar (Lam,
23°C) to an ordered bicontinuous double-gyroid
phase (OBDG, 27°C), and finally approaching, but
still below the lower critical solution temperature
of the pNIPAm-block, to an ordered bicontinuous
double-diamond phase (OBDD, 30°C) upon heat-
ing. The SAXS profiles for the bicontinuous cu-
bic phases are shown in Figure 2d together with
the expected peak positions for OBDG and OBDD
morphologies with Ia3d and Pn3m space group
symmetries, 2! respectively (purple and orange
arrows in Figure 2d). The intense first two sharp
peaks, the quite large number of lower intensity
but clearly distinguishable high-order reflections
in our SAXS profiles, and the excellent agreement
between the observed peaks and the allowed re-
flections, offer compelling evidence regarding the
morphology of the above-mentioned cubic network
phases with a significant long-range order. In ad-
dition, the reported bicontinuous cubic phases are
attested by the absence of optical birefringence at
temperatures above 23°C, as clearly illustrated in
the depolarized image of Figure 2e. Ultimately,
at 45°C, a temperature well above the lower criti-
cal solution temperature of the pNIPAm-block, the

sample disorders, resulting in the abrupt disappear-
ance of the two principal peaks as well as the higher
order peaks. It is worth mentioning that, in con-
trast to OBDG, the OBDD structure in conven-
tional block copolymers melts consisting solely of
flexible polymer chains has not been considered
as a thermodynamically stable phase due to fact
that high levels of packings frustration are encoun-
tered. >33 However, our SAXS results demonstrate
an unexpected ease on stabilizing the OBDD phase
(also see Supporting Information, Section 3.1 and
Figure S7), suggesting that block rigidity (DNA-
block) may play a key role in the formation of this
cubic network phase. Even though the addition of
solvent to block copolymers (water in our case) im-
parts additional degrees of freedom to control the
final self-assembled morphology, we believe that
the entropic penalty associated with the pNIPAm
chains packing is effectively counterbalanced by
the tendency of the rod-like DNA-blocks to align
(liquid crystal ordering). The latter ordering mech-
anism is absent in convectional block copolymers
consisting solely of flexible chains.

In Figure (Supporting Information, Section 3.1),
a thermal scanning SAXS experiment over a small
temperature increment for the L-CRC system is
presented; the DNA concentration is slightly higher
than that of Figure 2d. The same multiple order-to-
order transitions (Lam-to-OBDG-to-OBDD) are
observed by increasing the temperature. The 1D-
SAXS profiles reveal that at 27°C and at 30°C there
is a coexistence of peaks from Lam/OBDG and
OBDG/OBDD, respectively. This indicates a dis-
continuous transition for the Lam-to-OBDG and
OBDG-to-OBDD cases. However, the SAXS sig-
nature at the proximity of these order-to-order tran-
sitions does not allow a conjecture regarding the or-
der type of these phase transitions. It is important
to emphasize that the above order-to-order tran-
sitions (Lam-to-OBDG-to-OBDD) are reversible
with temperature, and stable with prolonged an-
nealing (see Supporting Information, Section 3.1
and Figure S9). In addition, the kinetics of the
ordering processes is quite rapid with equilibra-
tion times after temperature changes of less than
5 min., both on cooling and heating (see Sup-
porting Information, Section 3.1 and Figures S9-
S10). Therefore, we conclude that the observed
multiple order-order phase transition pathway re-



flects thermodynamically equilibrium morpholo-
gies, with well-defined transition temperatures.

