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Abstract

Programmable self-assembly provides a promising avenue to improve upon traditional synthesis and create multi-
component materials with emergent properties and arbitrary nanoscale complexity. However, its most successful
realizations utilizing DNA often use complicated arduous procedures that result in low yields. Here, we employ
coarse-grained molecular dynamics to uncover the ranges of temperatures and misbinding strengths needed for
successful one-pot self-assembly of generic, two-dimensional (2D), and distinguishable blocks. Analysis of the
energies associated with a single-stranded DNA interacting with all other sequences within a mixture revealed that
the success of DNA-based assembly is primarily determined by the strongest misbinding a given sequence can
encounter with a sequence highly similar to its reverse complement. This enabled us to design optimized sequence
ensembles with acceptably weak and consequently rare misbinding. An estimate is provided for the maximum size of,
and complexity of sequences needed to synthesize self-assembled structures with high accuracy and yield, with
potential relevance for DNA-functionalized low-dimensional materials for electronics and energy storage.

Keywords: programmable self-assembly, misbinding, error-free DNA-mediated assembly, DNA sequence design,
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Advances in materials synthesis have enabled increasingly complex nanostructures. Such complexity is
often necessary to achieve emergent material properties unavailable in simpler arrangements. Examples
range from tunable bandgaps and intrinsic carrier mobilities due to local edge geometries in graphene
nanoribbons', to high strength and toughness due to complex hierarchical structures in biological
composites.”” However, current synthesis methods utilizing top-down and bottom-up approaches have
limited control to produce complicated aperiodic structures with localized nanoscale features.®

Programmable self-assembly, in which each component is “informed” of its specific position in the
target structure due to its chemical and/or shape specificity, provides a promising avenue to engineer
structures with aperiodic complexity and molecular resolution. Some of most successful realizations utilize
DNA: each building block of the target structure contains a unique short DNA segment(s) that can
specifically bind to nucleotide strands from other blocks. The high chemical specificity of Watson—Crick
(WC) complementary base-pairing facilitates the accurate assembly of these blocks, and has led to the
development of a wide range of truly programmed and self-assembled nanostructures ranging from DNA
bricks and origami, to DNA-prescribed nanoparticle arrays with tailored optical and plasmonic responses
for single-molecule manipulation and detection in biophysical studies and diagnostics.”>* Recent advances
in DNA-functionalization of graphene and nanotubes also suggest that this method may be expedient in on-
surface synthesis of low-dimensional architectures with complex nanoscale features for flexible electronics,
biosensors, and optical computing.>*>¢

To ensure that only desired blocks interact, DNA-based structures self-assembly may use
hierarchical methods:*'**7** a couple of blocks are combined at each step to form intermediates, which
then act as larger building blocks for the next assembly stage. While such stage-by-stage assembly has been
shown, in experiment and theory, to be successful in suppressing some spurious interactions between
blocks,”'**"3* the yield of the target structure is low when assembling multiple blocks.”'® The yield scales
as p™! (p is the yield per step, N is the number of distinguishable components®'®), which can reach as low
as 3% for N = 64 despite a high p = 0.95."° The experimental procedure also is quite cumbersome, as
combining & subunits per step requires logiN stages of assembly'” that must each be precisely executed.
Even if the design and experimental process can be parallelized and automated, the low yield and
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complexity will still hamper such hierarchical protocol. The decreased yield may be linked to the stronger
non-native interactions or “misbinding”, increasing with the interface between any two blocks, whose size
gets larger with each successive stage.’” This makes the hierarchical approach susceptible to kinetic traps
if non-native attractions cannot be suppressed,’’ and ultimately limits the achievable complexity and size
of target structures.

An alternative approach that may mitigate the aforementioned problems is to assemble all
distinguishable components at the same time in a one-pot reaction. This non-hierarchical route has not only
been able to assemble DNA blocks into a variety of complex shapes,”!'%!>"17202 byt also resulted in
comparable or higher yields than hierarchical schemes.”!""'*2** One-pot assembly may thus be superior to
stage-by-stage assembly,*” but requires the use of larger and more complex DNA tiles and origami.''*° The
design of the tiles, particularly the DNA segments at the binding interfaces, may be simplified if the
mechanisms of one-pot assembly are understood. However, while much theoretical and computational work
has been done in rationalizing the success of DNA brick and tile structures,’”*** the models tend to be
highly generic and do not capture the more subtle details of DNA binding. In particular, they do not consider
the associated DNA hybridization energy scales and misbinding interactions arising from the interactions
between non-complementary single-stranded DNA segments (or sticky ends), crucial for understanding
non-hierarchical programmed assembly.

