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ABSTRACT: Although many models have been developed
to guide the design and implementation of DNA tile-based
self-assembly systems with increasing complexity, the
fundamental assumptions of the models have not been
thoroughly tested. To expand the quantitative understanding of DNA tile-based self-assembly and to test the
fundamental assumptions of self-assembly models, we
investigated DNA tile attachment to preformed “multi-tile”
arrays in real time and obtained the thermodynamic and
kinetic parameters of single tile attachment in various sticky end association scenarios. With more sticky ends, tile
attachment becomes more thermostable with an approximately linear decrease in the free energy change (more negative).
The total binding free energy of sticky ends is partially compromised by a sequence-independent energy penalty when tile
attachment forms a constrained conﬁguration: “loop”. The minimal loop is a 2 × 2 tetramer (Loop4). The energy penalty
of loops of 4, 6, and 8 tiles was analyzed with the independent loop model assuming no interloop tension, which is
generalizable to arbitrary tile conﬁgurations. More sticky ends also contribute to a faster on-rate under isothermal
conditions when nucleation is the rate-limiting step. Incorrect sticky end contributes to neither the thermostability nor the
kinetics. The thermodynamic and kinetic parameters of DNA tile attachment elucidated here will contribute to the future
improvement and optimization of tile assembly modeling, precise control of experimental conditions, and structural design
for error-free self-assembly.
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possesses almost doubled rigidity as compared with a DNA
duplex.30 DX tiles can be engineered to carry, display, and
propagate information by encoding single-stranded overhangs,
termed sticky ends, with designed matching rules. The sticky
ends can be programmed to be orthogonal so that only sticky
ends with complementary sequences can bind with each other,
while noncomplementary sticky ends are unlikely to stably
bind.31 Moreover, tile attachment through multiple sticky ends
is thermodynamically more stable than that with only a single
sticky end.32−34 Periodic assemblies including two-dimensional
(2D) lattices10,32,35 and nanotubes26,36,37 have been extensively
researched as either model systems or nanofabrication
templates. Remarkably, DX tile assembly was shown to be
Turing universal by abstracting DX tile as “Wang tile”.38,39 This
capability has been demonstrated with cellular automaton
patterns,40 DNA Sierpinski triangles,41 and algorithmic selfassembly systems with self-replication42,43 or binary counting
functions.44

tructural DNA nanotechnology provides a reliable
platform for precisely controlling bottom-up selfassembly on the nanometer scale. This is attributed to
the remarkable features of DNA molecules including the
programmability and speciﬁcity of Watson−Crick base pairing,
facile and aﬀordable DNA oligosynthesis, and the abundance of
DNA manipulation techniques.1−4 Particularly, the programmability of DNA enables the assembly of basic building units into
increasingly complex arbitrary shapes or patterns.2,3,5,6 The
toolbox of DNA tiles has been greatly enriched;7 motifs
including Holliday junction (HJ) tiles,8,9 double-crossover
(DX) tiles,10,11 paranemic-crossover (PX) tiles,12,13 multiarm
junction tiles,14−18 single-stranded tiles (SST),19−21 and
others22−25 have been successfully designed and assembled.
Structures built from DNA tiles can serve as templates to
arrange inorganic26,27 or biomolecules28 for electronic and
photonic applications or biomimetic functions. Although a
variety of tile motifs have been constructed for homogeneous
or heterogeneous tiling, the physicochemical properties of the
elementary steps in DNA tile-based self-assembly have not been
thoroughly experimentally quantiﬁed.
The DX tile is one of the most widely used DNA motifs. It
contains two crossovers to interweave strands together29 and
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Figure 1. Single tile attachments in the nucleation stage of tile-based self-assembly. (A) Example scenario of the assembly pathway with a
higher probability involves binding steps with either one or two sticky ends (1b or 2b). The red arrows indicate less thermodynamically stable
binding steps (1b, 1b-S, or 1b-L); the blue arrows indicate more thermodynamically favorable binding steps (2b-S or 2b-L); both arrows
repeat in an alternating manner. (B) Example scenarios of the assembly pathway with a lower probability involve the joining of preformed
clusters and successive 1b binding steps. The two processes shown here illustrate the formation of transient intermediates with 3b and 4b
binding sites, respectively.

The versatility of the DX tile predominantly relies on the
thermodynamic and the kinetic control of intertile binding
during assembly. A systematic study of tile nucleation and
growth will help to improve the robustness and reliability of the
DNA tile-based self-assembly system. Many tile assembly
models, including the abstract tile assembly model (aTAM), the
kinetic tile assembly model (kTAM), etc.,38,45,46 have been
developed to enhance the design, prediction, and implementation of tile assemblies. The reversible nature of DNA selfassembly is considered in the kTAM for a more physically
realistic understanding of assembly dynamics and assembly
error. In the kTAM, an assumption was made that “attachment
rates are constant and equal regardless of the number of correct
or incorrect bonds for a tile at the binding site”. The kinetics of
single tile attachment/detachment on a mica surface has been
quantiﬁed to support this assumption.33 However, the diﬀusion
rate of tiles on mica is slower than that in solution due to the
electrostatic interactions between tiles and the negatively
charged surface.47,48 Therefore, the kinetics of DNA tile
assembly in solution might be diﬀerent from the assumption
of kTAM as nucleation rather than tile diﬀusion becomes the
rate-limiting step. Moreover, other key assumptions of the
kTAM, including (1) the linear relation between the binding
strength and the number of bonds and (2) the eﬀects of
incorrect bonds on thermodynamics or kinetics, have not yet
been tested in aqueous solution.
To assemble a 2D lattice, the DX tiles attach to one another
through sticky ends to form small clusters (nucleation stage);

