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Topological defect engineering enables size and shape control in self-assembly
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The self-assembly of complex structures from engineered subunits is a major goal of nanotechnology, but
controlling their size becomes increasingly difficult in larger assemblies. Existing strategies present significant
challenges, among which are the use of multiple subunit types or the precise control of their shape and mechanics.
Here we introduce an alternative approach based on identical subunits whose interactions promote crystals, but
also favor crystalline defects. We theoretically show that topological restrictions on the scope of these defects in
large assemblies imply that the assembly size is controlled by the magnitude of the defect-inducing interaction.
Using DNA origami, we experimentally demonstrate both size and shape control in two-dimensional disk- and
fiber-like assemblies. Our basic concept of defect engineering could be generalized well beyond these simple
examples, and thus provide a broadly applicable scheme to control self-assembly.

Equilibrium self-assembly is a powerful way to build nano-
and microscale structures out of well-designed subunits [1,
2]. Many biological and technological functions, however,
require these structures to have a well-controlled size [3, 4],
requiring specific strategies for self-limiting assembly [5]. In
a first approach known as programmable assembly, a set of
several distinct subunits bind with one another according to
a predefined pattern of interactions [6-9]. The outer surface
of a complete assembly is designed not to interact with any
remaining subunits, leading to size limitation. A second strat-
egy, self-closing assembly, uses identical subunits that bind
at an angle. A collection of many such subunits forms a ring,
a cylinder or a sphere whose closure terminates the assem-
bly process [10-13]. A last pathway relies on deformable
subunits whose shapes change upon binding to one another.
In properly designed systems, these deformations increase as
more and more subunits are added to the assembly, which
eventually inhibits further growth [14—17].

Several experimental platforms enable these strategies, in-
cluding DNA origami [18-20], and DNA tile assembly at
the sub-micrometer scale [21, 22], as well as larger colloidal
systems interacting through attached DNA strands [23-25]
or through shape recognition mediated by depletion interac-
tions [26-29]. However, the formation of large, self-limited
assemblies remains challenging and requires pushing these
techniques to their limits. Using large numbers of distinct
subunits in programmable self-assembly can lead to high
costs and low yields [30]. In self-closing assembly, both flex-
ibility and small uncertainties in the subunit shapes lead to the
formation of diverse, potentially off-target structures [13, 31].
Finally, deformable subunits are difficult to manufacture, and
their elastic properties must be tightly controlled to avoid the
formation of infinite assemblies.

* These authors contributed equally to this work
 martin.lenz@universite-paris-saclay.fr

Here we propose an alternative route to self-limiting as-
sembly that circumvents these limitations. Our approach re-
lies on a single type of lattice-forming subunits and does not
require fine control over their shape or elasticity. Instead, the
regulation of the assembly size and shape relies on the com-
petition between two binding energies, which in DNA-based
systems can be controlled to a high precision [32, 33]. As il-
lustrated in Fig. 1a, the first energy is associated with subunits
organizing into a crystalline lattice. The second describes de-
fects in the crystal, specifically grain boundaries between do-
mains with different orientations. Our strategy requires that
unlike in usual (e.g., metallic) crystals, the defect energy be
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Figure 1. Crystals with energetically favorable defects may not
grow to arbitrarily large sizes. a. Our proposed subunits form
crystals with binding free energy €. < 0, but also favor defective
grain boundaries with €, < €,. Singular points at the end of these
defects generically incur a cost €, > O related to €, and €. Assum-
ing the crystalline domains and defects are characterized by a sin-
gle typical length r, the associated free energies respectively scale
as €%, &r' and €,r°. b. Because these quantities scale differently
with r, small assemblies are dominated by energetically costly sin-
gular points and large ones by crystalline interactions. The favorable
defect interactions may dominate in assemblies with intermediate
sizes, making them the most stable. Expressing r in units of the
subunit size, this qualitative result is recovered by minimizing the
free energy per subunit & —|€,| — |€,]/r + |€,]/ r?, yielding a pre-
ferred radius r ~ |€,/€,].



more favorable than that of the crystal. In this setting, sub-
units self-assemble into structures with a set number of de-
fects imposed by topological constraints (see Supplementary
Section S5). The crystalline interaction favors the formation
of large assemblies, while forming a large number of small
structures maximizes the defect interaction. As illustrated in
Fig. 1b, the balance of these effects results in the emergence
of an optimal assembly size set by the values of the interac-
tion energies.

THEORY OF DEFECT-INDUCED SIZE LIMITATION

To formalize our proposal, we consider a set of identical
hexagonal subunits that can bind to their neighbors through
the short-range orientation-dependent interaction rules illus-
trated in Fig. 2a. The subunits bind through a crystalline or a
defect interaction with binding energies €, and €.

Tiling the plane using subunits with identical orientations
gives rise to crystalline interactions everywhere. By contrast,
there can be no dense tiling displaying defect interactions ev-
erywhere (proof in Supplementary Section S5). As a result,
a large assembly that includes defect interactions must also
comprise many additional crystalline interactions.

To determine the most favorable assembly structure, we
express the energy of two idealized assembly geometries.
We thus consider a piece of crystal in the shape of a reg-
ular hexagon (which maximizes the crystallization energy),
and a six-fold symmetric assembly whose defects impose a
vortex-like pattern of subunit orientations (inset of Fig. 2b).
We reason that minimizing the total energy of a fixed num-
ber of subunits is equivalent to minimizing the average en-
ergy per subunit e, and express this quantity as a function of
the assembly radius r for each structure (see Supplementary
Section S3.1):

9r2 4 3r
ecrystal(r) = 3r(r+ 1)+ 1€c (1a)
3e.r? + (=3¢, + 4e,))r — 2¢
evortex () = < . 4 4 (1b)

r(r+1)

Here the crystalline case includes isolated monomeric sub-
units as its r = 0 case, while the r = 1 vortex assembly is
the largest possible structure that includes only defect inter-
actions, namely a ring-like hexamer. For large (r > 1) as-
semblies, Eq. (1b) recapitulates the discussion in the caption
of Fig. 1 with €; = 4e; — 6¢, and €, = 6(¢, — €4).

We use Egs. (1) to determine the most energetically favor-
able assembly as a function of the value of our interaction
parameters, and display the result in Fig. 2b. This phase dia-
gram reveals that the most favorable assembly depends only
on the ratios of the two interaction parameters and their signs.
Since the crystal energy Eq. (1a) is a monotonic function of r,
crystalline ground states consist either in isolated monomers
or in infinitely large crystals. By contrast, vortex assemblies
display finite-size ground states that dominate the left-hand-
side of the phase diagram. For attractive crystalline interac-
tions (¢, < 0), the size of these assemblies diverges as the
system approaches the ¢, = 2¢,/3 line. This suggests that

any assembly size can be energetically favored under suitable
conditions, which could enable size control over arbitrarily
large assemblies.

To test the robustness of our conclusions against thermal
fluctuations and assess the possible dominance of structures
beyond our crystal and ideal vortex assembly, we numeri-
cally simulate the self-assembly process. We run a Monte
Carlo simulated annealing down to a fixed finite temperature
(see Supplementary Section S1.1 for details). We find an ex-
cellent qualitative agreement with our theory, whereby we
recover all predicted structures in the right range of parame-
ters (Fig. 2¢). As shown in Fig. 2d, a straightforward finite-
temperature extension of our theory accurately predicts the
assembly size distribution.

DNA ORIGAMI IMPLEMENTATION

We implement our proposed six-fold subunit design using
hollow DNA origami nanocylinders. Our subunits interact
through a six-fold pattern of 16 nucleotide (nt) long single-
stranded DNA origami linkers each comprising a 4 nt olig-
othymidine anchor domain at the 5 end for flexibility, fol-
lowed by a 12 nt sticky domain designed to hybridize with its
complementary sequence through base-pairing (Fig. 3a). The
length and sequence of this sticky domain enable fine control
of the hybridization free energy and ensure that it is asso-
ciated with a melting temperature within the experimentally
accessible range of T = 25°C-40°C. The linkers are orga-
nized in three vertical layers along the height of the cylinder.
The middle layer features one linker in each of the six binding
directions and serves to implement a crystalline interaction €,
ranging from —13 to —9 kcal - mol™! (approximately —21 to
—15kpT with T = 36°C; see Fig. 3b and Supplementary
Section S2.1). We implement each defect interaction using
two pairs of linkers from the top and bottom layer. This al-
lows us to probe the range 0.33 < ¢,/¢; < 0.6 relevant for
self-limited assembly while retaining experimentally acces-
sible melting temperatures.

We allow our nanocylinders self-assemble by incubating
them at constant temperature T = 36°C for 20 hours in a
buffer containing [MgCl,] = 5mM, resulting in structures
highly reminiscent of our theoretical predictions (Fig. 3¢ and
Fig. S10). We further investigate the orientations of individ-
ual nanocylinders by labeling them at a single position with
a 5nm DNA-grafted gold nanoparticle, and find that they
are consistent with our predicted vortex assemblies (Fig. 3d).
We confirm this result by studying the distribution of ori-
entations over a large number of assemblies. We find that
adding Gaussian noise with a standard deviation of 6, = 20°
to the ideal orientations, to account for effects such as the
flexibility of the tether linking the gold nanoparticle to the
nanocylinder, yields almost perfect agreement with the data
(Fig. 3e, Kolmogorov-Smirnov test p-value p = 0.65). Taken
together, these results demonstrate that our DNA nanocylin-
ders indeed form the vortex assemblies underlying our size
control mechanism.

We next quantitatively examine our size limitation mecha-
nism by studying the distribution of assembly sizes (see Sup-
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Figure 2. Modeling demonstrates size control in randomly assembling subunits. a. We consider hexagonal subunits with anisotropic
two-body interactions materialized by colored patches. All relative binding orientations not pictured in this panel are strongly penalized in
our model. b. Analytical phase diagram derived from Eqgs. (1). Colored symbols point to the nomenclature defined in panel c. Inset: vortex
assembly structure considered in our analytical calculations. ¢. Final structures of simulated assemblies for the parameter values marked by
symbols in panel b. Long protrusions can form at the corner of the smallest assemblies, but are increasingly penalized for smaller values of
€, /€, as discussed in the SI. d. Distributions of final assembly sizes at the end of the simulations and comparison with an ideal-gas-of-cluster
theory applied to Eq. (1b) (see Supplementary Section S3.3). We observe some moderate deviations for the largest assembly sizes, hinting at
the error committed by neglecting the entropy associated with fluctuations in the assembly shapes as well as by the effect of their nucleation

kinetics.

plementary Section S1.2 and S2.3). In Fig. 3f we find that
it does not markedly depend on the incubation time after 10
hours, suggesting that they are at equilibrium. We addition-
ally vary the MgCl, concentration in our sample based on
the fact that an increased salt concentration increases non-
specific interactions in DNA origami (Fig. 3g). This does not
lead to a significant change of our assembly sizes, indicating
that the structures we observe are primarily based on specific
hybridization interactions. Finally, Fig. 3h demonstrates that
consistent with our theoretical predictions, the ratio of the
crystalline to the defect hybridization energies controls the
size of the assembly up to large radii, thus demonstrating our
proposed size control mechanism.

SHAPE CONTROL THROUGH DEFECT ENGINEERING

Beyond the design and control of vortex assemblies, we
suggest that defect engineering could be a general and ver-

satile self-assembly strategy. While its full potential remains
to be explored, we here demonstrate additional possible de-
sign schemes and point out some of the challenges involved
in developing more complex designs.

Our vortex design results from defect interactions that
cause the subunit orientation to rotate clockwise when cross-
ing a defect line (Fig. 2a). In Fig. 4a we instead consider
defect interactions that reverse the arrow orientation. This
new design again favors triangle-shaped crystalline domains,
but as shown in the inset of Fig. 4b these form an alternating
fiber-like pattern with an energy per subunit

3601‘2 + (4e; — 3e)r + 2(e, — €4)
r(r+1) ’

(@)

€fiber (1) =

As in the vortex case, this energy can display a minimum for
a finite size r of the triangular domains. Fig. 4b shows the
resulting phase diagram, which we further validate through
numerical simulations (Fig. 4c). Finally, we implement this
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Figure 3. DNA origami nanocylinders form finite-size assemblies. a. Molecular model of our DNA origami subunits generated with

OxDNA (see Supplementary Section S2.2). Light and dark blue linkers respectively provide the crystalline and defect interactions. b. Crys-
talline linkers on opposite sides of the subunit (e.g., sides 2 and 5) have complementary sequences, resulting in the hybridization pattern
shown in the top row. The defect linkers remain unhybridized in this interaction. Conversely, a defect interaction (e.g., between sides 2 and
4) involves the hybridization of two pairs of defect linkers while the crystalline linkers remain unhybridized (bottom row). Sides 5 and 6 of
the nanocylinders are never involved in defect interactions and do not carry any defect linkers. ¢. TEM micrographs of the assemblies formed
by our nanocylinders illustrate the dependence of their radius on €, /¢,. The corner protrusion highlighted by the white arrow resembles the
defect-interaction-induced appendages observed in the numerical simulations of Fig. 2c (see Supplementary Figure S11 for more examples).
d. Labeling of side 3 with gold nanoparticles (AuNP) reveals subunit orientations consistent with our vortex assembly design (red arrows),
allowing us to point out likely defect interaction sites (dark blue segments). Here €,/e, = 0.5. e. The empirical distribution function of
AuNP-labelled subunit orientations at €, /¢, = 0.5 closely resembles an ideal » = 3 vortex assembly structure with noise added. Here we
analyzed N = 1375 subunits from three independent experiments. f. The assembly size distribution is robust to variations in incubation time.
Bars here and in the next panel represent Bessel corrected standard deviations. Here [MgCl,] = 5 mM. g. The assembly size distribution is
robust to variations in salt concentration. Here we analyze N,q, = 67, N3, = 137 assemblies at 5mM, N,,, = 131, N3, =278 at 7.5 mM
and N,y =364, N, = 141 at 10 mM. h. The assembly radius depends on the binding free energies as predicted by theory. Sample sizes
are N33 = 106, Ny = 562, Ny 55 = 122 and N ¢ = 39 for the experiments, and N ,5 = 228, N, = 223, N 4,5 = 165 and N, 55 = 103
for the simulations.

design using our six-fold DNA nanocylinder platform, and
indeed observe the formation of fiber-like assemblies (Fig. 4d
and Fig. S10).