Here, we use a model approach, based on coarse-grained (CG) molecular dynamics simulations
and theory, to elucidate the conditions and DNA sequence complexity necessary to achieve error-free, one-
pot self-assembly of 2D distinguishable blocks into arbitrary patterns. Our model suggests the existence of
a domain in the temperature/misbinding diagram where complete error-free self-assembly is possible. We
then analyze the interaction energies between sequences in DNA-brick experiments'*** and uncover a
multi-modal energy distribution. Utilizing this energy spectrum into our CG model allows us to propose a
rational design scheme capable of generating collections of sequences with low misbinding. Moreover,
such a framework can provide a quantitative estimate for the length, number, and complexity of DNA
sequences needed to synthesize, and maximum size of, structures that can be self-assembled with high
accuracy and yield. This optimization of DNA-guided 2D assembly can provide facile routes to achieve
precise alignments of graphene and other nanosheets during liquid-phase processing, thereby potentially
improving the electrical conductivity achievable in energy storage applications,*'** among other benefits.

Results and discussion

Generalized model. Our approach is based on a minimalist coarse-grained model in which programmable
assembly of (structurally identical) planar square-shaped units is realized through chemical specificity (or
“color”**). Such building blocks are rigid bodies consisting of nine particles (with a fixed nearest neighbor
distance of 1 in dimensionless LJ units), where at least one particle on their edges is “colored” (Figure 1a).
Each colored particle, which is assigned a unique index of 7, in a block can only interact with colored
particles on other blocks via Lennard-Jones (LJ) potentials. Maximum affinity/attraction (of LJ strength €)
occurs solely between particles of matching colors, which allows addressability, i.e., specifying the position
of a block in the target assembly. Undesired coupling between mismatched colors, or “misbinding”, is
penalized by its weaker strength €' < €. Under the defined interaction scheme, if two colored particles, i and
Jj, are within a distance  below the LJ cutoff distance of 7. = 2.3, their energy is

Vij(r) =8(cinc;) Uni(rie) + [1 - 8(cinc)] ULi(r,e'), (M

where ¢; corresponds to the color of particle i, d(n,m) is the Kronecker delta, and Uwy(r,€) is the standard
12-6 LJ potential with 6 = 1 and minimum energy at -&. The summation over the energies of all unique
pairs of colored particles gives the potential energy of the system, as £ = Z;<;Vi(r). This is equivalent to
the summation over all pairwise energies between particles that form interfaces, due to the designed
exclusion of interactions between colored particles on the same block (i.e., V;;= 0 if i and j are on the same
block). The lowest energy is thus achieved only for a complete and correct structure, Emin = -ne, where n is
the number of interfaces in the target structure, and all interfaces are formed from particles of matching
colors, ¢; = ¢;, separated at their optimal LJ distance of ro=2"°.
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First, we map the (7,¢')-domain where the complete one-pot self-assembly of a single chain of ¥
distinguishable square blocks is possible. The quality of the resultant structure is judged based on its
completeness, i.e., the length of the assembled structure divided by N, and its correctness, i.e., the fraction
of correct interfaces within the cluster. These are used here to define an addressability score a =
(completeness X correctness), evaluated at the end of a simulation. Three categories are introduced to
describe the sampling outcome based on the addressability scores: (i) addressable, indicating a successfully
assembled target structure (a = 1), (ii) partial, indicating that some portions of the target structure were
successfully assembled (0.8 < a < 0.99), and (iii) failed, indicating that the blocks were unable to bind
and/or the developed structure contains multiple incorrect interfaces (a < 0.8).
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Figure 1. CG-MD simulations of self-assembled programmable 2D structures. (a) Schematic of the generalized CG
model. (b-¢) Addressability of various structures, made of N distinguishable blocks, and block area densities, p, as a
function of temperature and misbinding (normalized by & = 1, const). (b) Chains of N = 10 or 20 blocks and p = 0.01
or 0.04 (¢) Letters “r”, “I”,”C”, and E” of N = 11, 10, 13, and 16 blocks at p = 0.0069, 0.01, 0.0081, and 0.01,
respectively. Data points are sampled (7,&')-combinations from the MD simulation for a chain of N = 10 blocks at p =
0.01 in (b) and the “C” of N = 13 blocks at p =0.0081 in (c). The shading inside the solid black boundaries in (b) and
(c) mark the region of complete addressability (a = 1) for the same two systems. Symbols represent addressability
level: o — addressable, o — partial, 4 — failed. Colors indicate the average fraction of correct interfaces within each
cluster at the end of the simulation, f.. Correctly assembled structures are shown in the inset.