Phase behavior of the L-CRC for concentrations
above the liquid crystal ordering of the DNA-
block. Elevation of the L-CRC concentration well
above the critical value ¢y ¢ required for liquid crys-
tal ordering of the DNA-block, a significant change
in the topology of its phase diagram is observed
by means of SAXS measurements (Figure 3). The
temperature-induced phase sequence from lamellar
to multiple cubic network morphologies (¢ < ci¢)
isreplaced by lamellar to hexagonally packed cylin-
ders (HPC with P6/mm symmetry) morphology
(c > cpe), as clearly demonstrated in Figure 3a, in
which SAXS profiles at selected temperatures to-
gether with the expected reflections are presented.
The lamellar periodicity (dp., = 27/q*) and the
distance between the centers of adjacent cylinders
(dgpc = 47/+/3q*) are found to be 28.5nm and
33.5nm, respectively. Analysis of the 2D-SAXS
patterns obtained for a shear-aligned L-CRC sam-
ple at T = 20°C and T = 25°C allows the identifi-
cation of the arrangement of the DNA-block inside
the proposed 1D (Lam) and 2D (HPC) long-range
ordered nanostructures. The relative orientation
of the arcs associated with the proposed structures
to the arc corresponding to qpy, peak, and anal-
ysis of the SAXS profile at T = 25°C, reveal a
temperature-induced transition from a Lam (Figure
3e) to HPC morphology in which the DNA-blocks
are packed within the cylinders with a diameter
deyi = 20nm slightly larger than one DNA-block
molecular length (Figures S5). The extracted value
for the cylinder diameter in the HPC morphol-
ogy, under the assumption of cylinders with cir-
cular cross-section, is quite intriguing since it hints
at the possibility of DNA-blocks packing within
the cylinders such that they induce twist about the
cylinder axis, thus forming chiral nematic cylin-
ders. On the basis of geometrical arguments using
the calculated values for the cylinder diameter, the
interdomain spacing, and the interaxial distance
between the DNA-blocks (for more details, see the
analysis of 1D-SAXS profile at T = 25°C in Figure
S5 and relevant discussion in Supporting Informa-
tion, Sections 2.1, 2.3), we propose the packing

model of Figure 3d, in which the cylinder cross-
section contains at most five L-CRC molecules.
This scenario is plausible given the chiral nature
of DNA** and the entropy gain due to more effi-
cient packing of the coil-like pNIPAm-blocks. Itis
worth mentioning that existing simulations studies
on the self-assembly of polymer-tethered achiral
nanorod model system predicted the formation of
such a intriguing hexagonal cylinder phase con-
sisting of chiral cylinders.*> However, the analysis
of the shear-aligned 2D-SAXS pattern does not al-
low a conjecture regarding the shape of cylinder’s
cross-section in HPC morphology and therefore we
can not exclude the possibility that the DNA helices
pack in parallel within a cylinder of rectangular
cross-section. A computational study employing a
coarse-grained model of our polymer-tethered chi-
ral charged nanorods (L-CRC system) could pro-
vide a deeper insight into the local structure within
the cylinders in terms of chiral pitch (twist period-
icity) and handedness. Finally, it would be interest-
ing to explore if the grafted-like pNIPAm chains on
the cylinders surface can screen the chiral interac-
tions, stabilizing the straight column configuration
as shown in Figure 3d or to a possible racemic
mixture of hexagonally ordered chiral cylinders. >’

Phase-diagram of the L-CRC. The phase be-
havior of L-CRC system as a function of tem-
perature and concentration is presented in Figure
4. The temperature-induced phase sequences for
DNA concentrations well below (¢ < 130 mg/ml)
and above (¢ > 205 mg/ml) the critical value c ¢
required for liquid crystal ordering of the DNA-
block are already discussed in detail in the previous
sections. Approaching the c; ¢ (¢ > 130 mg/ml, the
increase of temperature results in a transition from
a lammelar phase to different unidentified com-
plex phases (colored region in Figure 4). Their
SAXS patterns based on the position of the first
two intense Bragg reflections can be indexed to
OBDG and OBDD structures, and in some cases,
higher order reflections are consistent with the ex-
pected peak positions for these morphologies with
Ia3d and Pn3m space group symmetries, respec-
tively (Figure S8). However, depolarized images
of the samples reveal an intense uniform birefrin-
gence (similar to figure 2f), hence the formation
of such cubic network phases can be excluded.