Further repositionings of the defect interactions allow for
multiple other size-controlled assemblies. The design of

Fig. 4e thus rearranges our triangular crystalline domains into
apatterned bulk. We next explore two variants of the finite as-
semblies of Fig. 2. Rotating the subunit orientations by 120°
instead of 60° upon crossing a defect abolishes the large-scale
crystal domains and leads to star-like assemblies where all
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Figure 4. Defect engineering provides a rich design space. a. Defect interactions and conceptual schematic for fiber-like assemblies.
Here and in the following crystalline interactions are present but not illustrated. b. Corresponding phase diagram derived from Egs. (1a)
and (2). This differs from the phase diagram of Fig. 2b only through differences in the slope of the diagonal lines. Inset: Detailed structure
of an ideal fiber-like assembly. ¢. Simulations conducted using the same protocol as in Fig. 2c. d. TEM micrograph of a fibrous structure
assembled at ¢, /e, = 0.5 with the same protocol as in Fig. 3. e. Patterned bulk design. f. Three-fold design leading to unlimited assemblies
that transition from thin defect lines to bulk. g. Square size-limited design. h. An invalid design for two-dimensional self-limitation.

subunits are in contact with a defect line (Fig. 4f). By con-
trast, a design based on square subunits preserves finite-size
assembly but features flexible defect lines (Fig. 4g). These
lines form diagonal paths on a square lattice, implying that
their length depends only on their total horizontal and ver-
tical amplitude. This results in a high degeneracy, whereby
any directed defect line that starts and ends at the corners
of a square assembly yields the same overall energy. The
entropy associated with this conformational freedom tends
to favor large assemblies, and appears to make their overall
shape more flexible in our simulations. In Fig. 4e we present
an extension of our strategy to three dimensions based on a
simple generalization of this square-lattice design. Finally,
we point out the alternative design of Fig. 4h, which does not
lead to size limitation, as a cautionary example of the sub-
tleties of defect engineering: in this case the local symmetry
of the interactions implies a vanishing €, in the language of
Fig. 1, and thus a function e(r) that does not have a minimum

at finite r.

DISCUSSION

The induction of energetically costly grain boundaries has
been used to design materials for centuries [34]. Here we
propose to harness modern self-assembly techniques to in-
stead make them energetically favorable. We find that this
approach results in a energetic situation that resembles clas-
sical nucleation theory in reverse. In classical nucleation, an
unfavorable boundary energy combined with a favorable bulk
energy imply that clusters of intermediate sizes, the so-called
critical nuclei, are unstable [35]. In our approach, the bound-
ary energy stems not from the outer surface of the assembly,
but from the grain boundaries within. Because it is favorable,
it produces stable, finite clusters of arbitrarily large sizes and
controllable morphologies in two and three dimensions.



Our strategy plays to the strengths of DNA nanotechnolo-
gies developed over the last two decades. In contrast with
other self-limitation schemes [5], it can be implemented with
a single subunit type and does not require fine control over
their shape and elasticity. As in other designs however, con-
trolling the morphology of large assemblies becomes increas-
ingly difficult as their size r increases, and the minimum in
the specific energy e(r) becomes more and more shallow. Un-
der such conditions the assembly nucleation kinetics can play
a non-negligible role in determining the final assembly size,
which could account for the modest discrepancies between
our equilibrium theory and Monte Carlo simulations. This
issue is less likely to influence our DNA origami implemen-
tation, which benefits from comparatively long equilibration
times. Instead, the slight shift between the corresponding ex-
perimental data and our predictions may be due to our rela-
tively crude estimate of the subunit binding free energy. This

estimate could be refined by taking into account other, e.g.,
entropic, effects beyond base pairing.

A crucial requirement for our approach is the ability to fa-
vor only a few specific grain boundary interactions, result-
ing in topological restrictions that prevent their proliferation
throughout the bulk. In our hexagonal subunit design, this
is achieved by singling out two to four favorable interactions
out of twenty-one [36] possible defect-inducing options. The
implied number of unexplored choices hints at an enormous
untapped design freedom. This freedom is further broadened
when considering three-dimensional subunits, the possibility
of assigning distinct energies to different defect interactions,
or an independent control of the point energy €, through
three-body or steric interactions between subunits. Exploring
this enormous design space and understanding its structuring
principles represents an exciting experimental and theoretical
challenge, and could open new avenues in nanotechnology.
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S1 Numerical Materials and Methods

To verify the theoretical prediction of self-limitation in the main text, we simulate annealing on a lattice for
hexagonal and square subunits, following the interaction rules described in Fig. 2a of the main text. We use these
simulations to generate the snapshots and associated assembly size distributions in Fig. 2 and Fig. 4 of the main
text. Here, we first describe the simulation protocols and parameter choices in detail in Section S11, and then
explain how we measure assembly sizes in the simulation in Section S1 2.

1 Simulation and Annealing Protocol

We perform simulated annealing with lattice subunits interacting as described in Fig. 2a of the main text. Here,
we discuss the annealing protocol and report the parameters for all simulations presented in the main text.

We use a two-dimensional triangular lattice of 40 x 40 sites populated with 400 subunits. We perform simulated
annealing by linearly increasing the inverse temperature 1/kgT from 0 to 1 in 2000 increments. For each temperature
increment, we perform A = 4 x 105 Monte Carlo steps (which corresponds to 10* steps per subunit). One Monte
Carlo move is attempted at each step and may involve either a single subunit, or several of them. Single-subunit
moves consist in either a rotation of a single subunit, or the transfer of a subunit to an unoccupied site, which we
refer to as a translation. Collective moves involve a hexagonal plaquette comprised of multiple sites, among which
at least one is occupied, and may consist in either a rotation of the plaquette, or of a translation to a plaquette
of empty lattice sites of identical size. Each Monte Carlo move is accepted according to the Metropolis criterion.
We denote by « the rate of collective Monte Carlo moves, and attempt single-subunit rotations and single-subunit
translations each with probability (1 —«)/2, and plaquette rotation and plaquette translation each with probability
/2.

The energies involved in our simulations are most naturally expressed in units of kg7, while the binding free
energies in the experiments are typically listed in kcal/mol. Assuming a temperature of 36°C' = 309.15K as during
the assembly stage in our experiments, the correspondence is lkcal/mol = 1.628 kT /subunit.

Therefore, a binding energy of —11.54 kcal/mol, which is the typical binding energy used in the experiments,
corresponds to an interaction energy between two subunits of —18.7kgT. For all the simulations in the size-limitation
region, we choose €, = —18.7kpT /subunits = —11.54kcal/mol.

We summarize the parameter values for all our simulations in Table S1.

2 Measurement of Assembly Radius with Simulation

We now show how we use the simulation results to measure the assembly size distribution. For each assembly
within an annealed system, we automatically count its number of subunits [V and its number of interfaces between a
subunit and an empty site S, as illustrated in Fig. S1. As shown in Fig 2c. of the main text, some vortex assemblies
have extended grain-boundaries, which we here refer to as branches. To measure the assembly radius r, we assume
that all assemblies have the geometry illustrated in Fig. S1. We use Eq. (1) to determine r and b, the number of
subunits within the branches, from N and S for each assembly in the simulation as

N=3r(r+1)+b (1a)
S =6(2r +1) + 2b. (1b)

To obtain sufficient statistics on the assembly shapes, we repeat our simulated annealing 20 times. This yields a
total of respectively 228,223,165 and 103 vortex assemblies, for the ratios e./eq4 listed in Fig. 2d of the main text.
We then directly determine the number of assemblies of radius r, m(r), within all those simulations, regardless
of the length of their branches b. The averaged radius in the simulations shown in Fig. 3h of the main text is
> ox km(k)/ >, m(k). The measured cumulative probabilities P,.(k < r) shown in Fig. 2d of the main text are given
in Eq. (2). r is an integer in the idealized geometry of Fig. S1, but we sum over all values extracted from the
simulations, integer or not.

Zk<r m(k)
Pk<r)="—— 2
R AT .

These measurements allow us to directly assess the impact of the binding energy ratio (e./€;) on the assembly
size. They also enable us to compare the simulation results directly with the theoretical predictions and with the
experiments.



Assembly type | Fraction of Number of Crystalline Defect €c./€a | Forbidden
collective annealing steps A | interaction €. | interaction €4 interaction ey
moves «

6-fold vortex 0 5% 10°% —18.7 —74.8 0.25 10
6-fold vortex 0 5 x 108 —18.7 —45.9 0.407 10
6-fold vortex 0 5 x 108 —18.7 —39.0261 0.479 10
6-fold vortex 0 5 x 108 —18.7 —34.2305 | 0.546 10
6-fold vortex 5x 1072 4 x 10° —18.7 —22.44 5/6 10
6-fold vortex 5 x 1072 4 % 108 1 —74.8 10
6-fold vortex 5 x 1072 4 %108 —18.7 1 10
6-fold vortex 5 x 1072 4 %108 1 1 10

Fiber 5 x 1072 4 % 10° —18.7 —43.6333 0.43 50

Fiber 5 x 1072 4 % 10° —18.7 —31.7087 0.59 50

Fiber 5 x 1072 4 %108 —18.7 —30.1102 0.62 50

Fiber 5x 1072 4 x 10° —18.7 —22.44 5/6 50

Fiber 5 x 1072 4 % 10° —18.7 1 50

Fiber 5 x 1072 4 %108 1 —43.6 50
3-fold vortex 5x 1072 4 % 10° —18.7 —38.9583 0.48 50
3-fold vortex 5x 1072 4 % 10° —18.7 —35.9615 0.52 50
4-fold vortex 0 4 % 108 —18.7 —31.1667 0.6 10
4-fold vortex 0 4 % 108 —18.7 —29.3857 0.64 10
4-fold vortex 0 4 x 10° —18.7 —28.9 0.65 10
4-fold vortex 0 4 % 108 —18.7 —22.44 5/6 10

Invalid design 0 4 % 10° —18.7 —34.63 0.54 10

Invalid design 0 4 % 10° —18.7 —31.16 0.6 10

Patterned bulk| 5 x 1072 4 % 10° —18.7 —49.8667 | 0.375 10

Patterned bulk | 5 x 1072 4% 108 —18.7 —26.0174 0.719 10

Patterned bulk | 5 x 1072 4 % 108 —18.7 —22.8203 | 0.819 10

Patterned bulk | 5 x 1072 4% 108 —18.7 —18.7 1 10

Table S1. Parameters. The interaction energies e, €5 and €5 are expressed in units of k7. In our simulations we associate
a large positive “forbidden interaction” €; to all interfaces that are neither of the crystalline nor of the defect type to prevent
them from occurring.

a Simulation measure b Analysis
N =24

S =42 ‘
/ \\
b=4+2 > \“

A A X«
\ P
00

Figure S1. We measure the assembly size N and surface S in the simulation and deduce the vortex assembly
radius r and branch size b. (a) N is the number of subunits in the assembly and S is the number of subunit edges in
contact with an empty site outside of the assembly. (b) The vortex radius r is the size of a triangular crystalline domain (in
dark gray) and the total branch length b is the number of subunits within a branch (in dark red).



S2 Experimental Materials and Methods

To experimentally verify our theoretical predictions and numerical findings, we implement a self-limiting assembly
process using DNA origami nanocylinders that interact via base-pairing under predefined interaction rules. In
Section S21, we describe the design of the DNA interaction strands that implement these rules, as well as the
oxDNA simulation used to visualize the structure of the DNA origami subunit. In Section S22, we then detail
the protocols for DNA origami folding, assembly, and functionalization with gold nanoparticles, which yield the
experimental data for Fig. 3 of the main text. Finally, in Section S2 3, we outline the procedures for data acquisition
and analysis.

1 Design of Interactions and Subunit Simulation

In this subsection, we first explain how the DNA interaction strand sequences for defect and crystalline inter-
actions, as shown in Fig. 3b and listed in Table S5, were designed and selected to ensure the precise interaction
energies (and their ratios) required for self-limiting assembly. We then describe how the oxDNA simulation frame-
work, integrated within oxView, was used to generate the visual representation of the DNA origami nanocylinder’s
mean structure shown in Fig. 3a.

Interaction Strand Design with NUPACK

Orthogonal defect and crystalline DNA interaction strand sets with specified Gibbs free energy differences (¢4 and
e.) were designed using the NUPACK Python package [1]. Initially, exhaustive libraries of all possible sequences
of lengths 10, 11, and 12 nucleotides, along with their reverse complements, were generated. For each sequence,
relevant properties such as the Gibbs free energy (€) of the minimum free energy (MFE) proxy structure and
the secondary structure were calculated (model: dna04, temperature: 36 °C, sodium: 50 mM, magnesium: 5mM,
concentration: 10nM). The sequence library of appropriate length was then filtered for sequences that exhibit no
secondary structure with Gibbs free energy changes upon binding within a narrow tolerance interval [e;—d€q, €4+3€q4],
centered around the intended value €4 of the defect interaction. An initial tolerance of deg = 0.05 kcal mol ™! was
applied. If this resulted in too few sequences, de; was incrementally increased by 0.1kcalmol " until a sufficient
number of candidates (typically a few hundred) was obtained. The same filtering criteria were subsequently applied
to the original sequence library using €. to identify potential crystalline interaction strands. This process yielded
sets of defect and crystalline interactions comprising ng and n. sequences, respectively.

To ensure intraset orthogonality, these sets were evaluated based on the bound fraction — defined as the ratio
of DNA strands that are correctly bound to their intended reverse complementary partners to the total number of
strands — if all strands in a set were mixed at a concentration of 10 nM each, with the maximum allowed assembly
size set to two. Specifically, sets were deemed orthogonal if at least 90% of the defect interaction strands and
at least 10% of the crystalline interaction strands bound exclusively to their intended partners. Sets failing to
reach these orthogonality thresholds were excluded from further analysis. After identifying orthogonal defect and
crystalline sets, all possible pairings of one defect set with one crystalline set were generated to form combined sets
comprising ng+n. sequences. These new combined sets then underwent an additional intraset orthogonality check
to prevent unintended interactions. Specifically, any set exhibiting binding domains of six or more consecutive base
pairs between strands that are not intended to form complementary pairs was disregarded as potential candidate
for a valid interaction strand set.

From the remaining fully processed interaction strand sets, candidates were randomly selected and manually
inspected for potential issues, such as the formation of G-quadruplex structures and long single-base repetitions.
Finally, these selected sets were validated using the NUPACK web interface [2]. The sequence sets used in the
experiments are listed in Table S5.

