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ABSTRACT: Synthetic DNA filaments exploit the programm-
ability of the individual units and their predictable self-association
to mimic the structural and dynamic features of natural protein
filaments. Among them, DNA origami filamentous structures are of
particular interest, due to the versatility of morphologies,
mechanical properties, and functionalities attainable. We here
explore the thermodynamic and kinetic properties of linear
structures grown from a ditopic DNA origami unit, i.e., a
monomer with two distinct interfaces, and employ either base-
hybridization or base-stacking interactions to trigger the
dimerization and polymerization process. By observing the
temporal evolution of the system toward equilibrium, we reveal
kinetic aspects of filament growth that cannot be easily captured by
postassembly studies. Our work thus provides insights into the thermodynamics and kinetics of hierarchical DNA origami assembly
and shows how it can be mastered by the anisotropy of the building unit and its self-association mode.
KEYWORDS: DNA origami, hierarchical assembly, filament growth, hysteresis, FRET

Protein filaments are key to many cellular functions since
their dysregulation often leads to the occurrence of

disease states.1−6 The structural and dynamic properties of
protein filaments are encoded in the building units, periodically
repeated along the polymer chain. Several mechanisms have
been postulated to explain these features7−9 and many of the
proposed models have served as theoretical frameworks for the
rational design of synthetic polymers.10−13 Nowadays, general
construction principles and sophisticated chemical methods
are available to control not only the length distribution and
growth rate of filamentous structures, but also the kinetic route
to otherwise inaccessible metastable assemblies.14−16

A successful approach for the realization of synthetic
filaments relies on the use of DNA tiles.17 These small
intertwined motifs are equipped with short single-stranded
extensions, whose programmable hybridization dictates the
association rate and strength of tile-to-tile binding18−24 and
obeys a nucleation-and-growth mechanism.25−28 Recent
findings have shown that large DNA architectures, such as
DNA origami, can be advantageously employed as nucleation
seeds for the assisted growth of DNA-tile assemblies.28−30

Conversely, the use of DNA origami structures as building
elements of synthetic filaments has been so far mainly limited
to the structural characterization of the end products.31−41

Only few recent studies have focused on the programmable
valency of DNA origami patchy particles as a means to control
the degree of monomer hybridization into polymers,37−43

whereas, to the best of our knowledge, no reports have yet
addressed the different impact of base-stacking and base-

hybridization on the temporal evolution of these structures.
More efforts in this direction are motivated by at least two
features of origami structures that are absent in DNA tiles,
namely, (i) a high number of interactions per monomeric unit
and (ii) shape-complementarity rules of interunit recognition.
The former favors the multivalent and cooperative binding of
origami units into hierarchical structures,37,40 the latter
provides a unique mechanism of self-association that solely
relies on the geometry of the building block.34,44,45 These
properties, together with the versatility of sizes and shapes, and
the modularity of assembly strategies, make DNA origami
filaments appealing materials with a large spectrum of
morphologies, mechanical properties, and chemical function-
alizations attainable.
In this work, we provide a model system for the hierarchical

and modular assembly of DNA origami units into linear
filaments and investigate in detail the comparative effect of
base-hybridization and base-stacking on the thermal stability
and kinetic properties of the assemblies. To achieve our goal,
we use a ditopic DNA origami monomer, i.e., a building block
that−in its active state−features two terminal tips differing
both in sequence and shape.36 This two-fold anisotropy offers
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two modes of molecular recognition (base-hybridization and
base-stacking) that can be specifically harnessed to guide
monomer association. In our previous work, we reported the
consequence of this approach on the structural and elastic

features of the resulting polymers.36 Here, we show the impact
of this strategy on the thermodynamic and kinetic features of
the polymerization reaction and reveal energetic aspects of the
process that cannot be easily disclosed by observation of the