For illustration, a(7,e") is sampled for a chain of N = 10. This reveals a limited (7,¢')-domain,
bounded by T = constant (const) = T, and 77/¢' = const, where individual components can be successfully
assembled into a completely addressable (a = 1) structure (Figure 1b). At 7> T¢ the assembled structures
are correct, but incomplete, unable to reach the desired target size of N = 10. This suggests that native bonds
are unstable for 7> T, akin to melting: the energy gain (-€) in forming correct bonds is less than the entropic
cost associated with such assembly, < TAs, implying 7. = -&/As. The weak sensitivity of 7. to changes in €/,
along with the appearance of only correct bonds at the final simulation state above this limit (Figure 1b),
confirms the instability of € bonds above T.. Thus T, serves as the “ceiling temperature”, above which
assembly is impossible. This is analogous to the balance between entropy and enthalpy (AH,) governing
the Tt for addition polymerization through Dainton’s equation, T, ~ -|AH,|/In(p) or T¢/|AH,| ~ 1/In(V), where
p and  are the monomer concentration and system volume.*’ Notably, this equation suggests that 7. should
increase with increasing concentration, which is also seen in our simulations utilizing different block area
concentrations, p = N Ap/A (A4p and A4 are the areas of one block and of simulation box). For example, the T,
for a chain of N = 10 is higher at p = 0.04 compared to p = 0.01 (Figure 1b). However, our particles are
distinguishable in contrast to the indistinguishable monomers in addition polymerization, which entails that
each particle incorporated into the growing structure is associated with an additional entropy cost of Asaist
~ -In(N")/N.*7#¢ Thus, a lower T.is expected for structures with larger N, as observed in our simulations:
T. for a chain of N = 20 is lower than that of a chain of N =10 at the same p = 0.01 (Figure 1b).

The low-T limit, on the other hand, characterized by T'/¢' = const, can be attributed to the formation
of kinetic traps (Figure 1b). While random collisions can lead to misbinding between two blocks, these
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mistakes can be corrected by thermal fluctuations, provided that €' is sufficiently small*’. However, when

T is too low or €'/e too close to one, for undesired bonds to be corrected, partial reversibility of bonds is
hindered and results in kinetically-trapped structures.*”** This phenomenon is clearly demonstrated in the
MD simulations: incorrect bonds formed during the assembly can be “healed” when 7 = T" and/or g'/e <
£"/e, whereas assembly outside these conditions results in kinetic-traps, structures with multiple incorrect
bonds (Figure 1b and S2). This suggests that the low-7 limit arises because the entropic gain, TAs, for a
chain of N blocks fragmenting into two shorter pieces is balanced by the increase in bond energy, Au = ¢'.
The change in free energy is thus Af= Au" - T"As = 0, thereby T"/e"” ~ 1/As. As this entropy change should
be relatively insensitive to small changes in concentration, size, and target structure shape, we observed a
nearly constant 7"/&" for all our simulated structures of slightly varying N, p, and shapes (Figure 1b-c, Table
S1).

While our simulations are performed with only a single copy of a structure, practical self-assembly
involves synthesizing multiple copies at once.”'"'> However a(7,") should be similar regardless of the
number of copies, as all interactions between blocks are identical between the two except for the possibility
of self-interaction in the latter. We confirmed such behavior through simulations of nine copies of the N =
10 chain, which displays a similar a(7,&') = 1 domain as that of a single copy of the chain (Figure S3a, Table
S1). Moreover, experiments often create “closed” structures,’ "' as opposed to the “open” structures (such
as chains, and shapes without closed loops) we have thus far examined. The assembly outcome of such
closed structures is harder to predict, with success highly dependent on the sub-structures that develop
during the synthesis pathway. For example, along the pathway to forming a 3X3 square tile typical of DNA
tiles, smaller correct structures can form, but are unable to join together due to steric hindrance (Figure S4).
Nevertheless, we observe that closed structures such as the 3x3 tile also exhibit a broad triangular domain
of a(T'¢") = 1. Thus the behavior from our CG-MD results should be broadly applicable to practical self-
assembly experiments.