OxDNA Simulation

The DNA origami topology and configuration files for the nanocylinder were exported from a scadnano [3] design
file (see Fig. S13), imported into oxView [4] and manually pre-arranged, for structure relaxation. Forces used during
relaxation were automatically generated in oxView, and a Molecular Dynamics (MD) relaxation step was run on
GPUs (ox-serve with nanobase.org webserver; first Bussi-Donadio-Parrinello then Brownian thermostat). Next, a



MD simulation was employed (oxDNA2 model [5], 19 steps) to simulate the monomer structure. The PDB file
for rendering in ChimeraX was generated with the oxDNA analysis tools command line script [6]. The monomer
structure shown in Fig. 3a of the main text represents a mean structure.

2 Experimental Protocols

This subsection outlines the experimental protocols employed throughout this work. First, we describe how
the DNA origami nanocylinder is folded using an annealing ramp, followed by the purification steps to remove
incomplete or misfolded structures. We then detail the procedure for assembling properly folded nanocylinders
at different experimental conditions (Fig. 3f). Finally, we explain how gold nanoparticles are functionalized and
attached to infer the assemblies’ topological structure as exemplified in Fig. 3d.

DNA Origami Folding

The DNA origami nanotubes used in this study were originally developed by Wickham et al. [7]. Single-stranded
p2873 DNA (scaffold strand, for sequence information see Table S3) was provided by Prof. Hendrik Dietz’ group
(100 nM in ddH50). Staple strands were purchased unpurified from Integrated DNA Technologies in 1x TE buffer
(10mM TRIS, 0.1mM EDTA, pH 8.0) at 200 pM each (for sequence information see Table S4 and Table S5).
Folding reactions were prepared with 50 nM scaffold strand and 200nM staple strands in 1x FoB18 buffer (5 mM
TRIS, 1mM EDTA, 5mM NaCl, 18 mM MgCly). Folding reactions were annealed in a thermocycler (Eppendorf,
Mastercycler nexus GX2). The used protocol was 5min incubation at 65°C followed by an annealing ramp of
—0.1°C per 365 from 60°C to 30°C. Folded DNA origami samples were immediately collected for purification.

DNA Origami Purification

Samples were purified using an ultrafiltration protocol. A centrifuge (Eppendorf, Centrifuge 5425 R) was pre-
heated to 32°C containing one 2mL eppi 1x FoB5 washing buffer (5 mM TRIS, 1mM EDTA, 5mM NaCl, 5 mM
MgCls) per sample. Amicon filters (Amicon Ultra 0.5 ml Ultracel 100k) were placed into 2mL eppis, loaded
with 500 uL pre-heated 1x FoB5 washing buffer and centrifuged (5min, 10krcf). The supernatant was discarded.
Filters were loaded with 60 pL. sample solution and 440 nL. washing buffer and centrifuged (5min, 10krcf). The
supernatant was discarded. Filters were then loaded with 500 pL washing buffer and centrifuged (5min, 10krcf).
The supernatant was discarded once more. Filters were then loaded with 500 pL of 1x FoBX assembly buffer (5 mM
TRIS, 1mM EDTA, 5mM NaCl, X=[5mM, 7.5mM, 10 mM] MgCls) with X being the MgCly concentration used
in the experiments as indicated in the main text. The filters were centrifuged (5 min, 10 krcf) one last time. Purified
and buffer-adjusted samples were extracted from filters with a pipette by repeatedly aspirating and dispensing the
solution to dissolve any potential pellets.

DNA Origami Assembly

The sample concentration was measured at 260 nm (Implen, NanoPhotometer N50) and normalized to 20 nM
with assembly buffer (1x FoB5, 1x FoB7.5 or 1x FoB10). Samples were incubated in a thermocycler at 36 °C for
varying amounts of time as indicated in the main text and resulting assemblies are immediately applied to TEM
grids.

Functionalization of Gold Nanoparticles

To fabricate the DN A-grafted gold nanoparticles (DNA-AuNPs) with a freeze-thaw protocol [8], 110 nL of 90.8 nM
AuNPs (Cytodiagnostics, d=5nm) in 0.01x PBS buffer (0.1 mM) were mixed with 30 uL of HPLC purified 5’-thiol
modified 20nt poly-thymidine DNA strands (Biomers, lyophilized, resuspended to 100 pM in ddH50O) and 860 pL
of ddH50 to an AuNP:DNA ratio of 1:300. The suspension was stored at —80°C for 1h and subsequently thawed
at room temperature. Functionalized particles were purified by ultrafiltration with an Amicon filter (Amicon
Ultra 0.5 ml Ultracel 100k). The filter was pre-washed with 500 uL of ddH5O, centrifuged (14 krcf, 5min) and
the supernatant was discarded. Next, 500 pL. of DNA-AuNP sample was loaded, centrifuged (14 kref, 5min) and



supernatant discarded. This step was repeated once. The sample was washed seven times by loading 500 pL. of
ddH,O, centrifugating (14 kref, 5 min) and discarding the supernatant. Finally, the filter was placed into a new eppi
in inverse orientation and centrifuged (14 krcf, 5 min) to retrieve purified DNA-AuNPs in ddH20O. The concentration
of the AuNPs was then measured at 520 nm (Implen, NanoPhotometer N50) and the result of that measurement
formed the basis of our dilution of the AuNPs to the standardized concentration used in our labeling experiments.

3 Data Acquisition and Analysis

First, we detail how the data were acquired using a transmission electron microscope to capture images of the
assemblies. Next, we explain how vortex assembly sizes were determined from these TEM micrographs using the
scikit-image Python library, thus enabling the generation of assembly size distributions and the calculation of mean
assembly radii (Fig. 3h). Finally, we describe the evaluation method used to determine subunit orientation statistics
for Fig. 3e.

Acquisition of TEM Micrographs

For TEM imaging, 5pL of sample solution were incubated on glow-discharged (Electron Microscopy Sciences,
K100X; 20s, 35 mA, negative polarity) formvar carbon Cu400 TEM grids (Science Services) for 5-20 min. The
staining solution was prepared by adding 1uL of 5M NaOH to 200 pL of a 2% uranyl formate solution, 10s
vortexing and subsequent centrifugation (2.5 min, 21 krcf). After sample incubation, grids were washed with 5 pL
of staining solution and incubated with 20 pL. of stain for 25s. Automated imaging series were conducted with a
FEI Tecnai T12 (120kV) equipped with a Tietz TEMCAM-F416 camera, operated with SerialEM. Further sample
imaging was conducted with a Philips CM100 (100kV) operated with AmtV600.

Determination of Assembly Sizes

TEM image stacks were automatically pre-processed by monomer template matching, assembly recognition and
calculation of properties with a custom Python script using the scikit-image library [9]. The cropped image of a
DNA origami monomer was used as a template to match and extract all monomer instances from the first two TEM
images in a stack. The average of all instances was calculated and the result used as an optimized template (now
adjusted to the imaging conditions of the stack). For every image in a stack, areas occupied by monomers were
matched with the optimized template and used as a mask to convert the image to a binary format. Pixels contained
in the mask were set to 1, otherwise they were set to 0 (see Fig. S2a). Small gaps between features (pixels set to
1) were closed by using the skimage.morphology.closing() method, creating connected areas representing assemblies
(see Fig. S2b). Resulting assemblies were labeled with unique identifiers by classifying pixels to be in the same
assembly if they neighbor one another and have the same value (see Fig. S2c).

As shown in Fig. S2¢, many of the objects in our electron microscopy images are isolated subunits or small clusters
thereof. Each of these objects is assigned a label under the assembly-detection scheme described above. To set them
aside from properly assembled vortex assemblies, different assembly properties (bounding box, area, perimeter, and
centroid) were extracted for each labelled assembly with the scikit.image.regionprops() method. Assemblies were
checked for the characteristic central hole, present in vortex assemblies. If hole size, hole eccentricity and monomer
neighbor count were correct (a hole must have exactly six neighboring monomers), assemblies were marked as
potential candidates and the number of monomers they contained was determined (Fig. S2d). Marked assemblies
were individually presented with their extracted properties and their monomer count N manually validated. To
obtain a continuous value for the intrinsically discrete assembly size r from N, an ideal vortex assembly was assumed

and Eq. (1)a was solved with b =0 to find
1 4N
= (12
r=5 ( + 3 ) ) (3)

which was used in Figs. 3f-h of the main text. Images of vortex assemblies that were identified using this protocol
were saved with their corresponding assembly properties and size r, then used in the analysis presented in the main
text.



Figure S2. Automated processing of TEM micrographs with a custom Python script using the scikit-image
library. a. Individual DNA origami nanocylinders are detected by template matching. b. Closed areas representing assem-
blies are created by using the skimage.morphology.closing() method. c. Assemblies are labeled with unique identifiers by
using the skimage.measure.label() method with the 2-connectivity criterion. d. Filtering for valid vortex assembly candidates
is done by checking for the existence and correct size and eccentricity of the characteristic central hole and the presence of
exactly six monomers encircling the hole. If all criteria are met, the assembly is saved as candidate for manual validation.
The red dot marks the central hole of one such candidate.

Determination of Subunit Orientations

To evaluate the orientations of subunits labeled with gold nanoparticles (AuNP), assemblies were extracted from
TEM image stacks as described above. Using a custom Python script, assembly images were individually presented
for manual processing. Images were mirrored horizontally if the majority of monomers in an assembly exhibited a
counter-clockwise direction of rotation. For every AuNP labeled monomer in an assembly, a vector x; was drawn
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Figure S3. Assembly geometries depend on the favored interactions. For both (a) crystal and (b) vortex assemblies,
we show the assembly schematic. We also show all possible contacts in an interaction map, where the crystalline interaction
is colored in green, the defect interaction in blue, and all the other in dark red. For each pair, the orientation of the left and
right subunits is read in the boundary and column entries. We compute the energy of the assembly by counting each the
occurrence of crystal and defect interactions in a region of the assembly, as well as its total number of subunits.

from the monomer center to the AuNP position. A second vector y; was drawn center-to-center between the central
hole in the assembly and the monomer. After processing all images, vectors x; and y; were normalized and their
2D cross product X; X §; = cos ¢ was computed. The results are displayed in Fig. 3e of the main text.

S3 Theory of Defect-Induced Size Limitation

In this section, we show how the binding energies influence the shape and the size of our vortex assemblies,
leading to the phase diagram of Fig. 2 of the main text, as well as the numerical and theoretical assembly size
distributions. We also show how repositioning the defect interactions yields diverse size-controlled assemblies,
shown in Fig. 4 of the main tex. In Section S31, we build the phase diagram of an idealized vortex assembly,
including the thermodynamic prediction for the assembly radius. In Section S3 2 we present the energy per subunit
of alternative assembly geometries with different numbers of defect lines, or topologies, presented in Fig. 4 of the
main text. Finally, in Section S3 3, we show how to account for the finite temperature effects in the size prediction
of the assemblies. These predictions are used in Fig. 2d of the main text.

1 Phase Diagram of the Vortex Assembly

We calculate the energy per subunit for a vortex assembly and for a crystal, as a function of their radius r.
From these expressions, we determine the radius minimizing both energies, as well as which of the two assembly
geometries is most stable, given the interaction energies €. and €¢4. This leads to the phase diagram in Fig. 2b of
the main text.

Energy Calculation

Here, we determine the energy per subunit for the crystal and the vortex assembly. The energy of the total
assembly is determined by its number of crystal interactions and defect interactions. We assume that the total
number of subunits in the assembly is such that the radius r is an integer and the assembly is a perfectly symmetric
hexagon. Therefore, we can simplify the calculations and compute the energy of a crystalline triangular tile,
corresponding to 1/6%" of the assemblies.

Then, 1/6 of an assembly has a number of defects N;/6 and a number of crystalline interactions N./6, with Ng
and N, the number of defect and crystalline interactions within an assembly. We denote by ¢, and €4 the energy
of each contact. Both N, and Ny depend on the radius of the assembly, which we denote by r. We compute the
energy of a triangular slice, which corresponds to the subunits outlined in dark gray in Figure S3. The energy of a
triangular slice then reads

E(r) = Ne(r)ec + Na(r)eq (4)
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Table S2. Determination of the regions of vortex assembly stability

We determine N.(r) and Ng(r) from the drawings in Figure S3. The crystal interactions are colored green and
the defect interactions are colored in blue. The number of crystal bonds scales like the surface of the assembly, r2
and the number of defect bonds like its perimeter, which is proportional to r.

éNécrystal) (r) = 3r(r — 1)/2 + 2r (5)
éN(gcrystal) (r) =0 (6)
éNgvorte@ (r) = 3r(r — 1)/2 (7)
éNCEVortex) (r)y=2r—1 (8)
The total number of subunits in the crystal and vortex assembly are
Nestab (1) — 3p(r 1) + 1 9)
NOvorte) (1) = 3y (r 4 1) (10)

We finally deduce the energy per subunit in a vortex assembly and a crystal.

ecrystal(r) (37“2 + ’I“)Ec
crysta. = - 11
€crystal (T) Nerystal) (p)  p(r+1)+1/3 o
o) = BTt (36 + dea) — 2
vortex - ’I"(’I" —+ 1)

(11b)

Differentiating these energies and canceling their derivatives with r then gives the ground state for a selected
geometry (vortex or crystal). This ground state depends on the binding energies €. and eg.

Energy Minimization

For each region of the parameter space (e, €q), we determine which assembly radius r* and r} minimizes the
energies €crystal and €yortex. For this reason, we take the derivative of the energy per subunit, as shown in Eq. (11a)
and Eq. (11b).

6r? + 6r 4 1
Orecrystal (1) = 3€cm (12a)
3€c — 2€q)r? 2r + 1
arevortex(r) = 2( ‘ Gd)r + ed( T ) (12b)

r2(r+1)2

The energy per subunit of the crystal is monotonic. Indeed, Oreqrystal(r) is positive for e, > 0 and negative for
¢ < 0. In the former case, the most stable crystal has radius 0: it is a monomer (1 = 0, e“¥stal = (). In the latter,
the most stable crystal has an infinite size (1} = oo, e“™stal = 3¢,.).

The energy per subunit of the vortex assembly can have a minimum. We determine the value of this minimum,
if it exists in each region of the parameter space, and summarize our results in Table S2. We find that the value of
7 minimizing eyortex(r) is positive and finite when 3e. — 2¢4 > 0, €4 < 0, and €. > €4. 7} is obtained by finding the
roots of the quadratic equation Oreyortex(r) = 0.

. —ea+VA
= ————an

= A = — c— 1
ry 3e. —2e, d 3eq(ec — €d) (13)
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When choosing the parameters to run a numerical simulation, we select an integer target assembly radius r;, and
determine the corresponding energy ratio with equation Eq. (14), which is directly derived from Eq. (13).

o _ 205 —2(rg) ~ 1
P (AR )

v

In the following, we write r}; = r* to simplify the notations.