Figure 1. Design of the AB monomer and FRET labeling strategy. (a) The AB unit is a 24-helix bundle composed of three patches of eight helices
each and displays both sequence and shape anisotropy. Each patch is indicated in color-code (A in blue and B in orange, with increasingly darker
colors indicating a higher extent of helical protrusions). (b) The inactive monomer can be activated by hybridization (red and brown) or stacking
(yellow and blue) strands to promote its self-association into linear oligomers of defined or random polarity (respectively indicated as (AB)n and
(AB)rand). Ordered stacked oligomers, (ABBA)n or (BAAB)n, result from the stepwise association of preformed stacked dimers. (c) TEM imaging
of equilibrium structures, before (inset) and after polymerization, demonstrate the successful implementation of the assembly strategy (here, an
exemplary image of (AB)n filaments). (d) Top panels: A and B tips were labeled with one or two pair(s) of fluorescent dyes (FAM and TAMRA,
indicated by green and magenta circles) to enable the monitoring of monomer association at heterologous (AB) or isologous (AA or BB) interfaces
(details of the labeling strategy are reported in Figure S2). Bottom panels: Front views of the three patches are indicated in color-code for each
monomer interface and interacting mode. The contacts established between the two monomer tips are indicated in the merged patches (last row)
obtained by assuming to observe the construct along the central axis and from the left side (increasing color depth indicates increasing extent of
helical protrusions).
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products at equilibrium. Hence, our data can help to
rationalize the design of hierarchical DNA origami structures
and improve control of the assembly process, providing a
valuable tool for the advancement of DNA-based materials.
Design of the DNA Origami Monomer. The monomeric

unit of our linear polymers is a DNA origami bundle of 24
helices, organized into three patches of 8 helices each (Figure
1a and Figure S1).36 The structure is 102 nm long, has a
diameter of about 18 nm and its terminal tips, herein called A
and B, are mutually complementary and partially self-
complementary in shape. Referring to A and B, respectively,
as the head and tail of the monomer, we can distinguish three
modes of monomer association: head-to-tail (AB), head-to-
head (AA), and tail-to-tail (BB). Each mode of interaction is
triggered by the addition of activation strands to a
preassembled inactive monomer (Figure 1b). Correspondingly,
three types of filaments can be constructed, namely, (AB)n,
(AB)rand and (ABBA)n = (BAAB)n. The first type of filament
results from activation of the base-hybridization pathway. This
promotes the binding of the A tip of one monomer to the B tip
of a second monomer, leading to perfect match of monomer
tips and formation of a linear structure of defined polarity and
periodic sequence, (AB)n (Figure 1b, top panel). Activation of
the stacking pathway at the A and B tips simultaneously yields
the (AB)rand filament, characterized by the random association

of monomers at all three possible interfaces (Figure 1b, middle
panel). Finally, stepwise addition of stacking strands to
preassembled BAAB or ABBA dimers enables the controlled
extension of dimeric units in opposite directions and results in
the formation of periodic filaments of identical sequence,
(ABBA)n = (BAAB)n but distinct assembly histories (Figure
1b, bottom panel). Hence, activation strands provide the
monomer with the molecular information for growing at its
ends, resulting into filaments of different periodicity and
polarity.
Monitoring Tip Association through FRET. To

characterize the rate of monomer association, we developed
the FRET assay illustrated in Figure 1d. For each monomer tip,
we selected one or two strands (referred to as reporter strands)
and labeled their termini with a fluorescein (FAM) or a
rhodamine (TAMRA) dye to monitor every mode of
interaction by FRET (Figure S2). We recorded the rate of
dimer or polymer formation at a given temperature,
immediately after addition of hybridization or stacking strands
to a solution of inactive monomer. Additionally, temperature-
dependent FRET spectroscopy was applied to dimers or
preassembled polymers to gain insights into the thermal
stability of interunit binding and its impact on the hysteresis of
the assembly/disassembly process.