Application to DNA-based interaction specificity. To account for the interaction energy distribution
characteristic of DNA-based self-assembly, we first analyze the energies associated with a specific single-
stranded DNA (ssDNA) sequence binding to all other ssDNA sequences in typical one-pot DNA self-
assembly (Figure 2). The DNA hybridization free energy, i.c., the free energy AG associated with two
ssDNA sequences from solution forming a DNA duplex, was determined using the nearest-neighbor model
from ref.*’, allowing for internal and terminal mismatches, and dangling ends (see Supporting Information,
Section S3 for more details).

As a representative set, we use unique and non-self-complementary nucleotide (nt) sequences from
ref.*°. Each brick is a 32 nt ssDNA molecule containing 4 potential binding interfaces, each 8 nt long. To
analyze AG, we assume that the four 8-nt sequences are separated from each other, each being free to
interact with any other of the 3992 sequences (including itself). However, being mainly concerned with the
highest misbinding a particular oligonucleotide sequence could encounter within the one-pot mixture, we
do not analyze the energies between all possible pairs. Instead, we use the DNA alignment program MAFFT
(v7)™ to determine the top 100 sequences that can bind to the target sequence in alignments that are most
similar to the correct native alignment/base-pairing (i.e. similar nucleobase identity) between the target
sequence and its reverse complement (Figure S5). We assert that this alignment achieves the lowest AG
any one sequence can have with the target sequence, thus resulting in the strongest misbinding (see Figure
S5 and Supporting Information, Section S3 for more details).

An example of the AG distribution associated with one sequence binding to the other sequences is
shown in Figure 2a. It reveals that most non-native interactions, of strengths {€"}, yield noticeably higher
free energy than the native with correct WC base-pairing, €. However, one sequence (or a few) tends to be
very similar to the reverse complement, differing by only a few nucleotides. The energy -¢' of this “closest
non-native interaction” is lower than for any other “random” interaction -&" (where -&" tends to be positive
due to lack of complementarity between the sequences), and is closest to that of, but distinct from the native
interaction, -g. This smallest, but always present nonzero “energy gap” between -¢’ and -¢ is essential,
ensuring that errors-mutations can only occur infrequently, and is deeply related to the quantum nature of
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molecular interactions, as noted by E. Schrddinger in his seminal book.”’ The multimodal energy
distribution is universal not only among all sequences within this chosen ensemble (Figure 2b), but also in
other randomly-generated sequences of various nucleotide lengths (Figure 2c, S8). Importantly, such
analysis yields a quantitative measure of both the largest misbinding &'/, and random misbinding €"/g, a
sequence can encounter (Figure 2¢). Both kinds of misbinding decrease with increasing temperature (Figure
S7) and increasing sequence length (Figure 2c). The former is due to a greater entropic cost of duplex
formation at higher 7' (-TAS, AS <0), and the latter is expected as the probability of nucleotide mismatches
between two sequences increases with longer sequences.

Figure 2. DNA hybridization energy (a) 20 Random, &" ‘
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The three energy parameters (&, €', and €") are then incorporated in our CG models to better capture
the ”multimodal” AG distribution associated with DNA-based assembly. The revised interaction potential
between colored particles i and j reads

Vifr) = {8(cic;) Uni(r,e) + [1 - 8(cic)] Uni(r,e"} [1 - 8G.m ()] + 8G.m (D) Uni(re), 2)

which is an extension of Equation 1 to include an additional €'-term: a one-to-one mapping was created
between each colored particle i and a randomly assigned, but non-matching colored, particle m(i).
Consequently, a colored particle i can form one of three interactions (Figure 3a): 1) correct native
interaction between particles of matching colors, ¢; = ¢;, conducive to forming the designed target structure
with a strength of €, 2) non-native interaction between most edges of different colors, with a strength of ",
and 3) non-native interaction with only one differently colored particle, between i and j = m'(i), with a
strength of €' (mimicking the tendency of a sequence to have only a single or few €' interactions with other
sticky end sequences in the assembly of DNA-tiles).