extended structures are assembled by subsequent attachment of
single tile or other clusters of tiles (growth stage). In this study,
we categorized and deﬁned the scenarios of single tile
attachment by the number of correctly formed bonds (e.g., 1b
stands for 1-bond attachment, 2b stands for 2-bond attachment
and so on) and the arrangement of sticky ends (e.g., L and S
stand for “long” or “short” orientation of 2b attachment). An
example scenario of the nucleation stage is illustrated in Figure
1A. In this stage, the favorability of a step is mainly determined
by its thermostability. Favorable (2b) and less favorable (1b)
steps repeat in an alternating manner: a 1b step could induce
one or more subsequent 2b steps, driving the system toward
the formation of larger complexes. Smaller tile clusters may
bind with one another through single or multiple sticky ends to
form a larger cluster (Figure 1B), resulting in binding sites with
three or four sticky ends. Consequently, a 3b or 4b step will
follow. The 3b and 4b steps are relatively rare in the nucleation
stage because multiple successive 1b steps must occur
sequentially to create such binding sites. The majority of
favorable binding steps are 2b steps, either with a “long”
orientation (2b-L) or with a “short” orientation (2b-S)33
(Figures 1A and 2B,C). In the nucleation stage, it is possible
that the tile clusters disassemble completely before a nucleus
with a critical number of tiles forms. Once a critical nucleus
forms, a single less favorable step could create a series of
favorable binding sites with multiple sticky ends, thus
accelerating growth.34 The assembly transits into the growth
stage.
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Figure 2. Structural designs for the thermodynamic and kinetic measurements in this study. (A−E) DNA helix model of the ﬂexible multimers.
The circles represent the sticky end arrangements of the corresponding binding sites. Each quadrant corresponds to one sticky end pairing.
From top to bottom: tile monomer with 1b, trimer with 2b-L, trimer with 2b-S, 5-mer with 3b, 7-mer with 4b, all bind with a tile monomer
carrying four sticky ends. Matching colors represent complementary sequences. (F) DNA helix model of the rigid 4b (R4b) multimer. The
shaded subunit is the additional tile to encircle the 4b binding site. The bold circle represents the sticky end arrangements of the rigid binding
sites. Each quadrant corresponds to one sticky end pairing. The strand sequences are listed in the Supporting Information. (G) Left: For
thermodynamic measurement, the pair of green sticky ends were labeled with 6-FAM (green) and TAMRA (red); right: for kinetic
measurement, one of the green sticky ends was labeled with 6-FAM. (H) Morphologic observations of the corresponding multimers before
and after DAE-E tile attachment by AFM, respectively. Scale bar: 50 nm.

with a J1 junction sequence so that all the DAE-E tile subunits
in the multimers had similar structural distortion induced by
Holliday junction isomerization.50−53 Fluorescent reporters (6FAM and TAMRA) located at one pair of the sticky ends (SE1/1*, green) were employed to monitor the local environment
of the binding site (Figure 2G). The variation of the 6-FAM
intensity was recorded (1) with temperature on a slow
temperature ramp to derive the thermodynamic parameters
and (2) with time after equimolar mixing under isothermal
conditions to derive the kinetic parameters. We observed that
(1) the binding free energy is linearly correlated with the
number of bonds; (2) an energy penalty must be overcome
when tile is attached by two or more bonds; (3) the on-rate of
tile attachment depends on the local steric eﬀects of the binding
site; (4) mismatched sticky ends neither contribute to a
signiﬁcant energy beneﬁt nor bring any energy penalty. We
attributed the energy penalty to the formation of a constrained
conﬁguration, termed “loop”, by multivalent tile attachment. A
single loop comprises tiles that are in series attached into a ring.
The free energy changes of all the binding scenarios in this
study can be described as a linear combination of sequencedependent bond strength and sequence-independent loop
penalty assuming no interloop tension. The model is termed
the independent loop model (ILM).

We hypothesize that diﬀerent geometric arrangements of
sticky ends would result in distinct thermodynamic and kinetic
properties. Especially for the 2b-L and 2b-S scenarios, the
distance between two sticky ends could determine their
cooperativity and further aﬀect binding aﬃnity.49 There could
also be energy penalty when a tile must be distorted to ﬁt into
the binding site,38 resulting in constrained product. Moreover,
the local binding site that provides either correctly matched
sticky ends or a mismatched sticky end may also aﬀect the
attachment rates. A quantitative comparison between these
scenarios would shed light on the eﬀects of the molecular
environment on intermolecular interactions and the corresponding energetics and kinetics.
A DAE-E tile motif29 (D, double crossover; A, antiparallel; E,
even number of helical half-turns between crossovers within the
tile and between neighboring tiles) was chosen as the building
unit to design a series of binding sites for a monomer DAE-E
tile to attach. Tile multimers containing two to eight DAE-E tile
subunits were constructed by sealing selected nick points
between neighboring tiles (detailed designs in the Supporting
Information, section 3). Each tile multimer carried a welldeﬁned binding site with a desired number and geometric
arrangement of sticky ends (Figure 2A−F). The sticky ends
involved in binding were designed to have unique sequences,
while the other ends of the DNA helices were extended with 5
thymines to prevent nonspeciﬁc stacking between the tile
multimers. The four base pairs at the crossovers were assigned
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Figure 3. (A) Structural designs of additional rigid binding scenarios. DNA helix model of rigid 1b-3b (R1b-R3b) multimers. (B,C) Melting
temperature (Tm) and standard free energy change (ΔG°) of single tile attachment to multimers with an increasing number of bonds. (B)
Values of Tm for the ﬂexible (1b-4b) and rigid (R1b-R4b) binding scenarios through variable numbers of sticky ends. Both 2b-L, 2b-S and
R2b-L, R2b-S scenarios were shifted horizontally for better comparison. (C) Values of ΔG° for the ﬂexible (1b-4b) and rigid (R1b-R4b)
° and the corresponding ΔG° suggests the
binding scenarios through variable numbers of sticky ends. The diﬀerence between the sum of ΔGSE
existence of energy penalty in tile attachment.