Intensity [a.u]

p—
(=
()

10°

10 ET=20°C
10™

0
qnm'] 10

Figure 3: Self-assembly of coil-rod-coil (L-CRC) system for ¢ > ¢ c. a, SAXS measurements of the
coil-rod-coil (L-CRC) at a concentration of 210.3 mg/ml for 7" = 20°C' (bottom panel) and 7" = 25°C' (top
panel). The 1-D scattering curves are obtained from azimuthally averaged the region (black cake-like)
indicated in the corresponding 2D-SAXS patterns (b-c). The positions of the higher order reflections with
respect to that of the first (and most intense) peak, ¢*, are also depicted. The black dashed line is a guide
for the temperature dependence of the gpna peak. b-¢, The 2D-SAXS patterns for a shear-aligned sample
of the coil-rod-coil (L-CRC) system at T" = 25°C' (b) and 7" = 20°C' (¢); the red colour corresponding to
the highest intensity. The black and the red cake-like regions indicate the relative orientation of the arcs
associated with the proposed structures to the arc corresponding to gpna peak. d-e, Possible scheme of
the packing arrangement of the coil-rod-coil (L-CRC) molecules inside the lamellar (e) and hexagonally
packed cylinders (d) structures. The DNA and polymer are illustrated as green cylinder and red ball,
respectively.
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Figure 4: Phase behavior of coil-rod-coil (L-CRC) system. A representative phase diagram of the L-CRC
system as a function of temperature (T) and DNA concentration (c¢). The symbols indicate the samples
that were loaded into capillaries for SAXS measurements. The colored region of the diagram contains
unidentified, most likely non-cubic network morphologies (S-OBDG: non-cubic lattice with double-gyroid-
like morphology; S-OBDD: non-cubic lattice with double-diamond-like morphology). The red dotted line
marks the critical value ¢ ¢ required for liquid crystal ordering of the DNA-block. The color code for the
different phases is given in the top of the figure (Lam: Lamellar, OBDG: Ordered Bicontinuous Double-
Gyroid, OBDD:Ordered Bicontinuous Double-Diamond, HPC: Hexagonally Packed Cylinders, S-OBDG:
Stretched OBDG, S-OBDD: Stretched OBDD).



We therefore speculate that these structures more
likely correspond to stretched double-gyroid (S-
OBDG) and double-diamond (S-OBDD) network
morphologies.

Noncubic network structures with an orthorhom-
bic unit cell have been encountered in block
polymer materials.*® The identification of such
anisotropic network structures and their assign-
ment to a specific non-cubic lattice with a par-
ticular crystallographic space group symmetry re-
quires 2D-SAXS patterns from nearly single crys-
talline grains. Our powder diffraction patterns with
limited number of higher-order reflections don’t
allow such a unique Bragg peak indexing. Syn-
chrotron microbeam SAXS experiments on macro-
scopically aligned samples could provide an un-
ambiguous evidence about the emergence of such
anisotropic double-network phases in our L-CRC
system, which will be the subject of future work.

Brownian Dynamics simulations of model L-
CRC system. To resolve the structure of the L-
CRC system in the OBDG and OBDD phase for
¢ < c¢i ¢, we performed Brownian Dynamics (BD)
simulations of a coarse-grained model of rod-like
colloids with attractive ends>® (Figure 5a; more
details regarding the simulation are given in the
Methods and Supporting Information, Section 4).
Lipid-water mixtures typically exhibit a phase tran-
sition from a lamellar to a double-gyroid phase
with increasing water content, where lipids are ar-
ranged in sheets, which minimize the contact be-
tween hydrocarbon tails and water.?” The Figure
S13 displays corresponding bicontinuous OBDG
and OBDD phases. However, our simulations
show that these structures for L-CRCs are unsta-
ble. The indication of mechanical stable phases
is only obtained for L-CRC concentrations exceed-
ing the experimental values by far, which rules
out such an arrangement of L-CRC molecules. In
contrast, the simulations indicate that bicontinuous
cubic network structures consisting of bundles of
L-CRC molecules are stable for sufficiently strong
end-attraction strengths. These structures are illus-
trated in Figure 5b-c, which are consistent with the
experimentally obtained unit cell sizes and num-
ber of molecules per cell (see Methods, Support-
ing Information, Section 4 and Figure S14 which
demonstrates the role of end-attraction strength in
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the mechanical stability of cubic network phases).
Interestingly, the OBDG structure comprises 2- and
3-fold coordinated nodes. Simulations reveal that
a OBDG structure with only 3-fold coordinated
nodes is less mechanically stable (see Figure S17).
Hence, for ¢ < ¢y ¢, a temperature increase im-
plies pronounced structural rearrangements from a
lamellar phase of L-CRC molecules to bundles of
L-CRCs linked by their ends. We speculate that
the primary driving force that stabilizes bundle-
like morphology at the expense of the sheet-like
morphology is rooted in the rod-like character of
the DNA-block. The formation of sheet-like struc-
tures by rigid L-CRC molecules is disfavored in
bicontinuous phases with high curvatures, because
of packing constraints and large splay. In addition,
the DNA-blocks are water soluble, so that bundle
formation is not disfavored by the hydrophobic ef-
fect.