Phase Diagram Boundaries

In each region of the parameter space, we now determine which energy minimum of the vortex and crystal
assemblies is smaller. This determines which assembly geometry is more stable. In cases where the energy minimum
is at r = +00, we use the limit of the energy per subunit. Thus far, we know for each parameter regime the energy
per subunit of the most stable crystal and of the most stable vortex assembly. Below, we compare those two energies
in each parameter region. This enables us to construct the phase diagram of Fig. 2b of the main text.

e ¢, > 0 and ¢4 > 0. Vortex assemblies are unstable: their energy per subunit increases with r, as shown in
panel (¢). It means that any crystalline assembly of more than one subunit is less favored than monomers of
energy zero. Therefore, subunits do not self-assemble. This corresponds to the light green region in Fig. S4a.

ec. > 0 and ¢4 < 0. Vortex assemblies are stable and their energy is minimum for » = 1. Indeed, we
verify that evortex(r = 1) < evortex(” > 1). The vortex energy then reads eyortex(r = 1) = €4. On the
other end, crystal assemblies have a minimum energy for 7 = 0 and ecrystal(r = 0) = 0. Because ¢4 < 0,
evortex(” = 1) < €crystal(r = 0). This means that vortex assemblies of radius 1 are the most stable geometry.
This corresponds to the darker blue region in Fig. S4a: vortex assemblies of radius 1 are hexamers. The
energy per subunit is minimum for » = 1 as shown in panel (b).

o . <0,eq <0 and 3e. — 2¢4 > 0. In this situation we compare eyorpex (Thortex) With €crystal (7 = 00) = 3e..

3(r*)%e. + r(—3e. + deq) — 2¢q B _ —2r*(3ec — 2€q) — 2¢q

evortex(r*) - ecrystal('r - OO) - o (’I"* + 1) 360 - T*(T* n 1) (15)
By substituting r* in the numerator by its expression in Eq. (13), we get
—2VA
evortex(r*) - ecrystal("“ = OO) = —— <0 (16)

re(r*+1)

Hence, vortex assemblies are more stable than crystals in this region, and have limited-size. This corresponds
to the blue region labeled ”vortex” in the phase diagram of Fig. S4a. The corresponding energy profile in
panel (b) has a minimum for finite values of 7.

e c. < 0,64 < 0,36, —2¢4 < 0 and €. — €4 > 0. In this situation, both vortex assemblies and crystals are of
infinite size. We thus compare ecrystal (r = 00) with eyortex(r = 00). Since both expressions for the energies
are equal to the order 1, we compare their values at the order 1/r.

1 1 1
Evortex (" = 00) — €crystal (r = 00) = 3€. + ;(—360 +4egq) — 3¢ — ;ec + (9(72) (17)
1
= —(ea —€) +O() (18)
<0 (19)

The vortex assemblies are more stable than the crystals assemblies in this region. This corresponds to the
light blue region in Fig. S4a. There, the energy per subunit decreases with r as shown in panel (b).

e c. < 0and e —eg < 0. When ¢4 < 0, vortex assemblies are stable and of infinite size, and the previous
calculations hold. However, we now see from Eq. (18) that crystals are more stable than vortex assemblies.
When ¢4 > 0, vortex assemblies are unstable (their energy increases with r) and infinite crystals are more
stable. Those two cases correspond to the dark green region in Fig. Sda. The energy profile is that of panel
(c): it decreases with 7.
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Vortex for €. > €4 and €5 < 0 c Crystal for €. < €4 or €4 >0

a b
O . Py
Q )
50 E y
= Q-‘ ¢
= Crystal 5 €c > 26(1/3
QO —
a9 )
= g >
< Q o0
7 5} -
5\% unlimited () s
- > T T T T T
Defect interaction €4 1 3 5 0 5
favorable unfav. Assembly radius r

Figure S4. Favorable defects result in vortex assemblies of finite equilibrium sizes for weakly attractive
crystalline interactions. (a) evortex(r) is lower than ecrysta1(r) in the green regions of the phase diagram. (b) The vortex
assembly energy is minimum for a finite radius larger than 1 in the region ¢4 < 0 and 0 > €, > 2¢4/3. (c) There is no such
non-trivial minimum for the crystal energy.

Favored Assembly Size

In the previous subsections, we established a relation between the assembly size r* that minimizes the vortex
assembly energy, and the specific ratio of crystalline and defect interaction energies of the subunit Eq. (14). However,
inverting this formula can lead to non-integer favored assembly sizes r*, which are not accounted for by our model
of idealized geometry. Here, we explicitly determine, for any energy ratio, the most favored integer assembly radius
of a vortex assembly.

We assume that the assembly is perfectly symmetric, and that all its domains have the same integer size r. For
a fixed energy ratio €./eq, the assembly size r* which minimizes the energy satisfies

Evortex (T* - 1) > e(vortex) (’I"*) (20&)
evortex(""* + 1) > e(vortcx) (’I“*), (20b)

the expression for eyortex(r) is given in Eq. (11b).

From Eq. (14), we observe that 7* increases with increasing e./e;. We therefore need to solve only one of the two
equations of Eq. (20). We deduce the following dependence for the integer radius r* on €./€4 that minimizes the
assembly energy.

r* =1+ floor < (21)

2
2 — 3e./€q
We use Eq. (21) for the theoretical curve of Fig. 3h of the main text. Inverting this expression now allows us to

determine (e./€q);,, (), the energy ratio for which assemblies of size r* become more favorable than those of size
r* —1.

. 27r* =2
(€c/€d)yim (") = 31

These ratios determine the boundary between the stability region of vortex assemblies of different sizes. They are
plotted in the phase diagram of Fig. 2b of the main text as gray lines. Therefore, these formulas now provide a
fully consistent prediction of idealized vortex assembly sizes for any subunit interactions €4 and ..

(22)

2 Generalization of the Defect Engineering Principle

Changing the subunit interaction rules makes it possible to obtain different types of assemblies. In particular,
we can vary the number of disclinations in the vortex assemblies, or obtain assemblies that are unlimited in one
dimension (fibers) or two dimensions (patterned bulks). Below, we present the calculations used to obtain the
energy per subunit and the dependence of the most energetically favored radius on €./¢ 4 for each type of assembly
presented in Fig. 4 of the main text.
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b Four-fold vortex assembly

“||‘ 'W|| r
N(r) =r(r+1)/2 = HEEEE- N()=r(r+2)/4+1/4
soen A
Nd(’f')=2'l‘—l % :->->+<—<— Nd(T‘):T‘
e e 0l K3 K1 R
(Eq. 23) = ] (B4-25)
d Invalid self-limitation design

3=y M= =
= [HE | «[«[<]
Ny(r)y=2r-1 !M++++| N _
(Eq. 27) £ Bl Na(r) =r
(Eq. 30)

f Defect line

Slolole]olo) T8 N =2
’ng
M) Ng=2
=

N(r)y=r(r+1)/2

[OIN051010]

Ny(r)=3r—3/2
(Eq. 31)

Figure S5. Idealized geometry of fibers, vortex assemblies and bulks. For each assembly type, we show the assembly
schematic, all the possible interactions in a contact map using the color coding of Fig. S3, and an idealized assembly. We
count the total number of subunits and the number of crystalline and defect contacts for the triangular slice of size r colored
in gray. We detail these countings for a fiber-like assembly (a), a four-fold (b) and three-fold (c) vortex assembly, an invalid
self-limitation design (d) and a patterned bulk (e). In (f) we show the energy per subunit in a fiber defect.

Fiber-like Assembly

We compute the energy per subunit of fiber-like assemblies shown in Fig. 4a-c of the main text and demonstrate
that they can be stable at a finite width. In this geometry, the triangular crystalline regions are in contact
through defect interactions that reverse the subunits’ orientation. As before, we compute the energy per subunit
by determining the number of crystalline and defect interactions as a function of the crystalline domain size r, as
shown in the inset of Fig 4b of the main text. For this calculation, we neglect the energy contribution from the
ends of the fibrous assembly: we compute the energy of an infinitely long fiber.

N(r)y=r(r+1)/2 (23a)
N.(r)y=3r(r—-1)/2+1 (23b)
Ny(r)=2r-1 (23c)

ehber(r o €d) = Nc(r)e;\:(—TZ)Vd(r)ed _ 3er? + T(4€:(;i€;§ + 2€. — 26d. (23d)

Similar calculations to those of Section S31 allow to build the phase diagram of Fig. 4b of the main text from
the expression of egper. This energy possesses a finite minimum 7* under the conditions that €, < 0, ¢4 < 0, and
€c/€q < 2/3. In particular, the assembly size at equilibrium r* is related to the interaction energy ratio by

. 202 -2 —1
€ _2rr) -2 -1 (24)

€q 3(r*)2—2r—1

For the simulations in Fig. 4c of the main text, we choose the energy ratio corresponding to r* = 2,4 or 6.
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Four-fold Vortex Assembly

Here, we compute the energy per subunit for four-fold vortex assemblies and show that they can have an energy
minimum at a finite size r. We consider square subunits, as in the schematic of Fig. S5b, or in Fig. 4g of the main
text. We compute the energy per subunit:

N(r)=r(r+2)/4+1/4 (25a)
Ne(r)=r(r—1)/2 (25D)
Ng(r)=r (25¢)

Ne(r)e. + Na(r)eq 2ecr2 +7(2eq — €)
4N (r) B (r+1)2

ea(r,ec,€q) = 4 (25d)
This energy exhibits a finite minimum 7* under the conditions that €. < 0, ¢4 < 0 and e./e; < 2/3. In particular,
the assembly size at equilibrium r* relates to the interaction energy ratio as

€c 2r* —1

= . 26
€q drr—1 (26)

For the simulations in Fig. 4c¢ of the main text, we fix the subunit binding energies €. and ¢4 such that their ratio
matches r* = 2,4 or 6.

Three-fold Vortex Assembly

Here, we compute the energy per subunit of three-fold vortex assemblies (Fig. 4f of the main text) and show that
they are not stable at finite sizes: individual defect lines are more stable than the size-limited three-fold vortex
assembly. We design the defect interactions of the hexagonal subunits such that the angle between the orientations
of two crystalline domains is 27/3. Such subunits should assemble in a three-fold vortex assembly, provided there are
no assembly geometries that are more favored. We compute the energy per subunit in this hypothetical three-fold
vortex assembly, following the schematic of Fig. S5c:

N(r)=r(r+1) (27a)
N.(r)=3r*—3r -1 (27b)
Ny(r) =2r —1 (27c)

(r)ec + Na(r)ea 3eer? — (264 — €.) — €. — €q
3N(r) N r(r+1)

Ne
63(7’, €c, Ed) =3— (27d)

This energy es has a finite minimum r* under the conditions e, < 0, €4 < and e./eq < 0.5. In particular, the
assembly size at equilibrium r* relates to the interaction energy ratio as

€ 2(r*)2 —2r* — 1 B

0 aryprara1 A

<

°)- (28)

We now consider the parameter regime where three-fold vortex assemblies of size r* are favored, and we compare
the energy of a hypothetical self-limited three-fold vortex assembly with that of individual defect lines. We first
compute the energy of an assembly of radius r*: we replace r with r* and €4 by €./a(r*) in Eq. (27d). On the
other hand, in an individual defect line, each subunit realizes one defect and one crystalline interaction, as shown
in Fig. S5f. The energy per subunit of individual defect lines is therefore €. + €4 = €. + e./a(r*). In Eq. (29), we
compute the energy difference of a subunit within a three-fold vortex assembly and within a thin defect line. We
demonstrate that it is positive, meaning that defect fibers are more stable.

3—6r*

2(r*)2 — 2r* — 1€C (29)

e3(r’, e ec/a(r’)) — (ec +ec/a(r’)) =
This quantity is positive for r* > 1/2, which means that a three-fold vortex assembly of finite radius is always less
stable than a fiber. This explains the formation of individual defect line for :—; < 0.5 observed in the simulation
in Fig. 4f of the main text. In the regime where £ > 0.5 however, ez is minimum at r — oo and e3(r — o0) =
3e. < €. + €¢4. Therefore, the infinite three-fold vortex assembly is more stable than the individual defect line in
that regime, as shown in Fig. 4f of the main text.
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Invalid Self-Limited Design

Here, we show that the four-fold vortex assembly, where the defects are parallel to the subunits’ orientation,
(Fig. 4h of the main text) does not display any energy minima for finite sizes. As in Section S32, we use square
subunits for this design (see Fig. S5d).

(ﬂzrﬁ+Dﬂ (30a)
N(r)=r(r— (30b)
Ny(r)=r (30c)
ei(r, €, €q) = Ne(r)ec + Na(r)ea —o&l ™ (€a = €c) (30d)

4N(r) B r+1

This energy does not have a minimum for finite and positive r. It increases with increasing r if €./e4 < 0.5, and
it decreases with increasing r otherwise.

Patterned Bulk

Here, we compute the energy per subunit in a patterned bulk, as shown in Fig. 4e of the main text. We show that
patterned bulks have an energy minimum for finite-sized triangular domains. To obtain patterned bulks, we start
from the interactions leading to the 6-fold vortex assembly, and add an interaction allowing those assemblies to
favorably bind. Each triangular slice now has three defect lines, shared between two slices. The energy per subunit
of such triangle, calculated following the schematic of Fig. S5e, reads

N(r)y=r(r+1)/2 (31a)
N.(r)=3r(r—1)/2 (31b)
Ng(r)=3(2r—1)/2 (31c)
) = Ne(r)ee + Na(r)eq _ 3ecr? —r(3e. — 6e.) — 3eq

N(r) r(r+1)

(r, €, €q (31d)

This energy exhibits a finite minimum r* under the conditions that e, < 0, ¢4 < 0 and €./eq < 1. In particular,
to obtain the domain size 7* in the patterned assembly, the energy ratio is

€ 2(r*)2 —2r* — 1
e 2T -2 o1 (32)
€d 2r*
For the simulations in Fig. 4e of the main text, we fix the subunit binding energies €. and ¢4 such that their ratio
corresponds to r* = 2,4 or 6.

3 Entropic Effect Influences the Equilibrium Size Distribution

The phase diagram established in the Section S31 allows us to predict the type of assembly the subunits will
assemble into and the size of the assembly at equilibrium: this was determined by minimizing the energy per
subunit. However, both experiments and simulations are performed at finite temperature, and we here discuss the
influence of entropic effects to predict the size distribution of the assemblies. In particular, we emphasize the need
to account for grain boundaries that are longer than the assembly radius. We also find that the most likely assembly
radius is always the most favored one in the temperature range that is relevant for the simulation and experiments.
The calculations derived in this section allow to plot the theoretical prediction for the assembly size distribution
shown in Fig. 2d of the main text.