RESULTS AND DISCUSSION
Characterization of Multimer Formation and Single
Tile Attachment Using AFM. The morphologies of multimers before and after tile attachment were characterized with
atomic force microscopy (AFM) (Figure 2H). All of the
multimers were formed as designed and could bind to a single
tile to produce the corresponding product. The observed
morphologies might result from the slightly distorted DX tile,54
electrostatic repulsion between DNA helical backbones,55 and
also the structural dynamics56 of the DNA nanostructures that
freeze upon deposition on the mica surface.
Taking 2b-S trimer as an example, a gap was observed
between the two arms carrying the sticky ends due to the lack
of local crossovers between the two arms to ﬁx their relative
orientations. Although two reciprocal crossovers exist between
the two central helices, they are at least ﬁve helical turns (∼17−
18 nm) away from the sticky ends. The spatial positions of the
two sticky ends were not adjacent to each other as shown in the
scheme (Figure 2C and Figure S27). The actual distance was
ampliﬁed by the bending of DNA central helices around the
middle crossover. The 2b-L trimer may be equally distorted as
the 2b-S trimer from the “ideal” conﬁguration (Figure 2B). The
3D bending of the central helix in the 2b-L trimer had become
ﬂattened in the 2D projection when it was deposited onto the
mica to maximize the contact with the substrate. In all cases, the
ﬂexibility and dynamic motions of the multimers decreased

signiﬁcantly with the multivalent binding of a newly attached
tile (Figure 2H; additional AFM images in Figures S26−S30).
The double crossovers in the newly attached DAE-E tile
restricts the bending of the DNA helices and the distortions of
the multimer. An energy cost is involved in this process.
Thermodynamic Measurement of Single DAE-E Tile
Attachment. For thermodynamic measurement, one strand of
the DAE-E tile was modiﬁed with TAMRA (acceptor). Another
strand of the multimer was modiﬁed with 6-FAM (donor)
(Figure 2G). Eﬃcient Förster resonance energy transfer
(FRET) only occurs when the 6-FAM-modiﬁed multimer and
TAMRA-modiﬁed DAE-E tile assemble, which allows real-time
observation of the attachment/detachment process with a
quantitative polymerase chain reaction (qPCR) system. In a
typical thermodynamic measurement, the ﬂuorescence intensity
of 6-FAM was recorded for two sets of replicated samples: one
set was labeled with FRET donor (Idonor), the other one was
labeled with both donor and acceptor (Idonor/acceptor). The
donor-only sample contained the 6-FAM-modiﬁed multimer
and the unmodiﬁed DAE-E tile, which accounted for the
ﬂuctuation of 6-FAM intensity with temperature change. The
diﬀerence in intensity between Idonor and Idonor/acceptor (ΔI =
Idonor − Idonor/acceptor) was calculated and normalized to obtain
the fraction of attached tile (θ), which varies from 0 (high
temperature) to 1 (low temperature) (details in the Supporting
Information, section 1). The transition temperatures (Tm and
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negative ΔG° compared to the 1b cases. Both scenarios have
free energy changes signiﬁcantly smaller than the sum of the
two ΔGSE
° involved, which indicates that an energy penalty is
present since the tetrameric product complex is constrained
due to the formation of a closed “loop” (Loop4 penalty,
ΔG°Loop4). The 2b-S attachment (Tm = 41.7 ± 0.2 °C, ΔG°2b‑S =
−14.3 ± 0.3 kcal/mol) is more stable than the 2b-L (Tm = 35.1
° = −12.3 ± 0.1 kcal/mol). SE-1 is shared by
± 0.1 °C, ΔG2b‑L
both scenarios, while SE-2 in 2b-S is stronger than SE-3 in 2b-L
by a ΔΔG° of −1.6 kcal/mol (Table S2). The diﬀerences in
thermostabilities (∼2.0 kcal/mol) between 2b-S and 2b-L are
largely accounted for by the diﬀerent sequences of sticky ends,
rather than the diﬀerent geometrical arrangements of the sticky
ends. Similar amount of energy penalty has to be overcome in
both scenarios since the tetrameric product complexes (Loop4)
are equally constrained.
3b and 4b Binding of a DX Tile with Multimers. With an
increasing number of bonds formed, the Tms of 3b and 4b are
44.0 ± 0.2 and 45.8 ± 0.1 °C, respectively. The corresponding
trend of ΔG° is consistent with the trend of Tm, as more sticky
end base pairings contribute to more stable binding, which
requires a higher temperature to dissociate. For n-bond
attachment (n = 1−4), the sum of ΔG°SE and the experimentally
measured binding free energies are linearly correlated with the
number of bonds (Figure 3C). The diﬀerence between the sum
of ΔG°SE and the experimental ΔG° reﬂects the energy penalty,
which is proportional to the number of bonds. Comparing the
AFM images before and after tile binding, the interaction of the
incoming tile with the ﬂexible multimers requires a
reconﬁguration of both to adapt to a more rigid and compact
conformation in the bound state (Figure 2H). During this
process, more of the constrained Loop4s are formed for larger
multimers carrying more sticky ends.
Despite the higher entropic penalties for 3b and 4b, the
higher enthalpy gain determines the overall free energy
favorability. However, theses types of attachment with more
than two sticky ends are not considered to be primary
contributors in the nucleation stage of tile-based assembly,
although they may appear after cluster−cluster association.
Sources of Energy Penalty. The existence of energy
penalty in the DNA tile assembly has been reported
previously.62 The enthalpy and entropy change of DNA
nanotube polymerization has been quantiﬁed using total
internal reﬂection ﬂuorescence (TIRF) microscopy.62 Ideally,
DNA nanotube elongation involves only 2b-S attachment. The
ΔH° and ΔS° were reported as −87.9 ± 2.0 kcal/mol and
−0.252 ± 0.006 kcal/mol·K, respectively, for DAO-O tiles with
6-nt sticky ends;62 so that the ΔG° at 25 °C is −12.8 ± 2.0
kcal/mol. If we only consider the sequence-dependent variation
of the sticky ends by the NN model and take the reported free
energy penalty for duplex hybridization initiation (ΔGinitiation
°
≈
1.90 kcal/mol) into account,58 the free energy change to attach
a single tile through two 6-nt sticky ends to the end of a DNA
nanotube can be calculated to be −18.9 kcal/mol (see
Supporting Information, section 3 for details). The ∼6 kcal/
mol diﬀerence between the NN model calculation and the
experimental result suggests that additional energy penalties
exist, for example, structural distortion and intertile repulsions.62
The energy penalties have not been considered in the
theoretical calculation, especially for the cases when constrained
loops are formed. The tension of constrained loops is
evidenced by the observation of a gap between the parallel