The SAXS experiments presented in Figure S7,
indicate that there is an overwhelming prevalence
of the OBDD over the OBDG structure. In contrast,
in simulations both cubic phases show comparable
mechanical stability in a range of end-to-end at-
traction strengths around ¢ /kg T = 5. Even though
the relaxation of the energy of the OBDD-structure
is slower as compared to the OBDG-structure (see
Figure S16), lower energies are reached, which in-
dicates a higher mechanical stability of OBDD, in
agreement with experiments. It is important to re-
alize, however, that the simplicity of the simulation
model does not allow a quantitative comparison
with the experiments (see relevant discussion in
Supporting Information, Section 4). In addition, a
conjecture regarding the thermodynamic stability
of the proposed model L-CRC molecular arrange-
ments for the OBDG and OBDD structures cannot
be made. The aim of the performed simulations
has been to access the molecular arrangement of
L-CRC within the cubic network phases, the exis-
tence of which is unambiguously demonstrated by
SAXS experiments.

Site-specific DNA-pNIPAm conjugates. A no-
table feature of the modular synthetic scheme re-
ported here is that it allows site-specific incorpo-
ration of the pNIPAm-block on DNA with sub-
nanometer precision, at the level of a single base.
We demonstrate the above spatial addressability
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Figure 5: Brownian dynamics simulations. a, The schematic of the interaction model is illustrated
in the inset. The coil-rod-coil (L-CRC) system is modeled as a chain of tangent beads. The DNA-
block is represented by the blue beads, equally spaced along a line. The red beads, which model the
pNIPAm-blocks, are attractive sites located at the free-ends of the DNA-block. The pair-interaction
potentials between non-bonded beads are shown by lines. The red line corresponds to the attractive
interaction potential between two end-beads. All other pair-interactions are purely repulsive and they
are described by a hard-core interaction potential (blue line). b-c, A snapshot of the model coil-rod-
coil (L-CRC) molecular configuration in equilibrium for the doube-gyroid (OBDG) structure (b) and for
the doube-diamond (OBDD) structure (¢). The end-attraction strength is set to € = bkgT. The two
interpenetrating but non-intersecting networks formed by bundles of particles, with a mixture of 3-fold and
2-fold connectivity of each node for the doube-gyroid (OBDG) (b) and a 4-fold connectivity of each node
for the doube-diamond (OBDD) (c¢), are generated by joining nodes in the network by a series of straight
segments consisting of bundles of particles. Each bundle contains 7 DNA-blocks for the doube-gyroid
(OBDG) structure and 4 DNA-blocks for the doube-diamond (OBDD) structure, which results 336 and
128 coil-rod-coil (L-CRC) molecules per unit cell, respectively. The pNIPAm-blocks are located at the
nodes for both network phases.
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Figure 6: Sequence-selective covalent attachment of polymeric patches on DNA. a, Temperature-
dependent SAXS profiles of the II-shaped rod-coil (II-RC) (top-left inset) at a concentration of 194.7 mg/ml
(black: T = 6°C, red: T = 15°C, blue: T = 18°C and green: T = 23°C). The positions of the higher
order reflections with respect to that of the first (and most intense) peak, q*, are also indicated. Top-right
inset: The 2D-SAXS pattern at T = 4°C. The black cake-like region indicate the relative orientation of
the arcs associated with the proposed morphology to the arc corresponding to qpy, peak. Bottom-left
inset: Schematic model of molecular self-organization within the hexagonally packed cylinders. The
DNA and polymer in the II-shaped rod-coil (IT-RC) systems are illustrated as green cylinder and red ball,
respectively. b, Temperature-dependent azimuthally integrated SAXS patterns of the star-shaped rod-coil
(S-RC) system (bottom-left inset) at a concentration of 213 mg/ml. Top inset: The 2D-SAXS pattern at
T = 4°C. The vertical dashed lines correspond to the expected peaks for the Ta3d (consistent with a
doube-gyroid (OBDG) moprhology) crystallographic space group symmetry. The doube-gyroid (OBDG
lattice parameter (unit cell size, apg) equals to 56.3 nm at 4°C. Heating of the sample produces a gradual
decrease of the apg by approximately 6.3% from 4°C to 18°C; and ultimately at 23°C the sample disorders.
The vertical solid line is a guide for the temperature dependence of the qpy, peak. Profiles are shifted
vertically for clarity. The intensity shift factors are presented on the left side of the profiles.
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of DNA by covalently attaching a pNIPAm-block
10 bp away from the blunt-ends of the DNA-block
(more details are given in the Supporting Infor-
mation, Section 1.1). The corresponding molec-
ular II-RC structure is presented in Figure 1b.
This slight change in the position of the poly-
meric patches (pNIPAm-block) compared to the
L-CRC system drastically affects the resulting self-
assembly, as evident by the SAXS measurements
on the II-RC system (Figure 6a) at similar tempera-
tures and concentrations as for the above discussed
L-CRC system. The SAXS profiles in Figure 6a, at
temperatures below T = 23°C, display three reflec-
tions located at ¢/q* ratios of 1:4/3:2, characteris-
tic of a 2D hexagonal-packed cylinders structure.
From the observed first-order reflection, the lattice
parameter dypc can be estimated to be 23.3 nm at
T = 6°C. The position of the low-q peaks (associ-
ated with the HPC morphology) and the gpna peak
demonstrate the same temperature dependence as
for the lamellar phase in the L-CRC system, pre-
sented in the bottom panel of Figure 2d. Heating
the sample produces a gradual decrease of the dypc
(from 23.3 nm at T = 6°C to 21.8 nm at 18°C)
and ultimately at T = 23°C the samples disorders;
the higher-order peaks disappear and the principal
peak becomes broader with an abrupt decrease in
its intensity.