Figure 2. Kinetic and thermal characterization of dimer assembly. Isologous stacking at the AA (a) or BB (b) interface was monitored over time by
FRET, upon addition of the corresponding stacking strands at 30 °C and different initial concentrations of inactive monomer (from about 10 to 40
nM) labeled with FAM/TAMRA reporter strands. The same FRET-labeling strategy was applied in thermal experiments to monitor the one-step
assembly and disassembly of the dimer (blue and orange profiles, respectively) when stacked at the AA (c) or BB (d) interface. Thermal cycle: from
75 °C (point 1) to 25 °C (point 2) at −0.1 °C/min and reverse (from 2 to 1 at the same rate). The hysteresis of the thermal processes (shaded
areas between the thermal curves) takes place between a defined interval of temperatures (T1 and T2). The theoretical equilibrium curve (black
line) was reconstructed as described in SI Note 2. (e) Additional temperature-dependent FRET experiments were performed on dimers with a
constant number of perfectly stacked helices and a variable number of 1-bp gapped helices (indicated as stacked/gapped helices: 16/0 to 16/8 for
BAAB and 8/8 to 8/16 for ABBA, color-codes as in Figure 1; more details are in Figures S10−S13).
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Association Kinetics and Thermal Stability of Stacked
Dimers. The inactive monomer was labeled with reporter
strands and treated with excess stacking strands to promote
binding either at the AA or BB interface. This allowed to
monitor the extent of monomer consumption over time and its
full conversion into the corresponding dimer (progress curves
for different initial monomer concentrations, from 10 to 40
nM, are shown in Figure 2a,b). The initial rates in the linear
phases of the curves were used to extract the apparent
association rate coefficient of the process (kain, Table 1, Figure

S3 and SI Note 1). The data indicate that, at 30 °C, stacking at
the B tips is about 2-fold faster than stacking at the A tips, with
an association rate coefficient of about (14.4 ± 0.1)10−2 min−1

and (30 ± 4)10−2 min−1 for the BAAB and ABBA dimer,
respectively. The total and irreversible formation of the dimers
was proven by agarose gel electrophoresis (AGE) and atomic
force microscopy (AFM) and for both dimers, the initial rate
of dimerization increased with the temperature, as expected
(Figures S4 and S5).
A plausible explanation for the different association rates

relies on the structural features of the monomer at the two
terminal tips. As stated above, the A and B edges of the
monomer are designed to be mutually complementary in
shape: the three helical patches of A perfectly match with the
corresponding three helical patches of B, building a bundle of
24 continuous duplexes (Figure 1d, panel I and II). On the
contrary, isologous stacking results from the partial shape-
complementarity of edges of the same type, yielding a bundle
with a defined number of 1-bp gaps in between the monomers.
Specifically, stacking of two monomers at their A interfaces
results in two pairs of stacked patches (2 × 8 helices), with the
third pair of 8 helices separated by 1-bp gap; this construct is
indicated as 16/8 (Figure 1d, panel III). Conversely, BB
stacking entails one pair of stacked patches and two pairs of
patches separated by 1-bp gap (8/16 in Figure 1d, panel IV).
BB stacking is therefore sterically less demanding, structurally
more flexible, and presumably easier to achieve, explaining the
higher rate of ABBA dimer formation as compared to the
BAAB dimer.
We then investigated the thermal properties of the stacked

dimers by temperature-dependent FRET spectroscopy. In
these experiments, one-pot assembly and disassembly of the
structures was performed on a mixture of oligonucleotides that
included all sequences needed for formation of the inactive
monomer, as well as the stacking and reporter strands (Figure