Tf) and widths (w) were identiﬁed by ﬁtting the ﬁrst derivative
of θ versus temperature (T) with a Gaussian function. All
scenarios showed reversible transitions with overlapping
heating and cooling curves (Figures S9−S17); the Tm and Tf
values for the same scenarios were within 0.4 °C (Tables S3−
S8), which indicated that the samples reached equilibrium state
at temperatures relevant to binding. The equilibrium constant
(Keq) was calculated from θ and the initial concentrations of the
multimer and tile (C0) assuming a two-state reaction. Standard
enthalpy (ΔH°) and entropy (ΔS°) changes were obtained
from the van’t Hoﬀ plot in the transition temperature range.
Finally, the standard Gibbs free energy change (ΔG°) at 25 °C
for each scenario was calculated from ΔH° and ΔS°. All of the
thermodynamic parameters processed from FRET data are
summarized in Tables S3−S9.
1b Binding of Two DX Monomers. The default 1b scenario
involves monovalent binding (SE-1/1*) between two DAE-E
tiles, which has a Tm below the lower temperature limit (25 °C)
of the qPCR system used. Thus, the thermodynamic
parameters for the series of 1b scenarios were measured
using a ﬂuorometer. The Tm of the default 1b scenario is 16.4 ±
0.4 °C, ΔG°1b is −8.7 ± 0.1 kcal/mol. Since the experimental
concentrations of the tiles are generally in the 10−100 nM
range, the assembly yield is expected to be less than 20% at
room temperature. Therefore, the tile dimers or trimers
associated solely with one sticky end are quite labile at room
temperature.
The standard binding free energy change of each individual
pair of sticky ends (ΔGSE
° ) was measured by the UV thermal
curves of hairpin pairs (Table S2). The ΔGSE
° of SE-1/1*
without dye labeling was measured to be −10.1 ± 0.2 kcal/mol.
The +1.4 kcal/mol diﬀerence between the ﬂuorescence and UV
thermal results may be attributed to the dye eﬀect that
destabilizes the pairing of sticky ends. The theoretical ΔG°SE,theor
calculated from the nearest-neighbor (NN) model57−59
(including coaxial stacking base pairs ﬂanking the sticky end)
is approximately −8.4 kcal/mol for the same sequence. Since
there is still uncertainty about the energy of dangles60 and
nicks61 in the NN model, the sum of experimentally measured
ΔG°SE of the sticky ends involved in binding was used as the
reference standard to compare with the measured free energy
changes of the corresponding scenario (ΔG°) (Figure 3C).
1b-L and 1b-S Binding between a DX Tile and a Prelinked
Dimer. Besides default 1b, we studied two more 1b scenarios:
1b-L and 1b-S (illustrated as the unfavorable steps in Figure
1A). The 1b-L dimer carried a binding site without any
neighboring tile, while the 1b-S dimer carried a binding site
ﬂanked by a neighboring tile. The 1b-S attachment (Tm = 15.7
± 0.1 °C and ΔG° = −8.6 ± 0.1 kcal/mol) was slightly less
stable (<1.0 °C and ∼0.1 kcal/mol) than the 1b-L and default
1b. Although the incoming tile in 1b-S was expected to
experience more steric hindrance and electrostatic repulsion as
compared to 1b and 1b-L, the slight diﬀerence between ΔG°1b‑L
and ΔG1b‑S
° suggests that when tiles are forced into sideway
proximity in the product complex, the energy penalty is mostly
relieved as long as the tile is not “locked” into the product by
two or more bonds. The presence of nick points between
individual DAE-E units within the multimer grants the 3D
ﬂexibility inherent in DNA tile assemblies, approaching energy
minimum by some degree of structural distortions (e.g.,
outward helical bending).
2b-S and 2b-L Binding of a DX Tile with Trimers. 2b-S and
2b-L scenarios showed signiﬁcantly higher Tm and more
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were employed for studying these more rigid tile binding
scenarios.
All the thermodynamic parameters calculated from the FRET
data are summarized in Table S4 and plotted in Figure 3B,C
(along with the ﬂexible multimers for direct comparison). As
additional bonds contribute to a more stable binding, all the
rigid binding scenarios maintained the same trends of transition
temperatures (Tm and Tf) and ΔG°. Compared to the ﬂexible
versions (1b-4b), the Tm of the rigid scenarios improved by
∼1−5 °C for the R2b-S, R3b, and R4b but remained
unchanged for R1b and R2b-L.
The encircled octamer provides a cavity with increased local
crowdedness at the binding site (penalty) and simultaneously
conﬁnes the movement of sticky ends (beneﬁt). From a loop
point of view, the R1b-R4b octamers (ΔGreactant
°
) contain a
° ). For R1b, R2b-L, and R2b-S, the Loop8 does
Loop8 (ΔGLoop8
not change before and after the attachment of a new tile, but for
R3b and R4b, the Loop8 disappears after the tile attachment.
Independent Loop Model. The ILM (Figure 4) was
proposed to explain the experimental free energies of scenarios

helices in DNA origami and tile arrays, which results in doublehelix bending.44,63
To quantify the free energy change of formation (ΔGf°) for
°
) and the loop penalty
an arbitrary tile complex (ΔGcomplex
(ΔG°Loopn, n denotes the number of tiles composing the loop),
we made the following assumptions:
1. For any tile motif of interest, the sequence-dependence
of the free energy change is primarily conﬁned to the
sticky end interactions.
2. Sealing nicks within the tile multimers has minimal eﬀect
on either thermodynamics or kinetics of the single tile
attachment through sticky ends.
3. A loop penalty (ΔGLoopn
° ) is deﬁned as the energy penalty
to attach a tile to form a constrained loop of n tiles.
ΔG°Loopn is sequence-independent and exclusively determined by the size of the loop (Figure 4B).
4. The ΔGf° of the reactant complex (ΔGreactant
°
) is deﬁned
° ; if the reactant complex does not
as the sum of ΔGLoopn
contain any closed loop, it is considered to be
unconstrained, ΔG°reactant is set as 0 (Figure 4A).
5. The ΔG°f of the product complex (ΔG°product) is deﬁned
° of the newly formed bonds and
as the sum of ΔGSE
° .
ΔGLoopn
6. The free energy change for a binding scenario is deﬁned
as the diﬀerence between the product complexes and the
reactant complexes.
°
ΔG binding
=