The packing of 1I-RC molecules inside the HPC
morphology can be determined by observing 2D-
SAXS pattern of a shear-aligned sample, an ex-
ample of which is given in the right inset of Fig-
ure 6a. The innermost series of sharp diffraction
peaks associated with the HPC morphology (arcs
close to the beam stop) are in perfect alignment
with the qpy, peak originating from correlations
in the DNA-block diameter (outer broad arc). This
implies that, oppositely to the L-CRC, the DNA-
blocks of the II-RC system are oriented along the
cylinder axis. Further evidence for this molecular
arrangement is provided from the analysis of the
1D-SAXS profileat T = 6°C, which reveals the for-
mation of hexagonally packed cylinders morphol-
ogy with cylinder diameter d.y; = 12.4 nm; a value
significantly lower than one DNA-block molecu-
lar length and therefore a packing scenario based
on the arrangement of the DNA-blocks within the
cylinders similar to Figure 3d is implausible. In ad-
dition, the thickness of the pNIPAm-block domain
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(deIPAm—block = dHPC — dcyl) is found to be quite
close to the value for L-CRC case in Figure 3d (see
Figure S6 and Supporting Information, Sections
2.1, 2.3 for more details).

On the basis of the above results, in conjunc-
tion with the requirement of releasing the packing
frustration related to conformational entropy of the
flexible pNIPAm-blocks, a possible schematic rep-
resentation for the molecular organization of the
IT-RC molecules into the hexagonal columnar lig-
uid crystal phase can be constructed, as depicted in
the inset of Figure 6a. In the illustration, the II-RC
molecules comprised of blunt-ended DNA helices
(DNA-block, Figure 1b), are cylindrically confined
according to a two-dimensional columnar nematic
fashion, resulting in a liquid crystal morphology
which resembles a hexagonally packed cylindrical
polymer brushes. This scenario is attributed to the
attractive interaction between the terminal ends of
the DNA-blocks,*%3° which induces the formation
of linear aggregates with long-range orientational
but short-range positional order.