2c,d, for the BAAB and ABBA dimer, respectively). Control
AGE and AFM studies confirmed correct formation of the
dimers according to this procedure (Figures S6 and S7). The
data indicate that the thermal transitions are cooperative but
nonreversible, with BAAB displaying a lower extent of
hysteresis than ABBA (Table 1).
The appearance of hysteresis in the thermal assembly and

disassembly of DNA origami structures is a known
phenomenon,46 typically attributed to the complexity and
diversity of paths that can be traveled by the system to reach
the final fold and then melt the intricate structure. This
deviation from thermal reversibility is proportional to the area
between the melting and cooling profiles (shaded areas in
Figure 2c,d).47 Accordingly, stacking and melting of the BB
interface dissipates almost 2-fold the energy involved in a
folding/unfolding cycle at the AA interface and is thus further
from a condition of pseudoequilibrium (Table 1, SI Note 2,
Figures S8 and S9). We then examined whether the helical
gaps at partially stacked monomer interfaces may affect the
thermal behavior observed and analyzed various dimeric
constructs that differed only in the number of such gaps
(constructs 16/0 to 16/8 for BAAB and 8/0 to 8/16 for ABBA,
Figure 2e and Figures S10−S13). The results show that the Tm
(for both the cooling and heating profiles), as well as the
hysteresis of one thermal cycle, scale with the number of 1-bp
gaps; however, in a sequence-dependent manner. When
compared to the AA interface, the presence of helical gaps at
the BB interface has a larger impact on the thermal stability of
the structure, although a higher number of gaps is required to
show an appreciable extent of hysteresis (cfr. 16/8 for the
BAAB and 8/10 for the ABBA in Figure 2e). We deduce that
sequence-dependent structural distortions at the blunt ends of
gapped helices may allow for short-range interactions that, by
restoring helical stacking to some degree, essentially reduce the
size of the cavity. This is in agreement with previous studies on
nicked DNA duplexes48,49 and may explain the hysteresis
phenomenon as a consequence of distorted helical config-
urations at the interface of two monomers. Altogether, these
data indicate that the thermal and kinetic features of stacked
DNA origami dimers can be programmed by both the
nucleobase composition and geometry of the monomer tips,
with helical gaps extending the level of control attainable.
Kinetics of Filament Formation. We then applied the

FRET strategy described above to gain quantitative informa-
tion on the rate of monomer (or dimer) incorporation into
different types of DNA origami filaments (Figure 3 and Figures
S14−S20). We developed seven distinct FRET assays. Three
assays enabled to record the formation of the periodic
filaments, namely, the head-to-tail hybridization of AB
monomers (Figure 3a), the head-to-head stacking of
preformed ABBA dimers and the tail-to-tail stacking of
preformed BAAB dimers. For the random constructs, we
prepared one type of filament where all stacked associations
were visible (rand_all) and three types of filaments in which
only selected pairs of stacking contributions could be
monitored, although all were present (rand_AB, rand_AA
and rand_BB; Figure 3b for rand_AB).
Isothermal experiments were carried out at different initial

monomer concentrations (between 5 and 35 nM) and three
temperatures (30, 35, and 40 °C) were analyzed to estimate
the energy barrier of the reaction (Figure 3c,d). The initial
linear phase of the FRET traces was used to extract the
apparent association rate coefficient of the reaction (Table 2).

Table 1. Thermal and Kinetic Parameters of Origami Dimer
Formation and Dissociation

dimer
temp.
scan

T0.5
a

[°C]
Tm
b

[°C]
Tth

c

[°C] Ad [θ °C]
kain

[10−2 min−1]e

BAAB heat 58.5 59.8 57.6 7.08 14.4 ± 0.1
cool 55.1 56.7 4.18
Δ 3.4 3.1 2.90

ABBA heat 60.1 61.4 55.8 12.4 30 ± 4
cool 52.5 54.2 6.38
Δ 7.6 7.2 6.03

aTemperature at θ = 0.5. bTemperature at d2θ /dT2 = 0. cTheoretical
temperature for a simulated equilibrium curve (Suppl. Note 2). dArea
(A) included between the heating (or cooling) profile and the
temperature axis. Δindicates the difference between the values of
temperature or area associated with the heating and cooling profile.
eValues obtained from isothermal FRET experiments at 30 °C.
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Minimal values of kain were observed for the (AB)n filament,
i.e. for the hybridization-driven polymerization, with values
even 10-fold lower than those obtained by base-stacking
interactions. By changing the number and spatial distribution
of the helices involved in the hybridization process, we
observed that the initial rate of the reaction scales with the
multivalency and accessibility of the binding sites, with the
latter playing a dominant role (Figure S21). Moreover, for
random oligomers, stacking of monomers at the A tips was
about 2- to 3-fold slower than stacking of monomers at the B
tips (Figure 3c). These findings are in good agreement with
the FRET and AFM data obtained for dimer formation
(Figures 2 and S4 and S5) and match with the higher energy