°
°
− ∑ ΔGreactant
∑ ΔGproduct

(1)

The free energy change of a single tile attachment depends
mainly on the identity of sticky ends (length and sequence) and
the conﬁguration of the complex. The loop penalty includes
loop entropy, electrostatic repulsion and structural distortion to
overcome when attaching a tile to form a closed loop. The loop
penalty depends on the tile motif and it is probably smaller for
shorter DX tile (e.g., 12 nm DAO-E tile)10 than the longer ones
(e.g., 14 nm DAE-E used here).
Based on the principle of thermodynamic equivalency, the
formation of Loop4 via either of the two-step pathways, “1b-L
and 2b-L” or “1b-S and 2b-S” (Figures 1A and S6), should have
the same free energy change. The diﬀerences between the
measured free energy changes of the 2b binding (ΔG2b‑S
° and
° ) and the sum of the two speciﬁc ΔGSE
° involved was
ΔG2b‑L
attributed to ΔG°Loop4, that is, ΔG°Loop4 = ΔG°2b‑S − (ΔG°SE‑1 +
ΔG°SE‑2) = ΔG°2b‑L − (ΔG°SE‑1 + ΔG°SE‑3). ΔG°Loop4 was quantiﬁed
as +4.8 ± 0.1 kcal/mol at 25 °C (Table S10). The dye eﬀect
was treated as a systematic error and corrected in the
calculation. It is noted that the size of a loop is not limited
to 4 tiles; larger loops of 6 or 8 tiles also exist in DNA tile-based
self-assembly when errors of sticky end pairing occur or a tile is
missing in the middle of a tile array.
Thermodynamic Measurement of a Single DAE-E Tile
Embedded into an Encircled Octamer. To better understand the thermodynamic aspect of single tile attachment and
to conﬁrm the idea of the loop penalty, an octamer (Loop8)
with a rigid 4b (R4b) central binding site was generated by
adding an extra DAE-E subunit onto the ﬂexible 4b multimer to
encircle the binding site (Figure 2F). A series of octamers with
fewer sticky ends at the central cavity were derived from this
R4B structure by omitting 1−3 sticky ends (Figure 3A), while
keeping the remaining sticky ends and coaxial stacking base
pairs to accommodate the original DAE-E tile in the cavity. A
similar ﬂuorescent labeling strategy and thermodynamic ramps

Figure 4. Independent loop model. (A) Free energy of formation of
an arbitrary reactant is deﬁned as 0 if it does not contain any closed
loop. (B) Loop penalty is deﬁned as the free energy loss to attach a
tile (gray) to close a constrained loop. Loops of 4, 6, and 8 tiles are
marked with red, green, blue circles, respectively. (C) Example
scenario (R3b) of the linear combination of sticky end energy and
the loop penalties. (D) Plot of experimental free energies vs
predicted free energies of all the scenarios in this study.

° and the sequenceby a linear combination of the ΔGSE
independent loop penalties associated with the tile conﬁgurations (i.e., ΔG°Loop4, ΔG°Loop6, ΔG°Loop8). The ILM assumes no
interloop tension, that is, the formation of a new loop at the
growth frontier does not aﬀect the energy of pre-existing loops;
therefore, the energy change of an arbitrary scenario is
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decomposed into the sum of the ΔG°SE and integeral multiples
of loop penalties (Table S11):
°
ΔG binding
=

exponential factor (A) from the Arrhenius plot (Figure S23 and
Table S20).

°
°
∑ ΔGSE° + xΔG Loop4
+ yΔG Loop6
°
+ zΔG Loop8

(2)

where x, y, and z are integers that vary with the binding
° ,
scenarios. A “least square” ﬁt was used to derive ΔGLoop4
° , and ΔGLoop8
°
from the experimentally measured
ΔGLoop6
ΔG°binding and ΔG°SE (Figure 4D). The ILM could ﬁt the data
by perturbing the ΔGSE
° by no more than 0.4 kcal/mol. The
° , ΔGLoop6
° , and ΔGLoop8
°
were ﬁtted to be +5.7
values of ΔGLoop4
± 1.0, +6.8 ± 2.1, and +7.6 ± 2.8 kcal/mol, respectively. The
errors represent the ﬁtting uncertainty.
To generalize the idea of loop penalties to DNA tile-based
self-assembly, we used this idea to consider the energy penalty
during the growth of a nanotube of DX tiles with n·tile
circumference. A new Loop4 forms when a new tile attaches to
the end of the nanotube. The average energy penalty for a
single tile attachment at the growth stage of a DNA tube or
lattice equals to ΔG°Loop4. We experimentally measured the free
energy change of a DNA nanotube in the growth stage (Figure
S21). The ΔGLoop4
°
was deduced from the diﬀerence between
° and the measured free energy change of tube
the sum of ΔGSE
growth. Assuming that tube growth is exclusively through 2b-S
scenario, ΔG°Loop4 was calculated to be +3.1 ± 0.4 kcal/mol.
°
is expected to reduce when the binding site is on a
The ΔGLoop4
tube growth frontier (Figure S20) because the frontier tiles
have less ﬂexibility than a 2b-S trimer which is present in the
nucleation stage.
In addition to the previously revealed tile curvature,64 curved
tile connection36 and the anisotropy of tile geometry,65 the
thermodynamics could also account for the formation of long
ribbons or tubes of 2D DX tile arrays. The nonuniform
aﬃnities of the individual sticky ends favor the tile attachment
along the diagonal axis of the stronger sticky end. During the
cooling ramp of annealing, the stronger sticky ends associate
earlier than the weaker sticky ends. The free tiles are
preferentially consumed by the elongation of lattice along the
axis with a larger free energy decrease.
Kinetic Measurements of Single DAE-E Tile Attachment. For the kinetic measurements, a 6-FAM was modiﬁed
adjacent to a rationally designed sticky end (SE-1) on the
multimers,66 while the DAE-E tile was unmodiﬁed. The
emission of 6-FAM was partially quenched by a guanine
located in the single-stranded SE-1 by photoinduced electron
transfer.67−70 The hybridization of SE-1 by the DAE-E tile
enhances the ﬂuorescence intensity as the guanine is isolated
from the 6-FAM. The ﬂuorescence enhancement could be
monitored isothermally over time immediately after mixing.
The temperature ranges for the kinetic measurements were
determined by the acquired thermodynamic parameters. The
highest temperature for the kinetic measurements was chosen
to be at least 15 °C below the corresponding Tm to ensure the
dominance of the forward reaction in the ﬁtting function. Thus,
the temperature range was chosen from 12 to 20 °C with 2 °C
intervals (or 12−21 °C with 3 °C intervals). The kinetic curves
(6-FAM intensity vs time) were ﬁtted with a second-order
reaction model to obtain the rate constant (k, detailed ﬁtting
model in the Supporting Information, section 1). The rate
constants were measured at 4−5 diﬀerent temperatures (Figure
5 and Table S14) to obtain the activation energy (Ea) and pre-