Given its versatile and robust character, the syn-
thetic scheme reported here can easily be applied
to DNA nanostructures with multi-dimensional
topology. As a proof of principle, we expand our
method to a relative flexible DNA branched junc-
tion structure; a three-arm DNA (Y-DNA) junc-
tion with each arm length equal to 13 base pairs.
Covalent attachment of a pNIPAm-block on the
free ends of the Y-DNA results in the formation
of the S-RC system depicted in Figure 1c. The
scattering intensity profile obtained from SAXS
measurement on a concentrated aqueous solution
of the S-RC system at 4°C is given in Figure
6b. A series of eight diffraction peaks, along
with the absence of birefringence, strongly sug-
gest the formation of a OBDG phase.*? Similar
to the case of the II-RC system, heating of the
sample produces a gradual decrease of the OBDG
lattice parameter(see also Figure S12 and discus-
sion in Supporting Information, Section 3.2 for
the temperature-dependent SAXS profiles of S-
RC with significantly smaller molecular weight
of the pNIPAm-block). In overall, the stagger-
ing ease of formation of cubic network structures
suggests that the reported DNA-based soft-patchy
constructs, in terms of self-assembled morpholo-
gies, share striking similarities with microphase
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mer solutions. *!

and block copoly-

Conclusions

Programmable self-assembly is a powerful bottom-
up strategy for directing the order of topologi-
cally complex morphologies emerging from tun-
able interactions between the molecular build-
ing blocks. Rational design of these building
blocks is the key for fabrication of targeted self-
assembled structures.*? Among the available build-
ing materials in this emerging field, DNA*%
and patchy colloids?**** are considered promi-
nent candidates for the realization of programmed
self-assembly pathways using molecular recogni-
tion and anisotropic interactions.

Here, we demonstrate and explore the physics
of a hierarchical self-assembly concept based
on the site-specific decoration of the surface
of a minimalist all-DNA anisotropic scaffold
(rods with linear and star-shaped architecture)
with polymeric patches (pNIPAm-block) having
temperature-controlled interaction strength. Our
approach allows to encode high levels of infor-
mation into self-assembly building blocks (DNA-
polymer) in the format of directionality in their
interactions, resulting to an intriguing blending of
ordering mechanisms originated from three dis-
tinct self-assembly platforms; block copolymers,
liquid crystals and patchy particles. These short-
ranged interactions were controlled by combining
shape anisotropy of the building blocks (liquid
crystal ordering) and chemical patterning of their
surfaces (patchiness). One of the key attributes
of our approach is the experimental realization of
an unconventional type of patches, so called ‘“soft-
patches”. The polymeric nature of these patches
(pNIPAm) endows our building blocks with the
microphase separation mechanism of the pNIPAm
tether and the DNA rod (block copolymer order-
ing), imposing packing entropy constraints. Also,
the segregation strength between the pNIPAm and
the DNA blocks in our DNA-polymer hybrids can
be temperature-controlled due to the pNIPAm’s
low critical solution temperature behavior, allow-
ing access from the weak- to the strong-segregation
regime. Finally, each monomer (base-pair) in the
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DNA scaffolds of our DNA-pNIPAm hybrids is
fully addressable. This characteristic, which is ab-
sent in conventional synthetic polymers, allowed
the programmable positioning of pNIPAm polymer
patches on the DNA surface (II-RC molecules).
We would like to emphasize that the size of the
pNIPAm chains are significant smaller than the
length of the DNA rod-like block, and, therefore
the former can be considered as well-defined sur-
face patches.