Branches Energetic Contribution

In the simulation results presented in Fig. 2c¢ of the main text, we see that some vortex assemblies deviate from
the idealized prediction of the previous subsection. In particular, for low interaction energy ratio €./e4, some grain
boundaries are longer than the assembly size r. In this section, we refer to these extended grain boundaries as
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Figure S6. Branches are unfavored for equilibrium radius larger than 2. (a) We parametrize the assembly by its
core size r and the number of subunits in branches (colored in red) r. (b) For the interaction energies as in the main text,
the distribution of assembly radius and branches size is peaked around the equilibrium radius r* and b = 0, except for the
case " = 2, for which branches are energetically favored, and their size is limited entropically.

branches. We complete our theory and parametrize the energy per subunit in an assembly by its radius r, and the
number of subunits in a branch. We conclude that assemblies with branches are energetically favored only for small
assembly sizes.

We denote by b the number of subunits within branches. They are colored in red in Fig. S1b. The energy per
subunit in a defect-limited assembly is now parameterized by both r and b. We modify the total number of subunits
in the assembly as follows

N(r,b) =3r(r+1)+0b. (33)

When a subunit is added to form a branch, it adds one surface interaction and one crystalline interaction. We
therefore modify V. and Ny as follows

Ne(r,b) =6 x (3r(r—1)/2)+0b (34a)
Ng(r,b) =6 x (2r — 1) +b. (34b)

The energy per subunit in a defect-limited assembly now reads

9r(r — 1)ec + bec + 6(2r — 1)eq + beg

vortex ,b = 35
evortex(r;0) 3r(r+1)+0b (35)
We can differentiate this expression with b as follows

Oevortex (T, D) _ 3(r—2)(r(eq — 2e.) — €q) (36)

0b Br(r+1)+0b)2

We notice that the sign of this derivative is independent of b: the branches are either unfavored (b* = 0), or they
are favored, and their length is not determined by an energy minimum, but by entropic constraints. We express
the sign of Opeyortex(r,b) as follows

Bnevortex (T3 0) > 0= eq(r — 2)(r(1 —2¢) —1) > 0 (37a)
€d
= (r—2)(r(1-2%) - 1) <o0. (37b)
€d

If we choose r = r* and :—Z determined by r* through Eq. (14), the quantity of Eq. (37)b is always negative, except
for r* = 2 where it is null. Therefore, branches are energetically unfavored, except for a specific value of €./eq for
which vortex assemblies of size 2 are favored. This explains the presence of branches in the numerical simulation
shown in Fig. 2c of the main text.

Assembly Size Distribution

So far, we used our model to relate the interaction energy ratio to the assembly size at equilibrium. However,
experiments and simulation are performed at finite temperature, and the minimum of the energy profile of a vortex
assembly is shallow, such that assemblies of larger or smaller radii than r*, or assemblies with branches, can be
observed. Here, we determine the expected distribution of assembly sizes, and find that they are peaked around the
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thermodynamic minimum. In this derivation, we account for the extended grain boundaries (branches) introduced
in the previous subsection.

We consider an ideal gas of assemblies where there are m(r,b) assemblies of radius r with b subunits in the
branches. Without interactions between assemblies, the partition function of the total system Z is the product of
the partition function of the individual assemblies z(r, b), weighted by their number of configurations.

o | e @)

r,b

The partition function of an individual assembly counts all the possible positions of the assembly in the system.
There are Ngitos possible positions. It reads

Z(Ta b) = NsiteseiﬁN(r’b)ewrtex(nb)7 (39)

where eyortex(r, b) is the energy per subunit in a vortex assembly (Eq. (35)), N(r,b) is the number of subunits in
the vortex assembly (Eq. (33)), and 8 = kT is the inverse temperature. With the Stirling approximation for the
factorial, we obtain an expression for the free energy

F = f% InZ = sz: [;m(r, b) In ;]\([;I’t; + m(r,b)N (7, b)evortex (T, b)} ) (40)

If we now introduce the concentration of clusters of size N(r,b), c¢(r,b) = m(r,b)/Nsites, we obtain for the free
energy per unit volume

F p—
Nsites

f= b)B

1
> N(r,b)e(r,b) {(m ¢(r,b) — 1) + evortex(T, b)} . (41)
~ N(r,
The total concentration of subunits being fixed, we differentiate f for a fixed value of > , N(r,b)e(r,b). The
thermodynamic potential associated to this constraint is u. We compute the derivative of f with respect to ¢(r, b)
with this constraint, and impose that it vanishes at equilibrium.

0 1
it U~ 1 NEr0)] = 5 (nefr:0) N (1) = ) =0 (42)
We deduce the following expression for ¢(r, b)
(r,b) = e AN (evortex(rb)=p) (43)

If ¢p = ¢(0,0) is the monomer concentration in the system, and the energy of a monomer is e(0,0) = 0, the
concentration of assemblies of radius r with b branch subunit is

N(r,b)
e(r,) = (ege™evertex(r)) T (44)

This calculations so far assumed that there is only one configuration of assembly of radius r with b branch subunits.
However, the subunits within the branches can be distributed in different ways without changing the energy of the
assembly. For instance, if b = 5, each of the 6 branches of the assembly can be respectively of length 2,2,1,0,0 and
0, or 1,0,1,0,3 and 0. There are (bgt’)) ways of distributing b subunits among 6 branches. Indeed, choosing how
to distribute the subunits within the branches is similar to placing 5 separations (that separate between subunits
belonging to different branches) in an array of b subunits. Taking this into account, the distribution of branch and

assembly size reads

b N(r,b)
c(r, b) = < "5_5> (Coefﬁ(evortex(hb)) T ' (45)

Finally, we determine ¢y numerically by solving

Nsu units
SN, b)e(r, b) = s (46)
b Nsitcs
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The distribution in Fig. S6 is peaked around the energy minimum, thus suggesting that entropic effects are
negligible, except in the case r* = 2, where the branches are favored. We also deduce from Eq. (45) the distribution
of branches, or radii, individually, by summing over the other variable as follows:

cr(r) = e(r,b) (47a)

b

ep(b) = Z c(r, b). (47Db)

r

Finally, we determine the theoretical cumulative probability distributions for the assembly radius and branch size
as follows

P:heory(k S ’I") — M (48&)

ZkgL cr (k)

Pl;cheory(p < b) — M (48b)

ZPSL en(p)

Both sums run on values of 7 and b up to the system size L = 40. Pthe°™ (k < r) is plotted in Fig. 2d of the main
text and directly compared to the same quantity measured in the simulation, defined in Eq. (2).

S4 Enhanced Theory—Simulation Agreement via Extended Annealing

In Fig. 2d and 3h of the main text, we observe a small discrepancy between the predicted and simulated assem-
bly sizes. In this section, we show that increasing the annealing time steadily improves agreement with theory,
highlighting the reliability of the prediction despite computational constraints.

We vary the annealing time A for the binding energy ratios €./eq discussed in the main text, and track how the
average assembly radius and the distributions of radii and branch sizes evolve. As shown in Fig. S7a, the assembly
radius converges quickly toward the predicted equilibrium value r* for r* = 2 and r* = 3. For larger target sizes
(r* =4 and r* = 6), equilibration requires significantly more computational effort, explaining the small discrepancy
observed in Fig. 3h.

Fig. S7b and Fig. S7c display the distributions of assembly radii and branch sizes across different annealing
protocols, compared to the theoretical predictions derived from Eq. (48). The theoretical distributions assume
integer values for k and p, while the simulations account for all observed values, whether integer or not. In Fig. S7b
and Fig. S7c, we show the measured and predicted radius and branch size distributions. For radius r* = 4 and
r* = 6, we observe more assemblies of radii r = 3 and » = 5 and 6, respectively, than predicted.

This deviation can be attributed to two factors. First, as shown in Fig. S4, the energy landscape around r* is
shallow, leading to a high density of near-degenerate states. Second, vortex assemblies nucleate easily: their six
central subunits interact only through highly favored defect interactions. If too many such assemblies nucleate
early, some remain small due to the finite number of subunits available.

The mismatch in predicted and measured branch sizes for larger assemblies (r* > 3) stems from a difference in
geometry. While small assemblies often follow the ideal hexagonal-with-branches structure described in Fig. S1b,
larger assemblies tend to form irregular crystalline domains, as seen in the top-right assembly of the r* = 6 panel
in Fig. 2¢. In such cases, applying Eq. (1) yields a nonzero branch count even when no actual branches are present,
resulting in a systematic overestimation of branch numbers in Fig. S7c.

Our results demonstrate a clear trend: longer annealing times lead to closer agreement between simulated and
theoretical assembly properties. While full convergence for larger assemblies remains computationally demanding,
the consistent improvement supports the accuracy of the theoretical model. The remaining differences, especially
in branch size, are explained by the geometry of the assemblies seen in simulations.

S5 Geometrical Considerations

Here we use theory to demonstrate constraints on the morphology of the assemblies discussed in Figs. 2 and 3 of
the main text. In Sec. S5 1, we map the discrete description of the orientations of our subunits to an equivalent field
formalism. We then express the assemblies’ defect energy in this formalism in Sec. S5 2, then derive the geometrical
considerations discussed in the main text in Sec. S53. Finally in Sec. S54 we demonstrate some constraints on the
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Figure S7. Convergence of simulated assembly size toward theoretical prediction with increasing annealing
time (a) The assembly radius increases with the annealing time for the larger assemblies. (b) When well equilibrated,
assembly radius distributions are well predicted by the theory. (c) Branch size distribution are qualitatively well predicted
by our theory.

topological nature of the defects contained within our assemblies, and discuss why they favor vortex assemblies to
the exclusion of assemblies with other winding numbers.

For the purposes of this section it is convenient to use a different convention for our interaction energies than
that described in the main text. The energy used in the main text reads

E = N.e. + Nyeg, (49)

where N, and N, respectively denote the number of crystalline and defect interfaces, and €. and €4 their energies.
We also introduce the number S of interfaces between a subunit and an empty site (represented in orange in all
figures). Denoting the total number of subunits in our system as N, and recalling that each subunit has six sides,
we can write the total number of sides in our system as 6/N. That number is moreover also equal to 2N, + 2Ny + S.
Subtracting the constant 3N from Eq. (49) and using this equality, we obtain the physically equivalent form

g

E:Nd(Gd_Gc)_ 9

(50)

which boils down to assigning an energy 0 to crystalline interfaces, an energy €4 — €. to defect interfaces and an
energy —e./2 to interfaces at the surface of the assembly. We adopt this point of view throughout this section.
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1 Interpolation of a Field Theory

Consider a connected assembly of oriented hexagonal subunits on a triangular lattice. In this assembly, interfaces
between neighboring subunits are either of the crystalline type or of the defect type illustrated in Fig. 2a of the
main text. We denote the length of a subunit edge by a.

We define an orientation field #(x) at every point x within the assembly through the procedure illustrated in
Fig. S8a. In the procedure, points within a subunit are assigned the orientation of the subunit unless they are
within a small boundary region of width d centered around a defect interface. Within this boundary region, the
field instead interpolates between the orientations on either side by rotating by an angle 7/3. We consider the
d < a limit, and within it the detailed form of the interpolating function does not matter for our discussion. We
however assume that it is designed in such a way that (i) the function f(x) is differentiable everywhere within the
assembly and (ii) That the field monotonically interpolates between the orientation of two neighboring subunits
while choosing the shortest path on the unit circle to do so. For instance, we assume that the interpolation between
6 =0 and 0 = 7/3 proceeds through a monotonic increase over the interval 0 < 0 < 7/3 as opposed to a decrease
over 2m > 0 > w/3.

Within this continuous formalism, we denote the set of points belonging to the assembly (i.e., located within any
of the hexagonal subunits of the assembly) as 2. The orientation within Q can be equivalently parametrized by any
field (x) = 0(x) + 0o, where 6 is an arbitrary constant. In the following we choose an offset 6y = —27/3 compared
to the convention of the main text. We define the unitary orientation vector field as

oy [ cosB(x)

9= (o) ) &
In this new convention, the unit vector field § is tangent to the overall direction of the outer boundary of the ideal
vortex assembly shown in the inset of Fig. 2b of the main text.

2 Continuum Expression for the Defect Energy

Using our orientation field formalism, we propose to write the defect energy of the assembly as

EdQ(Eilfgaec)//QVxédA, (52)

where dA denotes the area element. To verify that this expression matches the discrete definition of the main text
to lowest order in d/a, we first note that the value of its integrand vanishes everywhere except within our boundary
regions of thickness d. We then compute its value for the representative portion of grain boundary represented in
Fig. S8b. We denote the thus-defined domain by w and use Stokes’ theorem:

EdW//vaédAm\/%Q)ﬂwé.fde, (53)

where t is the tangent vector to domain w and d¢ is the associated length element. To lowest order in d, the line
integral of Eq. (53) can be approximated by a sum of straight segments which we each label by i, yielding

By = d_EC > asi-t (54)

The _example of Fig. S8b displays the two possible types of defect interfaces associated with our design. It yields
t; =83 -t3=0and 8y -ty =84 -ty = V/3/2. Combining this result with Eq. (54) implies that each interface
brlngs a contribution €4 — €, to the defect energy, thus validating the expression proposed in Eq. (52).