Figure 5. Rate constants of diﬀerent binding scenarios. More sticky
ends contribute to the faster on-rate under isothermal conditions,
which is dependent on nucleation accessibility. The dashed lines
are guides for the eye.

Under the experimental conditions, the rate-limiting step is
the “nucleation” of complementary sticky ends, which is a
borrowed term that describes the correct recognition of a few
base pairs (3−4-nt) to initiate the hybridization.71−73 After
successful “nucleation”, a relatively rapid “zipping” step follows
to accomplish the optimal base pairing and stacking. The
binding rate is determined by the “nucleation” energy barrier,
the accessibility of the binding site and the possibility of
eﬀective collision.74,75
The second-order rate constant k increases with the number
of sticky ends as more bases are available for “nucleation”. At 18
°C, the rate constant of 2b-L scenario (1.52 ± 0.02 × 106 M−1·
s−1) is approximately 1.5-fold of 2b-S scenario (1.02 ± 0.01 ×
106 M−1·s−1), although 2b-S is thermodynamically more stable.
The rate constants of 3b and 4b were 1.67 ± 0.02 × 106 and
2.20 ± 0.04 × 106 M−1·s−1 at 18 °C, respectively (Figure 5 and
Table S14). More sticky ends contribute to better nucleation
probability, but sticky ends with diﬀerent sequences contribute
diﬀerently. The improved nucleation probability is partially
balanced out by a reduced accessibility to the binding site
embedded in a bulkier multimer.
To rule out the sequence dependence of binding rates, we
designed a “2b-L[S]” trimer by replacing SE-3 in the 2b-L
trimer by SE-2. The resultant 2b-L[S] trimer carries not only
the identical sticky ends as 2b-S trimer but also the identical
coaxial stacking base pairs. This modiﬁcation reduced k to 0.84
± 0.01 × 106 M−1·s−1 at 18 °C (Figure 5). The 2b-S scenario is
∼20% faster than 2b-L[S] when the same sticky ends are
involved. The kinetics of tile attachment showed strong
sequence dependence,76 possibly due to the formation of
secondary structures within the same sticky end or between
neighboring sticky ends. Compared to the faster kinetics of
DAE-E tile dimerization with two 5-nt sticky ends (1.94 ± 0.08
× 106 M−1·s−1 at 18 °C),66 two factors may result in the slower
kinetics of the 2b-L and 2b-S attachments: the translational and
rotational diﬀusion rates of the trimers are slower than a single
DAE-E tile; moreover, the 2b-L and 2b-S attachments are more
analogous to the semirigid dimerization scenario66 regarding
multimer ﬂexibility.
Steric crowding eﬀects could also aﬀect kinetics. In 2b-S
trimer, each sticky end is ﬂanked by a 5-thymine sequence
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Figure 6. Thermodynamics and kinetics of tile attachment with error. (A) DNA helix model of the binding scenarios with perfect 3b, and the
modiﬁed cases of the same 3b multimer with one incorrect sticky end (gray x) or a blunt end (one sticky end chopped oﬀ). (B) Comparison
of the melting temperature (Tm) and standard free energy change (ΔG°) of the binding scenarios shown in (A). The 3b, 2b-L, and 2b-S data
are plotted as dashed lines for comparison. (C) Comparison of the rate constants of the binding scenarios shown in (A). The 3b, 2b-L, and 2bS data are plotted for comparison.

The thermodynamic parameters of the erroneous scenarios
and controls were plotted along with the above-mentioned 2bL, 2b-S, and 3b for comparison (Figure 6B, data in Table S5).
The error and blunt scenarios are signiﬁcantly less stable than
the 3b scenario, but they are comparable to the corresponding
2b scenarios (Figure 6B). The presence of a mismatched sticky
end and two extra tile subunits in the modiﬁed multimer has
minimal impact on the binding stability as long as the correct
sticky ends remain the same. It is likely that the extra tile
subunits bend away from the binding site and do not interact
with tile attachment. The diﬀerence between ΔG2b‑L
° and ΔG2b‑S
°
still holds for ΔG2b‑L‑error
°
and ΔG2b‑S‑error
°
(∼1.8 kcal/mol),
which reﬂects the diﬀerent total ΔG°SE between the L and S
scenarios.
The binding kinetics was examined over a temperature range
from 12 to 20 °C (12 to 21 °C for the 2b-S scenarios).
Compared to the 3b scenario, the binding rate decreases by 8
and 57% for 2b-L-error and 2b-S-error, respectively (Figure
6C). This is consistent with the fact that reducing the number
of matching sticky ends reduces the binding rate by decreasing
available nucleation site. Notably, the binding rates of 2b-Serror and 2b-S-blunt are 24 and 14% lower than that of 2b-S,
possibly due to the presence of the extra subunits neighboring
the binding site which reduces binding site accessibility. The
binding rates of various 2b-L scenarios are similar. Despite the
bulky 2b-L-error/blunt multimer, the subunit carrying the
mismatched sticky end is repelled oﬀ and tilted away from the
binding site as evidenced by the morphology of the 3b
multimer before binding (Figure 2H), thus the exta subunits
cause little steric hindrance. From these observations, we
conclude that the primary determining factor for the slower
binding rate of 2b-S compared to 2b-L is the sequence of the
sticky ends. Another noticeable inﬂuencing factor is the steric
crowding eﬀects on the nucleation probability.