At this point, it should be stressed that our self-
assembly approach is fundamentally different from
the DNA-based “patchy particle” self-assembly
platform which is based on the programmable
DNA sticky-ends interactions.***° In our DNA-
polymer hybrids, the use of DNA confers our
building blocks with full addressability and engi-
neered shape anisotropy. On the other hand, the
arrangement of polymers at user-prescribed posi-
tions on the DNA surface offers instructions for
the morphological control of the final assembled
structure. The process can be readily controlled
by altering the temperature and the block fraction.
By using a short double-stranded DNA fragment,
the simplest DNA building block (motif) for con-
structing DNA-polymer hybrids, we have reported
high levels of self-assembled structural complex-
ity. It is apparent that the extension of our self-
assembly strategy to DNA building blocks with
complex architecture is a route to design and fab-
ricate even more intricate structures. Fortunately,
advances in the field of structural DNA nanotech-
nology* have already unleashed seemingly unlim-
ited number of rigid multidimensional all-DNA
motifs with any desirable shape anisotropy (rods,
multi-helix bundles, boards, discs, cubes, pyra-
mids, supramolecular polyhedral efc.) and size
(from nanometer up to micron using the origami
technology) that could serve as an unlimited palette
of rigid DNA scaffolds for our self-assembly ap-
proach. However, an a priori design of the all-DNA
geometry for the realization of programmable col-
loidal self-assembled nanostructures is a challenge.
To encode such “assembly information” into the
proposed DNA-polymer building blocks requires
the knowledge of how shape-based excluded vol-
ume interactions contributes entropically to self-
assembly. Recent Monte Carlo simulations*>!
have demonstrated that these directional entropic



forces can be fine controlled through the engineer-
ing of particle shape anisotropy to direct the for-
mation of a particular crystal structure. The use
of this computational approach to the proposed
DNA-polymer building blocks could provide an
important step toward the realization of a powerful
programmable self-assembly strategy.

It is imperative to note that, nowadays, with the
rapid pace of development in the field of inor-
ganic particle synthesis, the fabrication of nanopar-
ticles with arbitrary geometry is feasible. How-
ever, it is extremely challenging to realize their
controlled surface patterning and/or functionaliza-
tion.!** The use of all-DNA nanostructures as
scaffolds could overcome this important limitation
since synthetic chemistry (as demonstrated in the
Method section and Supporting Information, Sec-
tion 1) enables the modification of the nucleobases
in the interior and the exterior of these structures,
and therefore, allowing the programmable posi-
tioning of different elements, such as polymers and
inorganic nanoparticles.

The proposed self-assembly platform with a pro-
grammable character could enrich substantially the
available toolbox for structural DNA nanotechnol-
ogy.>? Specifically, the ease of formation of peri-
odic and inter-connected network structures (cubic
network phases), together with their potential post-
assembly stabilization by chemically photo-cross-
linking the pNIPAm-based nodes>*** and the spa-
tial addressability of DNA, could be of interest to
diverse applications. The most prominent exam-
ples include applications in areas such as photonic
crystals>>=% and/or plasmonic materials>® based on
the use of our DNA-based cubic networks as scaf-
folds to position nanoparticles into a diamond cubic
lattice,® batteries/ion transport'® and bio-inspired
materials with engineered pore structures for syn-
thetic membranes. %

Methods

Synthesis of L-CRC, II-RC and S-RC. Custom
and azide (N3)-modified oligonucleotides were
purchased from Biomers and purified by HPLC.
The DNA concentration was determined by mea-
suring the absorbance at 260 nm with a micro-
volume spectrometer (NanoDrop 2000). Each
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DNA construct was assembled by mixing a stoi-
chiometric quantity of the strands involved in the
L-CRC, II-RC and S-RC in 1xTE/Na buffer (10mM
Tris, pH 7.5, 0.1mM EDTA, 150mM NaCl). The
final concentration was 10uM for each strand. The
oligo mixtures were cooled slowly from 90°C to
room temperature in 10 Liter water placed in a
styrofoam box over 48 hours to facilitate strand hy-
bridization. 10% non-denaturing polyacrylamide
gel (Biorad) run in 1xXTBE (90mM Tris-Borate,
2mM EDTA, pH=8.3) buffer was used to confirm
the assembly of linear and three-arm DNA du-
plexes. More details regarding the DNA sequences
used for the assembly of L-CRC, II-RC and S-
RC systems are given in Supporting Information,
Section 1.1. A strain-promoted alkyne-azide cy-
cloaddition (SPAAC, copper-free click chemistry)
reaction was employed for the fabrication of DNA-
polymer constructs (see for details, Supporting In-
formation, Sections 1.2-1.3). The electrophoresis
experiments presented in Figure 1 were performed
on the crude reaction mixtures with the optimal
ratio of reacting compounds. The desired DNA
structures migrate as a single sharp band, sug-
gesting that DNA-polymer conjugates were prop-
erly formed (see for details, Supporting Informa-
tion Sections 1.4). The molecular weight of the
pNIPAm-block is equal to 20 KDa, unless other-
wise stated.