3 Upper Bound on the Number of Defect Interactions

We now use the expression of Eq. (52) to establish a bound on the assembly defect energy. Since as discussed in
Eq. (50) this energy can alternatively be written as Eq = Ny(eq — €.), we can write

2 2 N
Ng=—— VXAdAZ—f s-td, %)
¢ \/ga/Q > V3a aQS (55)
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Figure S8. Geometrical constraints on the presence of defect interactions in an assembly. a. Interpolation of a
smooth orientation field 6(x) (small arrows) from the subunit orientations (large black arrows, with the orientation convention
of the main text). The arrows within a neighborhood d of a defect interaction interpolate between the subunit orientations
on either side of it (dark blue). b. Integration domain w (dark red) used to relate the discrete and continuum expressions for
the defect energy. Here the subunit orientation is pictured with the convention introduced in Sec. S51 c. Coarse-graining
the corrugated defect boundary of panel b to a straight line produces two possible cases for the crossing of this boundary
(dark blue) by a locally straight, oriented curve (dashed red arrow). Cases 1 and 2 respectively correspond to situations
where the boundary of panel b is crossed from right to left, and from left to right. The dashed gray line materializes the
normal to the boundary, and the light red angle highlights the angle ¢ — 6 between the orientation of the tangent to the
curve and the orientation of the subunits in one of the crystalline domains. d. Construction of a convex loop (dashed red
line) used to evaluate the winding number of the subunit orientation. Blue lines show the coarse-grained straight grain
boundaries. e. Illustration of the maximum possible increase of the subunit orientation # upon one turn around the loop
of panel d. f. Example of maximum possible decrease of the subunit orientation # upon one turn around the loop of panel
d. g. Construction of the grain boundary geometry surrounding a topological defect with winding number —1. Inset: local
structure of the inner boundary of the —1 defect. We observe that the tangential vector of every fourth edge of the orange
boundary is orthogonal to the subunit orientation, while the others make an angle +7/6 with it. h. Examples of assemblies
with many topological defects. We recall that a contour that encloses several defects has a winding number equal to the
sum of the winding numbers of the individual defects [10]. From left to right: convex assembly with winding number +1
(the outer boundary encloses five +1 defects and four —1 defects), assembly whose outer boundary is associated with a large
positive winding number (the outer boundary encloses five +1 defects and no —1 defects), and assembly with a large negative
winding number (the outer boundary encloses no +1 defects and four —1 defects).

where the second equality again uses Stokes’ theorem. In Eq. (55), the line integral runs along the outer perimeter
of the whole assembly in the counterclockwise direction, and in the clockwise direction along the surface of any
internal holes.

The perimeter of our assembly is comprised of a collection of subunit edges, and the value of the tangent vector t
thus always matches the discrete orientations of these edges. Let us consider an individual subunit, e.g., in Fig. S8b.
It is clear that relative to the orientation vector § of this subunit, the orientation of the edge vector t can only be
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+7/6, £7/2 or +57/6. We thus always have § - t < (8 - t)max = V/3/2. Using Eq. (55), this implies

0< Ny < 2 (8- t)max dl = P. (56)
3a Joo
Here P is the perimeter of the assembly counted in units of the subunit edge length. This perimeter includes the
length of the surface of any internal holes. In an assembly where this upper bound would be reached, the defect
energy would plays the same role as a negative surface tension (assuming €4 < €.).
In the system considered in Figs. 2 and 3 of the main text, the case that comes closest to the upper bound of
Eq. (56) is that of the ideal vortex assembly. There the dot product § - t is maximized at every site of the outer
perimeter of the assembly, but not in the internal hole, resulting in

Ny=P—12. (57)

This offset between the actual maximal value of Ny and the upper bound of Eq. (56) results from the microscopic
details of our model, and turns out to be crucial in allowing self-limiting assembly. This can be seen in the example
of the invalid design of Fig. 4i of the main text. There, the maximum number of defect interfaces is exactly equal to
P/2, and therefore proportional to P. The defect energy thus acts exactly as a correction to the assembly surface
tension. As a result, the only transition in the assembly ground state morphology is between an absence of growth
(for a positive effective surface tension) to unbounded growth (for a negative effective surface tension).

Equation (56) implies a severe restriction on the number of defect interactions allowed in a large assembly. In
an infinite bulk without an extensive number of holes this result imposes a vanishingly small fraction of defect
interactions, as stated in the main text. In addition, in assemblies characterized by a single length scale such as
the one of Fig. 1a of the main text, the number of defect interactions must at most scale like the lateral size of the
assembly rather than its area. This statement forms the basis of the scaling reasoning presented in the caption of
Fig. 1a of the main text.

4 Topological and Energetic Constraints Resulting from the Interaction Rules

As implied by its name, a vortex assembly is centered around a single topological defect with winding number
+1. One might speculate that the vectorial nature of our order parameter could allow for defects with any other
integer winding number. However we do not observe them in simulations, nor do we reproducibly observe single
assemblies including more than one vortex. Here we discuss the geometrical and energetic constraints that account
for these observations. This additionally allow us to rationalize why our assemblies never take the form of a bulk
with an extensive numbers of holes.

Convex Real-space Loops Can Have Winding Numbers -1, 0 or 1

We first demonstrate a geometrical limitation imposed by our choice of interactions between subunits. For
simplicity we present a coarse-grained argument where the defective grain boundaries between domains with different
orientations 6 are straight lines instead of straight-on-average zigzagging lines. As illustrated in Fig. S8c, in that
setting the orientations 6 of the subunits on either side of the boundary make angles =7/6 with the normal to the
boundary, or +57/6 depending on the conventional choice of the direction of this normal.

We consider a differentiable closed loop fully comprised within our assembly (Fig. S8d). We parametrize it by its
curvilinear coordinate u € [0, ¢] where ¢ is the total length of the loop. We choose u in such a way that it increases
when traveling along the loop in the counterclockwise direction, and denote the angle of its tangent vector f:(u)
with the horizontal axis by ¢(u). We consider a convex curve with a turning number of one, i.e., one whose tangent
has a winding number of one (qualitatively, a closed curve that loops only once). This implies

d¢
Yu € [0, @(u) >0 and ¢(u) € [0, 27]. (58)
We denote by 6(u) the map that gives the subunit orientation of a point with curvilinear coordinate u.

Close to a grain boundary our closed loop is locally a straight line, which we represent by a dashed line in Fig. S8c.
Thus any point where the loop intersects the boundary realizes either one of the following scenarios corresponding
to the two panels of Fig. S8c:

e Case 1: The tangent to the loop is about to poke through the boundary in the same direction as the
orientation vectors s, which is equivalent to stating that —% < ¢—60 < 2?” Then 0(u) increases by an amount
7/3 as the loop crosses the boundary.
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e Case 2: The tangent to the loop is about to poke through the boundary in the opposite direction compared
to the orientation vectors s, which is equivalent to stating that %’T <p—0< %’T Then 6(u) decreases by an
amount /3 as the loop crosses the boundary.

This implies that the angle # cannot increase if 2% <¢p—-0< %”, and that it cannot decrease if —g <¢p—0< %’“
As shown in Fig. S8e-f, these conditions divide the (¢, ) plane in three types of regions: those where only an
increase of 6 by increments of 7/3 is possible; those where only an decrease of § by decrements of /3 is possible;
and the boundaries between those two types of regions, where the loop runs parallel to the grain boundary and 6
can neither increase nor decrease.

We point out two trajectories on these schematics. Since ¢ is an increasing function of u, we parametrize the
trajectory along our convex loop by ¢ instead of u:

e Figure S8e shows a trajectory of maximum possible increase of §. We start with § € (—x/3,0), which places
us in a region where increases are allowed. We immediately increase 6 by three increments of 7/3. The
trajectory is then stuck in a no-increase region. We must then wait for ¢ to increase to again find ourselves
in the region that allows 6 to increase. When that happens, we increase 6 by 7/3. We renew the operation
whenever possible until ¢ reaches 2. Clearly this trajectory is constrained to lie strictly below the § = ¢ + 7
green dashed line. Thus its end point 6(¢) lies strictly below the end point of the dashed line, whose vertical
coordinate is 3w, i.e., 8(¢) < 37. Recalling our assumption that 6(0) > — /3, this implies 6(¢) —6(0) < 107 /3.
In other words, the total increase of 6 over the trajectory is bounded by above by 107/3.

e Figure S8f shows a trajectory of maximum possible decrease of §. We start with 8 € (47/3,57/3), which
immediately allows for three consecutive decreases by 7/3 each. The trajectory is then stuck in a no-decrease
region, and must wait until ¢ increases by a little less than 7 to undergo three additional consecutive decreases.
This scenario then repeats itself once. The whole trajectory must remain above the § = ¢ — 117/3 red dashed
line. A similar reasoning to the one detailed above in our discussed of Figure S8e thus implies that the total
decrease of 8 over the course of the trajectory is bounded by below by —10mw/3.

This reasoning thus implies

107

10r
3 |

<6(0) —0(0) <

(59)
Since the continuity of the orientation field additionally imposes that 6(¢) = 8(0) mod 27, we conclude 6 can only
change by —27, 0 or 2w. The geometry of our defect interactions thus only allows winding numbers of the order
parameter over our convex closed loop with values —1, 0 or +1.

Isolated Point-like Defects Can Only Have Winding Number +1

Consider a large assembly with one or more isolated topological defects, which we take to mean that we can
individually enclose each of them in a finite-size convex loop as in Fig. S8d. As a result of the property proved
above, the winding number associated with such an isolated defect is either +1 or —1. Here we show that the
geometry of our interactions forces the —1 defects to have a finite core size (i.e., prevents them from being point-
like), which compromises its local stability.

We recall that the winding number of a defect is defined by considering the change in the angle 8(u) as u goes
around a loop that encloses it. In the case of a counterclockwise loop, a +1 defect is characterized by a 2m-
increase of 0, i.e., the vector § undergoes one counterclockwise rotation as we go around the loop. Conversely,
a —1 defect corresponds to a decrease by —2m or equivalently a clockwise rotation of §. A —1 defect defect
must thus be surrounded by crystalline domains with all six possible subunit orientations in the opposite order
to that of the orientations found around a vortex assembly, which we illustrate in Fig. S8g. As shown there, the
relative orientations of these domains fixes the orientation of the grain boundaries between them according to our
interaction rules. This construction makes it evident that lines cannot be extended indefinitely without intersecting
their counterparts. Since our interaction rules forbid an interface between two domains whose orientations differ
by 27/3, these intersections must either give rise to a defect or occur at the outer boundary of the assembly. As
shown on the right of Fig. S8g, the orientation of the grain boundaries imposes that the horizontal size of the —1
defect is of the order of the vertical distance between these two defects or outer boundaries; therefore isolated —1
defects are not point-like.

To assess the cost of opening such a defect, we note in the inset of Fig. S8g that a quarter of the edges that
constitutes its inner boundary has t-§ = 0 while the other three quarters have t-8 = v/3 /2. Equation (55) thus implies
that the total energy per unit length associated with the defect’s inner boundary is 3/4(eq—e.) —€./2 = 3/4e4—5/4¢..
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In cases where this energy is negative, i.e., whenever e, > 3¢4/5, such defects tend to gain energy by extending
laterally. As demonstrated in Sec. S31, this condition is fulfilled in all regimes of the phase diagram of Fig. 2b of
the main text where finite vortices form. As a result, an extended isolated —1 defect that forms at the center of a
large assembly locally tends to grow until it spans across the whole assembly and splits it in half, thereby deleting
itself.

Convex Assemblies with a Single Vortex are Favored Over Other Defective Assemblies

Beyond assemblies containing a single isolated topological defect, we now discuss assemblies with multiple defects.
This discussion provides some assembly-wide insights on their stability which complement the local arguments
discussed in the previous paragraph. For the purpose of this discussion we distinguish between convex and non-
convex assemblies, i.e., between assemblies whose outer boundary (colored orange in Fig. S8) is a convex curve and
those for which it is not.

We first consider a convex assembly and draw a loop along its outer boundary. Our previous result implies that
the the net winding number of all defects contained within this loop is —1, 0 or +1. They thus contain as many
+1 defects as —1 defects plus or minus one unit. We illustrate one such assembly in Fig. S8h. Let us discuss its
defect energy as well as its surface energy while approximating the +1 topological defects as point-like, implying
that their contribution to the line integral of Eq. (55) is negligible. The finite-size —1 defects, which cannot be
point-like as previously discussed, contribute to this integral to the rate of 3/4 per unit length. To leading order in
the assembly perimeter P, the number of defects in the assembly is thus

f

Nd:[(1—f)+if}P+O(P°):(1—4>P+O(P°), (60)

where f € (0,1) is the fraction of the total assembly perimeter associated with an inner boundary. By contrast,
breaking up the same number of subunits into a set of vortex assemblies with the same perimeter would result in
a larger number of defects Ny = P+ O (PO) [see Eq. (57)]. The latter option has the same surface energy as the
large, multiple-defect assembly, but a more favorable defect energy, and is thus the energetically preferred outcome.

Asillustrated in Fig. S8h, non-convex assemblies may display arbitrary large positive or negative winding numbers.
Both types of assemblies display the same types of inner boundary which contribute to the integral of Eq. (55) at
an average rate of 3/4, plus additional boundaries which are perpendicular to the subunit orientations and thus do
not contribute at all. The basic energetic argument made above for a convex assembly therefore equally applies
here, and is compounded by an additional surface energy cost due to the creation of new assembly boundaries that
run perpendicular to the local subunit orientation.

Overall, these arguments indicate that multiple-defect assemblies are less energetically favorable than vortex
assemblies. This rationalize the absence of multiple-defect as well as non-convex assemblies in the results presented
in the main text.
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S6 Supplementary Figures

Figure S9. TEM micrograph of an AulNP labeled vortex assembly. This micrograph shows the same assembly as
Fig. 3d with anotations removed for visibility. Here e./eq = 0.5.
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Figure S10. TEM micrographs of self-limited vortex and fiber assemblies with DNA origami. a. Typical field
of view of vortex assemblies at e./eq = 0.33. b. Typical field of view of vortex assemblies at e./eq = 0.5. c. Typical field
of view of vortex assemblies at e./eq = 0.6. d. Typical field of view of fiber assemblies at €./eq = 0.5. e-f. Close-ups on
standalone fibers under the same conditions. g-i. Close-ups on overlapping and branching fibers under the same conditions.



Figure S11. TEM micrographs of vortex assemblies.These images show defect-interaction-induced appendages remi-
niscent of those observed in the numerical simulation of Fig. 2c of the main text. Another instance of these appendages is
visible on the micrograph of Fig. 3c of the main text.
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Figure S12. Full histograms of experimental assembly sizes for the data shown in Figs. 3e-h of the main
text. a. Size distributions for isothermally self-assembled samples (e./eq = 0.5) for 20h and 43h respectively. MgCla
concentrations of 5mM (Nagn = 67, Nygn = 137), 7.5mM (Noon = 131, Nygn = 278) and 10 mM (Noon = 364, Nagn = 141)
were screened. Errors of mean radii represent Bessel corrected sample standard deviations. b. Time series of size distribution
of isothermally self-assembled samples (e./eq = 0.5, [MgCl,] = 5mM, Nai, = 113, Nion = 1223, Nogn = 562, Nagn = 556). A
Kolmogorov—Smirnov p-value test reveals the similarity between histograms at different timepoints with pi2n—20n = 0.12 and
p20on—a3n = 0.07, indicating the convergence of the underlying distribution towards a steady state. c. Size distributions for
isothermally self-assembled samples (¢ = 20 h, [MgCl,] = 5mM) for e./eq = 0.33, 0.5, 0.55 and 0.6 respectively. (No.s3 = 106,
No.5 = 562, No.s5 = 122, No.¢ = 39).
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Figure S13. Design file of a DN A origami subunit as extracted from the scadnano software. a. Spatial arrangement
of DNA helices (numbered circles) that form the side wall of the DNA origami nanocylinder. b. Main view of the design file
showing scaffold routing, staple breaking and DNA sequences. Positions of single-stranded extensions for defect/crystalline
interaction strands and AuNP linker strands are labeled. The corresponding sequence information can be found in Table S4

and Table S5.