The extended CG model is used to sample a(7,¢',e") for a chain of N =10 at p = 0.01 (Figure 3b-
d). Complete addressability is now achieved within a polyhedral domain in the (7,¢',€") space (Figure 3b),
formed primarily from three planes. The high-7 plane, T, =~ 0.054, is associated with the ceiling temperature
described previously. There are now two low-T limit planes, associated with measuring addressability at
low or high €'/e. These correspond to the 7/¢"" and T'/¢'" planes respectively, as the competition between
€' and ¢" determines the extent of addressability. For example, at €"/e = 0.05, we observed that the critical
T" is largely dominated by the 7"/¢" plane: since €' < &" (|¢'| > |€"]), all incorrect bonds tend to be &'- rather
than €"-bonds (Figure 3c). Consequently, 7'/¢" is due to a kinetic trap from incorrect €' bonds. As €'"/¢ is
increased to 0.4, €"-bonds begin to dominate the incorrect structures whenever €'"/e > €'/g, thereby shrinking
the a = 1 domain (Figure 3d). Practically, however, €'/¢ tends to be much larger than €"/¢ and &'"/¢ is near 0,
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according to our DNA hybridization energy analysis, irrespective of T and sequence length (Figure 2c,
S8c). Thus, the 7"/e" plane can be ignored, and addressability for DNA-enabled self-assembly will be
determined by 7. and T"/¢", akin to Figure 3c.
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Figure 3. CG-MD simulation of a chain with 10 distinguishable square blocks, with an energy distribution informed
by DNA-mediated one-pot self-assembly experiments. (a) Schematic of the revised CG model. (b) 3D plot of a(7,¢',€")
at constant € = 1, and |€"|, |€'| < |¢| . Data points are sampled (7¢',e") combinations from the MD simulations of the
same structure at p = 0.01. Symbols represent addressability classifications: o — addressable, o — partial, 4 — failed.
The green and magenta planes on the right plot correspond to planes of constant €"/e = 0.05 and €"/e = 0.4, respectively.
(c-d) Types of bonds formed at constant €"/e = 0.05 (c) or €"/e = 0.4 (d). Blue dots indicate that only correct (¢) bonds
are present at the end of the simulation, orange dots indicate that there are more €'- than €"-strength bonds in the final
structure, and black dots indicate the opposite. Solid black lines are defined by the three planes indicated in (b).

The DNA-informed CG models enabled us to start from considering all possible 4' sequences of a
specific length /, and establish rules that will narrow down this complete ensemble to create smaller
ensembles prime for programmable self-assembly (Figure 4, S9). Every sequence within these optimized
ensembles has its &'/¢ less than a selected cutoff, (g'/€). = 0.6, with this value indicated by the 7"/&" boundary
of the a = 1 region in our addressability plots (Figure 1b-c, 3c). We also chose annealing temperatures of
T/e between 0.040 and 0.053 (Figure 1b-c, 3c) as a higher annealing T slightly below 7. would help suppress
the nucleation of incorrect partial structures that could frustrate and prolong successful assembly.”
Assuming the average energy for a WC nearest neighbor pair® at the appropriate temperatures, this imposes
an annealing temperature at 20°C for 9 nt and 8 nt sequences (corresponding to 7/¢ ~ 0.041 and T/e ~ 0.047,
respectively), 10°C for 7 nt sequences (7/€ ~ 0.047), and 4°C for 6 nt sequences (77/¢ ~ 0.052), all of which
fit within the desired 7/¢ range.

Some rules in the sequence design procedure are based on the identity of each DNA sequence.
Palindromic sequences must be eliminated, as they could allow a distinct block to bind to another block in
an incorrect reversed orientation. Self-complementary sequences must also be excluded, as a distinct block
decorated with a self-complementary sequence could erroneously bind to another block of the same type
when multiple copies of blocks are present. Other rules are based on the differences between one sequence
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and all the other sequences in the ensemble. For example, if a sequence is highly similar to another sequence
but differs only by a couple of nucleotides, there may be a high chance of misbinding between the former
sequence and the latter sequence’s reverse complement. These problematic sequences can be eliminated
by using the nearest neighbor model* to estimate the critical number of nucleotide mismatches, below
which €'/e > (g'/¢). (specifically the critical number of single internal (m,*), double internal (m.*), and
terminal (m,*) mismatches, see Figure 5a and Supporting Information, Section S5 for the derivation of
Equations S2-S4). We also eliminated sequences which could form dangling ends shorter than or equal to
a critical value, d; < dr*, as it would lead to duplexes within the ensemble with &'/ > (€'/€). (see Equation
S5, and Supporting Information, Section S5).