barrier of AA stacking (15 ± 1 kcal mol−1) as compared to BB
stacking (6.1 ± 0.1 kcal mol−1) (Figure 3d). Similar
conclusions apply to stacking of dimers into oligomers.
Interestingly, formation of the (BAAB)n filament upon stacking
at the BB interface showed a rapid increase in the FRET signal
followed by a monotonic decrease after only 30 min,
particularly at high monomer concentrations (Figure S20).
This strengthens the hypothesis that a limited shape-
complementarity of DNA origami units facilitates association,
however, at the expenses of a less stable bond, eventually
preventing the formation of long polymers. Along the same
reasoning, the rate of random filament formation is expected to
be initially dominated by a fast BB stacking, with the

Figure 3. Kinetics of DNA origami filament growth (I). The FRET strategy reported in Figure 1d was used to monitor the self-association of the
monomer into three types of filaments. Representative curves are given for the head-to-tail association of the monomer into (a) the periodic (AB)n
filament and (b) the random filament (rand_AB), at 30 °C, and for different initial concentrations of the monomer. (c) Application of the FRET
strategy to all possible filaments and monomer interfaces enabled to extract the values of the association rate coefficients (kain) for the initial phase
of the reaction. (d) The dependence of these values from the temperature was finally used to calculate the activation energies (Eact) of the
polymerization reactions.

Table 2. Association Rate Coefficients (kain in min−1) and Activation Energies (Eact in kcal mol−1) Referred to the Initial Linear
Phase of DNA Origami Filament Formation

T [°C] (AB)n hybr rand_AA (ABBA)n rand_all rand_AB rand_BB (BAAB)n
30 0.029 ± 0.001 0.11 ± 0.01 0.17 ± 0.01 0.18 ± 0.01 0.17 ± 0.01 0.32 ± 0.03 0.37 ± 0.02
35 0.052 ± 0.004 0.17 ± 0.01 0.27 ± 0.01 0.26 ± 0.01 0.27 ± 0.01 0.35 ± 0.04 0.52 ± 0.04
40 0.067 ± 0.005 0.24 ± 0.02 0.43 ± 0.02 0.42 ± 0.02 0.49 ± 0.01 0.44 ± 0.02 0.65 ± 0.04
Eact [kcal mol−1] 15.6 ± 3 15 ± 1 17.3 ± 0.3 16 ± 1 20 ± 2 6.1 ± 0.1 11 ± 1
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equilibrium state dictated by the statistical distribution of all
possible contributions to stacking (AB, AA and BB).
Therefore, for a random filament at equilibrium, the fraction
of each stacking mode should be proportional to the number
of shape-complementary patches needed for its stabilization,
with AB > AA > BB (corresponding to 24, 16, and 8 pairs of
stacked helices). This is the trend we observed by TEM
imaging of individual random filaments marked at the A tip
with two gold nanoparticles (Figure S22 and SI Note 3).
Although our FRET assays are well suited to monitor

monomer association, they cannot reliably distinguish many
small filaments from few larger ones and are therefore not
indicative of the average size of the polymers. We therefore
monitored the (AB)n and (AB)rand filaments by AFM in air at
different time points (Figure 4). Though surface-related effects