extended from the neighboring helix that partially blocks the
binding site. The 5-thymine sequences adjacent to the binding
sites are lacking in the 2b-L trimer. We found that this subtle
structural diﬀerence did aﬀect the kinetics. In a control sample,
when the two 5-thymine sequences were removed (2b-S-no
5T) (Figure S3), the rate constant of 2b-S increased, exceeding
that of the 2b-L scenario in the original design and became 2fold as fast as the 2b-L[S] (Tables S16 and S18). Removing
these 5-thymine sequences not only eliminated any transient
secondary structure, but also reduced steric hindrance at the
binding site.
In the growth stage, the 2b-S attachment is expected to
accelerate when the binding site is located on the growth
frontier of a more rigid, extended lattice (in analogous to the
rigid tile dimerization66), which beneﬁts the possibility of
successful “nucleation”. In this case, the rate of 2b-S attachment
may reach the upper limit of DAE-E tile dimerization (Figure
S20). This kinetic diﬀerence may lead to distinct morphology
of the ﬁnal product (e.g., tubes or long narrow ribbons), which
reveals the preference of 2b-S pathway over 2b-L.
The natural logarithms of the pre-exponential factor A and
the activation energy Ea derived from the Arrhenius plots are
similar for all the scenarios (in the ranges of 23.5−29.7 for ln A
and 5.6−9.2 kcal/mol for Ea). The slowest 2b-S scenario is
mostly determined by the highest Ea. It should be noted that 2b
scenarios present A and Ea values comparable to that of a
semirigid dimer comprising a DAE-E tile and Holliday
junction.66 With an increased ﬂexibility, although the energy
cost of distortion and bending of DNA helices to initiate
binding is reduced, the probability of successful collision also
decreases. The rate constant of tile binding reﬂects a
consequence of sequence dependence, structural ﬂexibility
and the accessibility of the binding site.
Thermodynamics and Kinetics of Tile Attachment
Through One Incorrect Bond. Errors may occur when tiles
assemble, especially under highly supersaturated conditions. We
constructed binding sites with a mismatched sticky end (error)
to study how the thermostability and binding rates are aﬀected
by the error. One of the three sticky ends in the 3b multimer
was replaced by 5-thymine (Figure 6A) to serve as a model
scenario with an error (referred to as 2b-L-error and 2b-Serror). The 5-thymine error was then eliminated to serve as a
blunt-end control (referred to as 2b-L-blunt and 2b-S-blunt).

CONCLUSIONS
In summary, we used ﬂuorescence-based technology to monitor
diﬀerent binding scenarios that could take place when DX tiles
self-assemble into larger tile arrays and investigated their
thermodynamic and kinetic properties. The independent loop
model was proposed to account for the thermodynamics of all
the scenarios studied, the model parameters of the ILM can be
generalized to predict the energy of arbitrary tile conﬁgurations.
9377

DOI: 10.1021/acsnano.7b04845
ACS Nano 2017, 11, 9370−9381

Article

ACS Nano

acetic acid 20 mM, EDTA·Na2·12H2O 2 mM, (CH3COO)2Mg·4H2O
12.5 mM) and then annealed from 90 to 4 °C in about 12 h. The
annealing procedure was as follows: the sample was ﬁrst heated to 90
°C, then the temperature was reduced from 90 to 71 °C at 1 °C/5
min, from 70 to 41 °C at 1 °C/15 min, and from 40 to 26 °C at 1 °C/
10 min. The temperature was held for 30 min at 25 °C then incubated
at 4 °C until use. The annealing procedure was processed with an
automated polymerase chain reaction (PCR) thermocycler (Mastercycler Pro, Eppendorf).
Thermodynamic Measurements. Fluorescence thermal curves
were measured in optical tube strips using an Mx3005P quantitative
PCR system (Agilent Technologies), which is a real-time thermocycler
equipped with a ﬂuorescent 96-well plate reader. The DNA strands
were mixed in equimolar amounts at ﬁnal concentrations of 100 nM in
1× TAE/Mg2+ buﬀer. The DAE-E tile was modiﬁed with TAMRA
(FRET acceptor), and the multimer were modiﬁed with 6-FAM
(FRET donor). When binding occurs, the two dyes come closer and
FRET is monitored. The mixtures of the strands (30 μL) containing
only the donor (the strand labeled with TAMRA was replaced with an
unlabeled strand of the same sequence) or both the donor and
acceptor were pipetted in the optical tubes, covered with optical
transparent caps, and placed in the thermocycler. The ﬂuorescence
intensity of 6-FAM emission was monitored at 522 nm with excitation
at 495 nm at 1 min intervals throughout the thermal program. The
samples were ﬁrst heated to 80 °C for 5 min, and the temperature was
reduced from 80 to 25 °C at −0.1 °C/min. After cooling to 25 °C, the
samples were held for 10 min and then heated to 80 °C at +0.1 °C/
min. The scenarios of one sticky end attachment (1b) have a Tm below
the 25 °C temperature limit of the qPCR system; thus, the
thermodynamic parameters for the 1b scenarios were measured
using Nanolog ﬂuorometer (Horiba Jobin Yvon) equipped with a
temperature-controlled sample holder linked to a refrigerated water
bath circulator (Thermo Scientiﬁc, NESLAB RTE 7). The
ﬂuorescence thermal curves of “donor only” and “donor/acceptor”
mixtures (100 nM) were measured by gradually increasing the
temperature from 12 to 25 °C (+0.1 °C/min). The ﬂuorescence
intensity of 6-FAM emission was monitored at 520 nm (emission slit
width 5 nm) with excitation at 497 nm (excitation slit width 1 nm) at
10 min (i.e., 1.0 °C) intervals. The UV thermal curves were measured
in quartz cuvettes (Starna Cells) using a CARY 300BIO UV−vis
spectrometer with temperature control accessories. The pair of DNA
strands were mixed in equimolar amounts at ﬁnal concentrations of 2
μM in 1× TAE/Mg2+ buﬀer. The concentrations of DNA strands used
in the UV thermal measurements were 20-fold higher than the
concentration used for ﬂuorescence thermal measurements (100 nM).
This diﬀerence will aﬀect the Tm values signiﬁcantly, but the free
energy changes calculated from the van’t Hoﬀ plot should be
concentration-independent. The mixtures of the strands (135 μL)
were pipetted in the cuvettes, and 300 μL of mineral oil was layered on
top of the strand mixture to prevent sample evaporation during the
temperature ramps. The UV absorbance of DNA at 260 nm (A260)
was recorded at 1 min intervals throughout the thermal program. A 1×
TAE/Mg2+ buﬀer was used as the background reference. The samples
were ﬁrst heated to 90 °C for 5 min, and the temperature was reduced
from 90 to 15 °C at −0.1 °C/min. After cooling to 15 °C, the samples
were held for 10 min and then heated to 65 °C at +0.1 °C/min. The
cycling between 65 and 15 °C showed perfect reversibility.
Kinetic Measurements. The ﬂuorescence change over reaction
time was monitored with a Nanolog ﬂuorometer (Horiba Jobin Yvon).
To ensure the accuracy of the kinetics test, sample injection was
performed with a stopped ﬂow accessory (SFA-20, TgK Scientiﬁc) that
can mix equal volumes of two samples and inject the mixtures into a
cuvette for ﬂuorescence recording in about 0.01 s (a nominal dead
time <8 ms according to manufacturer’s speciﬁcations). In a typical
experiment, 60 μL each of the tile and multimer solutions (ﬁnal
concentrations of 10 nM for both species) was used for all kinetic
measurements. The parameters settings of the ﬂuorescence measurements were as follows: 497 nm excitation, 1 nm excitation slit, 520 nm
emission, 15 nm emission slit. The excitation slit is minimized to
reduce exposure of the samples to the excitation light and thus prevent