S7 Supplementary Tables

DNA Origami p2873 Scaffold Strand Sequence

p2873 scaffold sequence

GTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATA
TGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGA
GTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTC
ACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCG
AACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGA
GCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCG
GTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTA
CGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCA
ACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATC
ATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACA
CCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAG
CTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGG
CCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCACGCGGTATCA
TTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGG
CAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAAC
TGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGA
TCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACT
GAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCT
GCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAA
CTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGC
CGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGT
TACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTAC
CGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGA
CCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAA
AGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGG
GAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGT
GATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGG
CCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTA
TTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGA
GCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAAT
GCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTT
AGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTG
TGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCGCGAATTCTCCA
GGCTTAGAATTCGCTCACTGGCCGTCGTTTTACACCATGATTACGCCAAGCGCGAATTCTCCAGGC
TTAGAATTCGCTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAAC
TTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATC
GCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCG
CGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTT
TCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGC
TCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATG
GTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCT
TTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATT
TATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACG
CGAATTTTAACAAAATATTAACGCTTACAATTTAG

Table S3: DN A sequence of scaffold strand p2873



DNA Origami Base Staple Sequences

Identifier Sequence

SCAF1[130]1[171 GTCCGGATTCCTATCAGCGGCGCGTAATCCCG
SCAF1[172]1[213 CCAGTACGCCGGGCCCAGTCTCATCGAGAGGT
SCAF1[214]1[255 CCAGTACGCCGGGCCCAGTCTCATCGAGAGGT
SCAF1[256]1[45] GGCATGCGCGATCACAGGCTTTTGACTGCGTC
SCAF'1[46]1[87] GCGATCGACATCCGACCTAGCCCCCCAGGTTC
SCAF1[88]1[129] CCGCTGTGTGGGTGAGCCGGATCGCATAACTG
SCAF4[109]4[150 GCCCCACATTGGACAACGTACGACCGCAGCAA
SCAF4[151]4[192 GCAGTGCCAACAAGTGAACGCCACGGTTCGTC
SCAF4[193]4[234 GCCTGCTCGCCCCGTGATTTCTGGGAACGAAG
SCAF4[235]4[24] GCGCTCGGCATTCTGAGAAGACATCGGTCCGG
SCAF4[25]4[66] CTCAGATGCGGATACTGAGGCACCGGGCAGGG
SCAF4[67]4[108] GTGGGAAACGGGGTCGCAAATTGGGGCACTCC
SCAFT7[130]7[171 TTGTTACCAATCGCCCATGCCACCGCTCGACG
SCAFT7[172]7[213 GCTCGGTTGATGCGGTGGCGGAGAAACTGAGG
SCAF7[214]7[255 CCTGGGATCGGGCAGATGGGGTTCGCGTCTAG
SCAFT7[256]7[45] GCCCCAAGATGTGTGTCTCGGTTCACGGCGGA
SCAF7[46]7[87] GCTGACTTCGATGAGGTCGGGAACTGCACGCC
SCAF7[88]7[129] GGTCTCTGTGTCACTCCCGAACCCAGGTGCGC
SCAF10[109]10[150 TGCGGCTCTCTGTGTCCAAGCTGACAGGCTCC
SCAF10[151]10[192 TTGAGCAAATCCCAGGTCTCGCGCATCGGCCA
SCAF10[193]10[234 CCAAGTAGGGAGTGGGGATAGCCGAGTGCGCC
SCAF10[235]10[24] AAGCACTCGGTATCCTGAGAGTCAGCCCGCCC
SCAF10[25]10[66] CAGTGTTGTGTGCCAATCCACGGAGGGCGATG
SCAF10[67]10[108] GAACCGAGGATCCCTGAGAGAGGAGCGGGGCC
SCAF13[130]13[171 GATCCCCGAGCAGGTCGATAACCGCCCACTCC
SCAF13[172]13[213 CTCGGGTGTTCATCGGCGGCTCAGAGCACTAC
SCAF13[214]13[255 GACCTCCGAAAGATCCCTCAGCCACCACGCCC
SCAF13[256]13[45] GAGAACACGTTAGTAGACCGCTCGCCGAGGCC
SCAF13[46]13[87] GGCCTAATGGTGACCCGCAACGGTGCTAGCAG
SCAF13[88]13[129] TCGTCCGTTCCCTATGGGCAGCACGGTTCAGG
SCAF16[109]16[150 GCAGGGGCCGCTTCAGGTGAACCTTCTGGCAT
SCAF16[151]16[192 AGAACTCAGGTAGCGGCCCAGCCAGCCCACAT
SCAF16[193]186[234] CGACAGACTGCTGGCTAGCCGCGGTAGGTTGT
SCAF16[235]16[24] GCGATGGAGCCTTTGCTGCGACAGTAACGCTC
SCAF'16[25]16[66] TTCTGTGCTGTGCCACCGCCGTGTACCAAGCA
SCAF16[67]16[108] GGCCGCCCAGTCCCAGATATGCTATCCGGAAC
ST1[118]2[118 CGATCCGGCTCACCCACTCAAAGGCAAGCTCCCTCG
ST1[160]2[160 CGCGCCGCTGATAGGAAGCCACTGGCAGAAAAAAAG
ST1[202]2[202 ATGAGACTGGGCCCGGCATAGTTGCTTCGCCAGTTA
ST1[244)2[244 ATGAGACTGGGCCCGGATCCGTAAGTGCACCCAACT
ST1[34]2[34 CAAAAGCCTGTGATCGACTCGGCAACCCCCGATTTA
ST1[76]2[76 GGGGCTAGGTCGGATGTGCTGCAAGTCCACACAACA
ST2[119]1[119 TGCGCTCTCCCACTGGCAGCATCCGGACCAGTTATG
ST2[161]1[161 GATCTCAAGTTTCGTTCATCCGTACTGGCGGGATTA
ST2[203]1[203 ATAGTTTGCACTGTCATGCCCGTACTGGACCTCTCG
ST2[245]1[245 GATCTTCAGCGAAAAGTGCCCGCATGCCACCTCTCG
ST2[35]1[35 GAGCTTGACAAAGGGGGATGTCGATCGCGACGCAGT
ST2[77)1[77 TACGAGCCGGTATCAGCTCACACAGCGGGAACCTGG
ST3[13]3[224] GCGCACATTTCCCCATCTTTTGATGTAACCCACTCGATGCTTTCT
ST3[223]3[182 GCATAATTCTCTTGCAACGTTAGCTAGAGTAAGTAGCTGACTCTC
ST4[118]5[118 TGTGGGGCGGAGTGCCTTCGGTTATTATAAAGATAC
ST4[160]5[160 GGCACTGCTTGCTGCGTAATTAGCATTTTTGTTTGC
ST4[202]5[202 GAGCAGGCGACGAACCTCCCCGTCGATTGTTGCCGG
ST4[244)5[244 CCGAGCGCCTTCGTTCCATCTGTGATGAGATCCAGT
ST4[34]5[34 CATCTGAGCCGGACCGTTTATAAATAAGCACTAAAT
ST4[76]5[76 TTTCCCACCCCTGCCCTAAGTTGGGCTGTGTGAAAT
ST5[119]4[119 CAACCCTGCGTCCAACCCGGGTCGTACGTTGTCCAA
ST5[161]4[161 AATTGATCTTGAGGCACCTAGTGGCGTTCACTTGTT




Identifier

Sequence

ST5[203]4[203

GAGTTGCCAGGTTATGGCAGCCAGAAATCACGGGGC

ST5([245]4[245

TCACTTTCAACAAATAGGGGATGTCTTCTCAGAATG

ST5[35]4[35 CGCCGGCGAGGCCTCTTCGCGGTGCCTCAGTATCCG
STH[77]4[77 TGAAGTGTAGCGCTCGGTCGCCAATTTGCGACCCCG
ST6[118]6[77] AACCCGACAGGACCCACAGAGCTCACTGACTCGCTAAGCCTGGGG

ST6[160]6[119

GGTAGCGGTGGTTGAGCGAGTAACTATCGTCTTGACGCTTACCGA

ST6[202]6[161

ATCCAGTCTATTATGTAGATCCAATGCTTAATCAGTTTCTACGCT

ST6[244]6[203

ATCTTACCGCTGTCTGGTGAAGTGTTATCACTCATTTGCTACACC

ST6(34]6[245]

TCGAGGTGCCGTACAAAAGATATTTAGAAAAATAACCAGCGTTGG

ST6[76]6[35)

TCATAGCTGTTTCTAACGCCAGGGCGATCGGTGCGACGTGGCGGG

ST7[118]8[118

GGGTTCGGGAGTGACATCATCAGGGAGTCAGAGGTG

ST7[160]8[160

GGTGGCATGGGCGATTGGGTATGTAAAACAAACCAC

ST7[202]8[202

TCTCCGCCACCGCATCTAAACTACGACTTTATCCGC

ST7[244]8[244

GAACCCCATCTGCCCGGCGTACTCACGAAAACTCTC

ST7[34]8[34

GAACCGAGACACACATTGATAGACCTCAAGTTTTTT

ST7[76]8[76

GTTCCCGACCTCATCGGAAGGGTTTTTGGCGTAATC

ST8[119]7[119

GCGGATACCGCGCCTTATCCGGTAACAAGCGCACCT

ST8[161]7[161

CGGGGTCTGGGTCTGACAGTAACCGAGCCGTCGAGC

ST8[203]7[203

CTGGCATCGGTAAGTTGGCCATCCCAGGCCTCAGTT

ST8[245]7[245

AATCTGGGTACATATTTGAACTTGGGGCCTAGACGC

ST8[35]7[35 GGAGAAAGGGCAACTGTTGGAAGTCAGCTCCGCCGT

ST8[77|7[77 ATGGTGCCTCTTCCGCTTCCCAGAGACCGGCGTGCA
ST10[118]11[118 GAGCCGCAGGCCCCGCTTCAGGAAATGACGAGCATC
ST10[160]11[160 TTGCTCAAGGAGCCTGCGCTACAGAAAAAAGAGTTG
ST10[202]11[202 CTACTTGGTGGCCGATTAAGGGCTTAAGGGCCGAGC
ST10[244]11[244 GAGTGCTTGGCGCACTTCCATTCTGGCTCATCATTG

ST10[34]11[34 CAACACTGGGGCGGGCTTGGTTGAGTGGCCCACTAC
ST10[76]11[76 CTCGGTTCCATCGCCCTTCACGACGGCGAATTCTAA
ST11[119]10[119 ACTTTCTCCCACGAACCCCCTCAGCTTGGACACAGA
ST11[161]10[{161 GTTGGAACGTCAATCTAAAGGCGCGAGACCTGGGAT
ST11[203]10[203 GCCGCTCGTTCCTTCGGTCCCGGCTATCCCCACTCC
ST11[245]10[245 GAACAGGAATATCAGGGTTATGACTCTCAGGATACC

ST11[35]10(35 GTAAAGCGAGGCGCGTCCCATCCGTGGATTGGCACA
ST11[77]10[77 GCAGCTAACGGGAGAGGCGGTCCTCTCTCAGGGATC
ST12[118]12[77] GGCTCCGCCCCCCGAACATGATCGGCCAACGCGCGTCACATTAAA
ST12[160]12[119 CAGTTACCTTCGGGTTCTTGAAGCTGGGCTGTGTGCTTCGGGATA
ST12[202]12[161 ACCAGCCAGCCGGACCATCTAAATGAAGTTTTAAAAAAACTCAGC
ST12[244]12[203 GAACTTTAAAAGTAGAATAGAAAAAAGCGGTTAGCCGTTTGGTAA
ST12[34]12[245] TCTATCAGGGCGATGTTGTTTATTATTGAAGCATTGGCAAAATCA
ST12[76]12[35] CGACGGCCAGTGATTGTAAAAATGCGCCGCTACAGAAGGAGCGCG
ST13[118]14[118 GTGCTGCCCATAGGGAGATGAGCAATGGCGTTTTTC
ST13[160]14[160 CGGTTATCGACCTGCTCCAAGTGGTGCGCTCTGCTG
ST13[202]14[202 CTGAGCCGCCGATGAAAAGGCCCCAATTTATCAGCA
ST13[244]14[244 TGGCTGAGGGATCTTTGCTGTATGCCCGCGCCACAT

ST13[34]14[34 CGAGCGGTCTACTAACAACCAGTTTAAGGGCGAAAA

ST13[76]14[76 ACCGTTGCGGGTCACCTTACGACGGAATCATGGTGT
ST14[119]13[119 CAAGCGTGGGGTCGTTCGCTCGGGGATCCCTGAACC
ST14[161]13[161 AACGTTAAGCCTTTTAAATTCACCCGAGGGAGTGGG
ST14[203]13[203 ATATGGCTTCCCCATGTTGTCGGAGGTCGTAGTGCT
ST14[245]13[245 AGGCCGCAACTTCCTTTTTCGTGTTCTCGGGCGTGG
ST14[35]13[35 ACGGCGCTAACCCGCCGCGCATTAGGCCGGCCTCGG

ST14[77]13[77 AAATTGCGTGCTGCATTAATACGGACGACTGCTAGC
ST15[13]15[224] GAATACTCATACTAAAAGGGACAATACGGGATAATAGGCGACCGC
ST15[223]15[182 GAGTTACATGATCCATTCAGCGCTCACCGGCTCCAGGTGCTGCGA
ST16[160]17[160 TGAGTTCTATGCCAGATACTACGGCTACACTAGAAG
ST16[202]17[202 GTCTGTCGATGTGGGCAGAATGATACCGCGTGACCC
ST16[244]17[244 TCCATCGCACAACCTAAGGAGTTGCTCTTGCCCGGC

ST16[34]17[34] GCACAGAAGAGCGTTATGGAGTCCACTATTAAAGAA
ST17[119]16[119 TACATAGCTCACGCTGTAGGAGGTTCACCTGAAGCG
ST17[161]16][161 AAGTCATGAGATTATCAAAATGGCTGGGCCGCTACC
ST17[203]16[203 ACTCCGGTTCCCAACGATCACCGCGGCTAGCCAGCA




Identifier

Sequence

ST17[245]16]245]