Figure 4. Schematic of DNA sequence design rules to generate High Misbinding {€'/€} > (€/€)c

sequence ensembles with acceptably low misbinding. Rules filter

the complete statistical ensemble of sequences of a given length, No Self- No

I, to extract a set of sequences that could ensure programmable Complementary Palindromic

self-assembly, where each sequence has its strongest misbinding, Sequences Sequences

g/e, below the desired cutoff, (¢/e).. Sequence highlighted in 5" TGTGCACA 3' 5' ACGTTGCA 3'

green illustrates that a target sequence in the ensemble is 3' ACACGTGT 5' 3' TGCAACGT 5'

randomly chosen to be kept, and all other sequences that bind to

it too strongly, €'/e > (€'/€)c, are removed (their complementary Mismatch Rules

sequences are also removed). 5' ACTGCTAC 3' 5' ACTGCAAC 3
3' TGACGTITG 5' 3' TGACGTITG 5'

Application of these rules to the complete ensemble

of 4 sequences not only informs the design of this optimal , Dangling End Rule ,
. . . °. e 5' ACTGCTAC 3 5' GTACTGCT 3
ensemble of different sequences with minimal misbinding, _, NN . L LyrErrir T
. . 3' CATGACGA 5 3' CATGACGA 5
but also provides an estimate for the largest number of i
unique sequences that can be combined during one-pot self- g
assembly (Table 1, see the full procedure in Supporting LOW Misbinding {e"/e} < (e"€)c
Information, Section S5). Interestingly, application of the
terminal mismatch rule results in the same number of sequences for all the hundred sequence ensembles
generated for each /, yet each of them contain a unique set of sequences. This may be because application
of the rule to a specific sequence corresponds to eliminating the other 15 (out of 16) different ways
nucleotides can be arranged at the terminal positions. We also noticed that due to the discrete nature of the
rules in Equations S2-5, there is a non-monotonic reduction of sequences across different lengths. For
example, the average number of permitted sequences after application of the double internal mismatch rule
for 6 nt sequences is higher than that for 7 nt (46 vs. 39, respectively) as mq* jumps from 1 to 2, respectively.
This results in the final number of sequences within a collection with €'/e < (¢'/¢). for an ensemble of 7 nt
sequences to be comparable with that of 6 nt sequences.

To verify that our optimal set does have low misbinding, we took the largest optimized ensemble
of 8 nt sequences we found, containing 48 sequences, and analyzed AG of all the possible interactions
(Figure 5b-c). Figure 5b reveals a nearly ideal energy distribution for self-assembly, with the native
interaction ¢ being generally well-separated in energy from both non-specific interactions €' and &'
Importantly, all sequences within this ensemble satisfy €'/e < (¢'/e).= 0.6 as desired (Figure 5c¢). However,
since the sequence design scheme ignores the potentially high misbinding that could result after the
formation of the dangling end, a small fraction of sequences can exhibit €'/e > (g'/€). (Figure S10). This
would still allow for reliable self-assembly if these problematic sequences were removed. Nevertheless, our
design scheme is able to create an ensemble of sequences with much smaller misbinding values (mean of
€'/e = 0.21 in Figure 5c) than ensembles that are randomly generated (mean of €'/¢ = 0.61 in Figure 2c), an
approach commonly used in experiments.'®'*** Thus our rational design procedure is expected to greatly
improve the chance of successful programmable self-assembly of various structures using DNA (collection
of sequences used in Figures 5c and S10 is provided in Supporting Information, Section S6).
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Table 1: Process of creating ensembles of sequences with low misbinding and corresponding limits on the size of
desired target structures.

Side of block sequence length / nt 6 7 8
Annealing temperature, T/e 4°C (0.052) [10°C (0.047) ]20°C (0.047)
Number of sequences in Complete Statistical Ensemble, 4' 4096 16384 65536
Number of non- palindromic or self-complementary sequences [3968 16128 65024
Average number of sequences after terminal mismatch rule (+  |240 (£0) 1024 (+0) 4032 (+0)

Standard Deviation, SD)
Average number of sequences after single internal mismatch rule |71 (58—84) 94 (82-108) 737 (696-770)
(minimum-maximum)
Average number of sequences after double internal mismatch 46 (32-56) 39 (30-52) 511 (478-550)
rule (minimum-maximum)

Average Number of sequences after dangling ends rule/ Average |3 (0-8) 6 (0-12) 33 (16-48)
Number of sequences in an ensemble with €'/e < (€'/€).
(minimum-maximum)

Largest chain of size NV possible 5 7 25
Largest square tile of size N X N possible® 2X2 2X2 4X4

Since the development of square tiles is prone to steric hindrance (Figure S4), these optimal sequence ensembles may
not be able to guarantee assembly of multiple copies of square tiles. However, such limits could still improve the yield,
as one factor that frustrates successful self-assembly, misbinding, is mitigated.