Sample preparation. The samples were step-like
diluted with buffer solution (10mM Tris, pH 8.0,
150mM NaCl) from highly concentrated solutions.
The highest DNA concentration was prepared us-
ing a SpeedVac concentrator (Eppendorf). In ev-
ery dilution step the DNA solution was thoroughly
homogenized (up to 3 days for the more viscous
samples) ensuring the absence of spatial concen-
trations gradients before loading into capillaries for
SAXS experiments.

Small-angle X-ray scattering.  Synchrotron-
based SAXS (S-SAXS) measurements were car-
ried out at the Dutch-Belgian Beamline (DUB-
BLE) station BM26B®' of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble
(France). A Linkam temperature-controlled stage
(HFSX350-CAP) equipped with a LNP cooling
system is employed. The precise control of liquid



nitrogen flow enables this stage to be controlled at
linear cooling rates as fast as 100°C /min or as slow
as 0.01°C/min. The in-house laboratory SAXS (L-
SAXS) measurements were carried out at the high
brilliance Galium Anode Low Angle X-ray Instru-
ment (GALAXTI) of the Jiilich Center for Neutron
Science (JCNS, Germany).®? A Dectris-Pilatus 1M
detector with resolution of 981x1043 pixels and
a pixel size of 172x172 um? was employed to
record the 2D SAXS scattering patterns from L-
SAXS (Jiilich) and S-SAXS (DUBBLE). The 2D
SAXS patterns were integrated using FIT2D soft-
ware. Bragg peaks indexing in 1D SAXS pro-
files was performed using the Scatter computer
program. 1D SAXS profiles fitting was done us-
ing in-house written Matlab code (more details on
the fitting procedure are given in Supporting In-
formation, Section 2). DNA-based solutions were
loaded into 2 mm thickness borosilicate X-ray cap-
illaries (Hilgenberg). The capillaries were sealed
and stored at 4°C for at least 1 month before used
for X-ray experiments. Long term stability and
reproducibility was confirmed by repeating SAXS
measurements on selected samples almost one year
later (S-RC system, Figure S11).

Brownian Dynamics simulations. The cubic
structures were investigated by means of Brown-
ian Dynamics simulations. The network phases
were constructed such as to be compatible with
molecular dimensions of the L-CRC system, con-
centrations and experimentally determined unit-
cell sizes. The L-CRC molecules are described
by rod-shaped particles with attractive ends. They
are composed of V,,, beads connected via harmonic
springs with a bond potential
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Here, k is the spring constant and [ is the bond
length. The particle rigidity is controlled by the
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The shifted and truncated Lennard-Jones (LJ) po-
tential

r<re

e[
0 r>r.
(3)

is used to account for non-bonded interactions,
where o is the diameter of a bead and ¢ the in-
teraction energy. Good solvent conditions are as-
sumed for the DNA-part of the L-CRCs, with the
excluded-volume parameters r, = 2/6g, ¢ = kgT,
and A = 1/4. For the attractive ends, we set
r. = 2.50, i.e., the end-beads are larger than the
internal beads, and A = 2.57% — 2.5712. The end-
attraction strength ¢ is varied between 2.0kgT and
6.0kgT. Furthermore, we set N,, = 10, 0 =,
R = QOOOkBT/ZZ and Rp = 500]{?BT/l2

The particles are initially arranged according
to the structure of OBDG and OBDD cubic net-
work phases. Configurations of the model L-CRC
molecules, and peak positions in the structure fac-
tor are recorded after the potential energy reaches
a steady value (see Figures S15, S16).
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