GTATAAGGGCGACACGGAAACTGTCGCAGCAAAGGC

ST17[35]16[35

CGGCAAGTGTAGCGGTCACGACACGGCGGTGGCACA

ST17[77]16[77

GACTGCCCGCTTTCCAGTCGTAGCATATCTGGGACT

interaction_-D11

GCGTAACCACCACGGGCGCTGTGGACTCCAACGTCAGGAACAATT

interaction_D12

ACGCCAGCTGGCGGGGGAAAGGAACCCTAAAGGGAGAATCCCTCC

interaction_Do1

ACCTGTCGTGCCATGCGCTCAATTCGCGCTTGGCGTCCAGTGAGC

interaction_-D22

GCTGCGGCGAGCGGAAGCATATTATCCGCTCACAATGCGATTATT

interaction_D31

TCAGTTCGGTGTACGCTTTCTAAAAGGCCGCGTTGCAAGGCCAAA

interaction_D32

ACACGACTTATCGCTGTTCCGGGCGTTTCCCCCTGGGGTAATACG

interaction_Dy41

TCTTCACCTAGATGGATTTTGCAGTATTTGGTATCTGGCCTAATC

interaction_-D42

AGCGATCTGTCTAAAGATCCTGCAGCAGATTACGCGTAACAGGAG

interaction_Cy

CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_Cs

CGTATTGGGCGCTAATGAGTGCTGGAGAATTCGCGCTCCCAGTCG

interaction_Cs

CAGCCCGACCGCTTGTCCGCCAAAAATCGACGCTCAGATAACGTG

interaction_Cy

TATGAGTAAACTTACGCTCAGAGCTCTTGATCCGGCGGCGGTGTT

interaction_Cs

ATCGTTGTCAGAATGGTGTCAAGAAGTGGTCCTGCAATACGGGTA

interaction_Cg

CTCATGAGCGGATGAGCAAAAAAACGTTCTTCGGGGACCAAGTCG

AuNP _handle_1

GGGCGGCCTGCTTGGTCTGCGAATTCTAAGCCTGGA

AuNP _handle_2

GCCCCTGCGTTCCGGAGGGCAAAAGGCCAGGAACCG

Table S4: Mini-scaffold and base staple strand sequences for a DNA origami monomer. The prefix interaction
is used for staple strands acting as base for single-stranded extensions used for modeling defect (DyX) or crystalline (Cy)
interactions. Here, X describes the vertical position (top = 1 or bottom = 2) of defect linkers on a side of the DNA origami
nanocylinder, whereas Y describes the side itself (see Fig. 3a of the main text).
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Identifier

|Sequence

| AG (kcal/mol)

Interaction strands vortex e./eq = 0.33

GCGTAACCACCACGGGCGCTGTGGACTCCAACGTCAGGAACAATT

interaction_D;1_R0.33 TTTT AGCGCGAGCGOG -20.94

interaction.D;2.R0.33 ACGCCAGCTGGCGGGGGAAAGGAACCCTAAAGGGAGAATCCCTCC 90.94
TTTT AGCTCGCGCGCG

interaction.Do1 R0.33 ACCTGTCGTGCCATGCGCTCAATTCGCGCTTGGCGTCCAGTGAGC 90.59
TTTT TTGCGCCGCCGC

interaction.D2_R0.33 GCTGCGGCGAGCGGAAGCATATTATCCGCTCACAATGCGATTATT -90.59
TTTT TTGCCCGCGCGC

interaction_Ds1.R0.33 TCAGTTCGGTGTACGCTTTCTAAAAGGCCGCGTTGCAAGGCCAAA -90.94
TTTT CGCGCTCGCGCT

interaction.Ds2_R0.33 ACACGACTTATCGCTGTTCCGGGCGTTTCCCCCTGGGGTAATACG 90.94
TTTT CGCGCGCGAGCT

interaction_Dy1.R0.33 TCTTCACCTAGATGGATTTTGCAGTATTTGGTATCTGGCCTAATC 90.59
TTTT GCGGCGGCGCAA

interaction.Ds2.R0.33 AGCGATCTGTCTAAAGATCCTGCAGCAGATTACGCGTAACAGGAG 2059
TTTT GCGCGCGGGCAA

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_C;_R0.33 TTTT -11.99

interaction.Co_R0.33 g%g%TTGGGCGCTAATGAGTGCTGGAGAATTCGCGCTCCCAGTCG 1199

interaction.Cs_R0.33 g%ggCCGACCGCTTGTCCGCCAAAAATCGACGCTCAGATAACGTG 1192

interaction.CyR0.33 ?f}rg‘(%AGTAAACTTACGCTCAGAGCTCTTGATCCGGCGGCGGTGTT 1199

interaction.Cs_R0.33 %?g%TTGTCAGAATGGTGTCAAGAAGTGGTCCTGCAATACGGGTA 1199

. . CTCATGAGCGGATGAGCAAAAAAACGTTCTTCGGGGACCAAGTCG

interaction_Cg_R0.33 TTTT -11.92

Interaction strands vortex e./eq = 0.5

interaction.D;1.R0.5 GCGTAACCACCACGGGCGCTGTGGACTCCAACGTCAGGAACAATT _8.98
TTTT CTATATTTAATC

interaction.D;2.R0.5 ACGCCAGCTGGCGGGGGAAAGGAACCCTAAAGGGAGAATCCCTCC _8.98
TTTT GAATTTATATAG

interaction.Da1_R0.5 ACCTGTCGTGCCATGCGCTCAATTCGCGCTTGGCGTCCAGTGAGC 9.09
TTTT TTATATATAGTG

interaction. D2 R0.5 GCTGCGGCGAGCGGAAGCATATTATCCGCTCACAATGCGATTATT 9.09
TTTT TTACATATATAG

interaction_Ds1R0.5 TCAGTTCGGTGTACGCTTTCTAAAAGGCCGCGTTGCAAGGCCAAA 8.98
TTTT GATTAAATATAG

interaction_D32.R0.5 ACACGACTTATCGCTGTTCCGGGCGTTTCCCCCTGGGGTAATACG _8.98
TTTT CTATATAAATTC

interaction. D41 R0.5 TCTTCACCTAGATGGATTTTGCAGTATTTGGTATCTGGCCTAATC 9.09
TTTT CACTATATATAA

. . AGCGATCTGTCTAAAGATCCTGCAGCAGATTACGCGTAACAGGAG

interaction_D42_R0.5 TTTT CTATATATGTAA -9.09

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_C;_R0.5 TTTT -9.42

. . CGTATTGGGCGCTAATGAGTGCTGGAGAATTCGCGCTCCCAGTCG

interaction_C2_R0.5 TTTT -9.22

. . CAGCCCGACCGCTTGTCCGCCAAAAATCGACGCTCAGATAACGTG

interaction_C3_R0.5 TTTT -9.22

. . TATGAGTAAACTTACGCTCAGAGCTCTTGATCCGGCGGCGGTGTT

interaction_C4_R0.5 TTTT -9.42

. . ATCGTTGTCAGAATGGTGTCAAGAAGTGGTCCTGCAATACGGGTA

interaction_Cs_R0.5 TTTT -9.22

. . CTCATGAGCGGATGAGCAAAAAAACGTTCTTCGGGGACCAAGTCG

interaction_Cg_R0.5 -9.22

TTTT
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Identifier

|Sequence

| AG (kcal/mol)

Interaction strands vortex e./eq = 0.55

GCGTAACCACCACGGGCGCTGTGGACTCCAACGTCAGGAACAATT

interaction_D11_R0.55 TTTT AACAATAATATT -9.60

interaction.D;2.R0.55 ACGCCAGCTGGCGGGGGAAAGGAACCCTAAAGGGAGAATCCCTCC 971
TTTT ATATTCTACTAA

interaction.Da1 R0.55 ACCTGTCGTGCCATGCGCTCAATTCGCGCTTGGCGTCCAGTGAGC 936
TTTT GTCTAAATATAT

interaction. D2 R0.55 GCTGCGGCGAGCGGAAGCATATTATCCGCTCACAATGCGATTATT 9.94
TTTT CTTTTAATATAC

interaction_Ds1_R0.55 TCAGTTCGGTGTACGCTTTCTAAAAGGCCGCGTTGCAAGGCCAAA 9.60
TTTT AATATTATTGTT

interaction.Ds2_R0.55 ACACGACTTATCGCTGTTCCGGGCGTTTCCCCCTGGGGTAATACG 971
TTTT TTAGTAGAATAT

interaction.D41_R0.55 TCTTCACCTAGATGGATTTTGCAGTATTTGGTATCTGGCCTAATC 9.36
TTTT ATATATTTAGAC

interaction_Da2.R0.55 AGCGATCTGTCTAAAGATCCTGCAGCAGATTACGCGTAACAGGAG 9.94
TTTT GTATATTAAAAG

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_C;_R0.55 TTTT -11.69

interaction.Cy R0.55 g%géTTGGGCGCTAATGAGTGCTGGAGAATTCGCGCTCCCAGTCG 10.94

interaction.Cs_R0.55 g?ggCCGACCGCTTGTCCGCCAAAAATCGACGCTCAGATAACGTG 1148

interaction.Cy _R0.55 %%:rfr%AGTAAACTTACGCTCAGAGCTCTTGATCCGGCGGCGGTGTT 1169

. . ATCGTTGTCAGAATGGTGTCAAGAAGTGGTCCTGCAATACGGGTA

interaction_Cs_R0.55 TTTT -10.94

. . CTCATGAGCGGATGAGCAAAAAAACGTTCTTCGGGGACCAAGTCG

interaction_Cg_R0.55 TTTT -11.48

Interaction strands vortex e./eq = 0.6

interaction.Dy1.R0.6 GCGTAACCACCACGGGCGCTGTGGACTCCAACGTCAGGAACAATT 1015
TTTT TTAGATTATACT

interaction.D12.R0.6 ACGCCAGCTGGCGGGGGAAAGGAACCCTAAAGGGAGAATCCCTCC 1011
TTTT AGTAATTTTAAA

interaction. Dol R0.6 ACCTGTCGTGCCATGCGCTCAATTCGCGCTTGGCGTCCAGTGAGC 9.70
TTTT ATAATATCCTAA

interaction. D2 R0.6 GCTGCGGCGAGCGGAAGCATATTATCCGCTCACAATGCGATTATT 9.53
TTTT TTAATGATATAC

interaction_Ds1.R0.6 TCAGTTCGGTGTACGCTTTCTAAAAGGCCGCGTTGCAAGGCCAAA 1015
TTTT AGTATAATCTAA

interaction.Ds2_R0.6 ACACGACTTATCGCTGTTCCGGGCGTTTCCCCCTGGGGTAATACG 1011
TTTT TTTAAAATTACT

interaction_Da1.R0.6 TCTTCACCTAGATGGATTTTGCAGTATTTGGTATCTGGCCTAATC 9.70
TTTT TTAGGATATTAT

interaction_Ds2.R0.6 AGCGATCTGTCTAAAGATCCTGCAGCAGATTACGCGTAACAGGAG 953
TTTT GTATATCATTAA

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_C;_R0.6 TTTT -12.66

. . CGTATTGGGCGCTAATGAGTGCTGGAGAATTCGCGCTCCCAGTCG

interaction_C2_R0.6 TTTT -12.52

. . CAGCCCGACCGCTTGTCCGCCAAAAATCGACGCTCAGATAACGTG

interaction_C3_R0.6 TTTT -12.35

. . TATGAGTAAACTTACGCTCAGAGCTCTTGATCCGGCGGCGGTGTT

interaction_C4_R0.6 TTTT -12.66

. . ATCGTTGTCAGAATGGTGTCAAGAAGTGGTCCTGCAATACGGGTA

interaction_Cs_R0.6 -12.52

TTTT

interaction_Cg_R0.6

CTCATGAGCGGATGAGCAAAAAAACGTTCTTCGGGGACCAAGTCG
TTTT

-12.35
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Identifier

|Sequence

| AG (kcal/mol)

Interaction strands fiber e./eq = 0.5

ACGCCAGCTGGCGGGGGAAAGGAACCCTAAAGGGAGAATCCCTCC

interaction_.D11_R0.5 TTTT TTCTATATAGAA -10.98

interaction.D;2.R0.5 GCGTAACCACCACGGGCGCTGTGGACTCCAACGTCAGGAACAATT -10.99
TTTT CCTATATATAGG

interaction_Dy1R0.5 GCTGCGGCGAGCGGAAGCATATTATCCGCTCACAATGCGATTATT 10.92
TTTT TAGTTAACTA

interaction_Ds2.R0.5 ACCTGTCGTGCCATGCGCTCAATTCGCGCTTGGCGTCCAGTGAGC -10.89
TTTT GTTACGTAAC

interaction_Ds1_R0.5 ACACGACTTATCGCTGTTCCGGGCGTTTCCCCCTGGGGTAATACG -10.99
TTTT AATCATGATT

interaction_D32.R0.5 TCAGTTCGGTGTACGCTTTCTAAAAGGCCGCGTTGCAAGGCCAAA 10.95
TTTT ATCAATTGAT

interaction. D41 R0.5 AGCGATCTGTCTAAAGATCCTGCAGCAGATTACGCGTAACAGGAG 10.94
TTTT AGATATATATCT

interaction_Da2.R0.5 TCTTCACCTAGATGGATTTTGCAGTATTTGGTATCTGGCCTAATC _10.84
TTTT AGTATATATACT

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_C;_R0.5 TTTT -10.99

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_C2_R0.5 TTTT -10.88

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_C3_R0.5 TTTT -10.83

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_C4_R0.5 TTTT -10.99

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_Cs_R0.5 TTTT -10.88

. . CCATTCAGGCTGCAAGGGAAGGAACCATCACCCTAAGAGATAGGT

interaction_Cg_R0.5 -10.83

TTTT

AuNP linker strands

AuNP _handle_1

GGGCGGCCTGCTTGGTCTGCGAATTCTAAGCCTGGA
AAAAAAAAAAAAAAAAAAAA

AuNP _handle_2

GCCCCTGCGTTCCGGAGGGCAAAAGGCCAGGAACCG
AAAAAAAAAAAAAAAAAAAA

Table S5: Staple strand sequences for defect (DyX) and crystalline (Cy) interactions used for modelling
different energy ratios e./eq. Notations for interaction staples are the same as in Table S4 with an added Rz. Here, Z
represents the energy ratio e./eq. Subsequences colored in dark and light blue represent defect and crystalline interaction
strand extensions (see Fig. 3b of the main text). The rightmost column lists the Gibbs free energy change upon hybridization
for each blue subsequence with its reverse complementary sequence.
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