T ' | | NICE ©
a ! C
6f ° o : 206F-----qc-
. 'm w (2)
85} ed ° 1 1ol ® g e
= a} £ | EOA .
— m 3 L]
Sat . e ° 3 2 W
27 m, © st £ i
02'0 0 0 0' 80'2-___"___
1'.md* [ J 1 % ::
“ - ]
o~ : ‘ - 0 - 0
6 7 8 9 -20 -10 0 10 8 nt
Sequence length (nt) AG/k,T,

B 20°C

Figure 5. Designed ensembles of sequences with low misbinding. (a) Plot of sequence length (number of nucleotides)
vs. critical number of single internal (ms", blue dots), double internal (m.*, green dots), terminal mismatches (m.*, red
diamonds), and critical length of dangling ends (d", black dots), above which programmable self-assembly is possible
as €'/e < (&'/e). . The points are derived from Equations S2-S5, respectively, with a cutoff of (¢'/e). = 0.6 and T/¢
between 0.04 and 0.053. (b) DNA-hybridization energy histogram of -¢, -¢', and -&" each sequence within a designed
ensemble of 48X8 nt sequences would encounter. Dashed lines indicate the overall average -¢, -¢', and -¢". (¢) Plot of
largest misbinding, €'/¢, associated with each sequence in the ensemble. Points are horizontally offset for clarity.
Dashed lines indicate the mean and cutoff largest misbinding.

Moreover, we can estimate the limits of the size of target structures that can be successfully
assembled (Table 1). For reference, a chain containing N blocks requires 2(N-1) unique sequences (N-1
sequences and N-1 reverse complements) and a square tile of size N x N blocks requires 4N(N-1) unique
sequences. Interestingly, this sequence design scheme and analysis suggest that having longer sequences
does not immediately entail their larger number, viz. blocks, that can be used for self-assembly. For
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example, after application of our established rules, we find that the number of sequences in the 6 nt
ensembles, which can contain anywhere from 0 to 8 unique sequences (0 means that €'/e < (g'/g). = 0.6 was
not possible), is comparable to that of the 7 nt ensembles, which can contain 0 to 12 sequences.
Consequently, the sequences in some 7 nt ensembles may not be able to create chains as large as those in
some 6 nt ensembles. However, longer sequences can still generally increase the number of optimal
sequences within the curated ensemble and accordingly the maximum size of the target structure: we found
that an ensemble of 8 nt can contain a maximum of 48 optimal sequences after sequence optimization,
which could create a 4 X 4 tile that is larger than the 2 x 2 tile possible using a 6 or 7nt sequence. We note
that the maximum structure sizes denoted here are highly conservative since they were based on utilizing
the most stringent thermodynamic parameters that would allow for reliable and complete addressability
with perfect yield, i.e., a = 1. Larger structures could be synthesized by application of the rules with larger
(€'/e)., but at the expense of yield.

Conclusions

CG MD simulations combined with analytical models elucidate the range of temperatures and misbinding
energies that allow for the successful one-pot self-assembly of distinguishable blocks into intrinsically pre-
programmed structures. Accounting for the multimodal energy distribution (characteristic of DNA-based
assembly) in the CG model shows that the success of programmable assembly is determined not by the
random background misbinding, €"/e, but rather the strongest (closest to native) misbinding a sequence
encounters, €'/e. Since €'/e is associated with sequences that are highly similar to the reverse complement
of a chosen sequence, we were able to establish rules for generating optimal collections of sequences with
low misbinding, and to estimate the maximum possible sizes of DNA-based structures that can be self-
assembled with high fidelity and yield.

Importantly, our design scheme can not only increase the efficiency of one-pot self-assembly, but
in hierarchical assembly as well. Instead of combining, for example, two blocks per step during step-by-
step assembly,”'? our findings suggest that one can combine more blocks into each step, provided that the
development of smaller target substructures are not prone to steric hindrance problems. This would
dramatically improve the low yields of current hierarchically assembled structures, and perhaps decrease
the complexity involved in such assembly.