We found that diﬀerences in the thermostability of 2b-L and
2b-S scenarios can be well explained by the diﬀerent sticky ends
used; similar energy penalties are involved in both scenarios.
Their remarkable diﬀerences in kinetics are also attributed to
sequence dependence. However, stronger sticky ends do not
necessarily lead to faster kinetics under the experimental
conditions due to the tendency to form secondary structure
among themselves. The binding rate of the weaker 2b-L
scenario is almost 1.5-fold of 2b-S. The formation of ribbon or
tube-like morphologies of 2D DX tile crystals can be both
thermodynamically and kinetically determined, depending on
the degree of nonuniformity of the individual sticky ends, the
isothermal condition, or temperature ramp. One lesson we
learned is that the sticky end binding energy cannot be
accurately predicted from the current available NN model and
they require individual experimental measurements. The
binding thermodynamics and kinetics in some low probability
or error-existing scenarios were also studied, and the
conclusions support the above-mentioned ﬁndings. Two key
assumptions of kTAM have been conﬁrmed in this study,
including that (1) the binding free energy is linearly correlated
with the number of bonds and (2) mismatched sticky ends
neither contribute to a signiﬁcant energy beneﬁt nor bring any
energy penalty.
Some of our observations are diﬀerent from the kTAM
assumptions. Speciﬁcally, the binding free energy does not
equal to the sum of each individual sticky ends involved; it is
partially compromised by an energy penalty that accumulates
with the number of constrained loop formation. The on-rate of
tile attachment is not equivalent for all binding scenarios, it
depends on the sequence identity of the sticky ends as well as
the steric eﬀects of the binding site. The results revealed here
will be helpful for further reﬁning the kTAM model by taking
the diﬀerent sources of energy penalty and kinetic parameters
into consideration, so that we may improve future designs and
simulations of tile-based self-assembly.
It should be noted that the geometries of assemblies using
various DX tile motifs (DAE-E, DAE-O, DAO-O, etc.) are
diﬀerent. There are other factors that may aﬀect both the
thermodynamic and kinetics, such as sequence design
(especially those base pairs that ﬂanked the crossover points
and sticky ends), nick point positioning, concentrations of
monovalent and divalent cations used in the buﬀer solution. It
is not absolutely critical to use junction sequences that are
known to display preferred base-stacking in alignment with the
orientation of the DNA helixes, but it is recommended to
employ uniform sticky ends in the rational design of higher
order tile-based assembly systems. One can also tune the sticky
end sequences and/or lengths to diﬀerentiate thermostabilities
of various binding scenario to favor hierarchical assembly that
follows speciﬁc assembly route.77

METHODS
Self-Assembly of DNA Nanostructures. All the DNA strands
were purchased from Integrated DNA Technologies (IDT).
Unmodiﬁed and 6-FAM-modiﬁed oligos were puriﬁed by denaturing
polyacrylamide gel electrophoresis (PAGE). TAMRA-modiﬁed oligos
were puriﬁed by IDT using high-performance liquid chromatography
(HPLC). Detailed DNA sequences and structural designs are shown in
the Supporting Information. The concentrations of the strands were
measured by absorbance at 260 nm in deionized water and calculated
using the extinction coeﬃcients provided by IDT. For each structure,
equal molar amounts of DNA strands were mixed together at a ﬁnal
concentration of 500 nM in 1× TAE/Mg2+ buﬀer (Tris base 40 mM,
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photobleaching of the dye molecules (especially at such low
concentrations). The emission slit was 15 nm wide to improve the
emission light intensity (signal level). The detector was cooled to
minimize noise. The signal was collected from 0 to 300 s with 0.5 s
integration time and 1 s intervals. Binding kinetics measurements were
repeated 4−6 times at each temperature and recorded at 4−5 diﬀerent
temperatures. The maximum temperature of each binding scenario
was at least 15 °C below the melting temperature to ensure that the
rate of the forward reaction (association) far exceeds that of the
backward reaction (dissociation). The rate constant of the reaction was
obtained by ﬁtting the data as described in the Supporting
Information.
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