The present theoretical exploration provides initial guidance for experimental realization of
programmability, via ssDNA “functionalization”, for achieving self-assembled carbon-based architectures
for nanoelectronics.> Indeed, early attempts indicate that DNA functionalization of nanocarbons, such as
graphene® or CNTs* may be possible although a synthetically challenging task. Quantum transport
calculations also suggest that such components, even in presence of hydrogen-bonded junctions, may
adequately function as electron transport media between GNRs.”> DNA-functionalization may also improve
upon existing liquid-phase processing methods in creating highly compact and aligned nanosheets for
electronics.*’ ™ This molecular precision of nanosheet assembly can be accomplished both in 2D and
potentially 3D via the incorporation of multiple different DNA sequences on one edge™ and the use of
flexible linkers that enable additional shape (instead of solely chemical) complementarity.’” Our results also
have an interesting parallel to naturally assembled structures. Years of evolution have determined that three
nucleotides are optimal and sufficient to specify codons that can generate an overwhelming diversity of
proteins and biological structures. Similarly, we suggest that the energy scales associated with DNA specify
an optimal size and heterogeneity of sequences that can reliably self-assemble into a diverse gamut of
complex nanostructures.

Methods

Coarse-Grained Molecular Dynamics Simulations. NVT simulations are done at constant 7, constrained
in 2D, and under periodic boundary conditions. Blocks are treated as rigid bodies in LAMMPS.*® We use
a standard 12-6 LJ potential between colored beads, with 6 = 1 and a cutoff of 2.3c. The latter is used to
improve the alignment of blocks as they are incorporated into the growing structure. For each simulation,
all correct interactions were kept constant at a strength of € = 1, while all incorrect interactions were set at
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a constant strength of €', €" < ¢ = 1. Simulations were performed at different (7, €') and block area
concentrations p (through changing the simulation box sizes) to test if the desired target structure can be
successfully assembled under those conditions. To ensure that the target structure has enough time to
develop and is stable, simulations run until fluctuations in the potential energy dU < ¢ for a minimum
number of timesteps ?., with integration timestep 6t = 0.022 (Figure S1). As the more complex structures
require longer times to fully develop, the 7. were increased as necessary: £, ~ 20-50 X 10° timesteps for one
copy of the chains and simulated letters, but can reach as high as 10® timesteps to assemble 9 copies of the
N =10 chain.

Calculation of DNA hybridization energies and misbinding. The DNA hybridization free energy,
AG is calculated using the nearest neighbor model established by SantaLucia Jr and colleagues,*** which
provides experimental thermodynamic parameters for AH37-c and AS37ec of correct WC base-pairing, single,
double and terminal mismatches, and dangling-ends. These quantities can be used to calculate AG at the
various temperatures used in our study, AG(T) = AH37 - TAS37oc, as it’s widely-accepted that AH and AS
are largely independent of temperature for DNA* (see Supporting Information, Section S3, for more
details). We note that AG for two sequences with numerous mismatched base pairs, even in its most
energetically favorable alignment can lead to AG > 0, meaning -€" or -€’ can be greater than 0. In this case,
the corresponding misbinding, €'/e and €"/e are assumed to be 0 since thermodynamically unfavorable
binding would not result in attractive misbinding.

Design and application of rules to create optimized sequence collections. Equations for the
selection rules (such as the terminal and various internal mismatch rules), are formulated based on the of
the weakest complementary |AG| and the strongest possible mismatch/dangling ends |AG|, which would
consequently lead to the highest misbinding (see Supporting Information, Section S5 and Table S2 for the
detailed procedure, parameters, and derivation of Equations S2—S5 corresponding to the selection rules).
All the selection rules described are applied sequentially to every sequence. For example, the single internal
mismatch rule is applied in relation to the first sequence in the remaining ensemble (after application of the
previous rules). After eliminating all sequences in the collection that have m,< m," the same rule is applied
to the second sequence and its problematic sequences are removed. Once the rule is applied to the last
remaining sequence in the ensemble, the next rule is then used on the first sequence, and this sequential
process is repeated until all the rules are applied. Due to the sequential procedure, the sequence order in the
latter greatly influences the size and sequence types in the final list of optimal sequences. The “earlier”
sequences in the list will be used as a reference to discard others that appear later due to the high &'/ that
can occur. Thus, after obtaining a set of non-palindromic and non- self-complementary sequences from the
complete statistical ensembles, this list was randomly shuffled 100 times and then subjected to the
remaining rules to obtain 100 different ensembles per sequence length tested (Table 1).

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/...
Additional examples and details on the coarse-grained molecular dynamics simulations of
programmable structures; details on the calculation of DNA hybridization energies and alignments;
full procedure to generate, and examples of, optimized sequence ensembles (PDF)
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