may lead to data that do not reflect the situation in solution,
previous studies on this design36 have shown that chain lengths
can be reliably measured in the initial phase of the reaction, i.e.
when polymers are still relatively short (<2 μm). Random
stacking of monomers led to formation of μm-long filaments
already after 1 min incubation (Xn up to 10), whereas
comparable lengths were reached by the hybridized (AB)n
chain only upon 30 min (Figure 4a−c and Figure S23). After 1
h reaction, hybridized polymers still contain about 20%
monomers and short oligomers (2 to 4 monomers), while a
small fraction of randomly stacked polymers become longer
than 2 μm (Xn > 20), with about 15−20% unreacted
monomers and short oligomers still present in solution (Figure
4d). The change in the number-average polymerization degree
(X̅n) over time confirmed that the rate of DNA origami

Figure 4. Kinetics of DNA origami filament growth (II). Upon addition of activation strands to a solution of inactive monomer (a), AFM imaging
of the reaction mixture was performed at increasing time-points to monitor the formation of hybridized (b) or stacked (c) filaments. Scale bars are
200 nm. (d) Number chain-length distributions at different time-points (Xn is the degree of polymerization, defined as the number of linked
monomers). (e) Plots of the number-average polymerization degree (X̅n) over time. (f) A solution of fluorescently labeled (AB)n or (AB)rand
filament at equilibrium (green and yellow curves, respectively) was treated with an equimolar amount of unlabeled monomer (at the time-point
indicated by the arrows), and the change in the FRET signal was recorded over time. Whereas the hybridized filament did not show any appreciable
FRET change, the stacked filament adapted to the perturbation by decreasing its FRET efficiency by about 10%. (g) Schematic representation of
the proposed polymer growth events: the hybridization-driven assembly of the DNA origami monomer mostly proceeds through tip elongation or
formation of newly formed short oligomers (left panel); stacking-driven assembly instead preferentially occurs through fragmentation/condensation
events that may favor the insertion of monomers into pre-existing oligomers (right panel). Only one pair of FRET labels is used here for clarity (cfr.
Figure 1d).
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filament formation depends on the type of interaction used to
connect the monomers together, with stacking being
significantly faster than hybridization and nonlinearly depend-
ent on time (Figure 4e). Interestingly, in both polymerization
processes, the monomer is not the most abundant species in
the number chain-length distributions50 and is almost
completely consumed upon long equilibration times (Figure
S24). This is unexpected for an ideal step-growth polymer-
ization and might be due to the formation of kinetically
trapped species, favored by the high number of interactions
between monomers and/or fragments and low off-rates.
To better visualize the different dynamics of the polymers,

we monitored the change in FRET signal upon addition of
unlabeled monomer to a solution of fluorescently labeled
(AB)n or (AB)rand filaments at equilibrium (green and yellow
curves in Figure 4f). The hybridized filament showed almost
no change in FRET signal, suggesting that addition of
monomers mostly occurs at the tips of preformed filaments
or results in the formation of new oligomers (Figure 4g, left
panel). Conversely, a 10% decrease in FRET was observed for
the randomly stacked filament, indicating the occurrence of
more frequent fragmentation/condensation events that may
favor the insertion of monomers into pre-existing filaments
(Figure 4g, right panel). This hypothesis was confirmed by
real-time AFM imaging of the polymerization process in liquid
phase (SI Videos 1 and 2). We hypothesize that immediately
upon addition of activation strands, the unpaired regions of the
scaffold at the monomer tips become hybridized. This is true
for both the hybridized and stacked polymers and cannot
contribute to their difference in growth rate. However, for the
hybridized polymer to form, the staples bound to each
monomer tip need to displace their counterparts from the
scaffold of the adjacent monomer, which may reasonably take
longer than simple stacking of blunt ends (Figure S25).
Altogether, these findings provide deeper insights into the

time-course polymerization of DNA origami monomers by
multivalent hybridization or stacking interactions and indicate
the limitations of an ideal step-growth model to describe these
processes. Finally, our data reveal energetic features of
monomer association that remain typically undisclosed when
observing the reaction at equilibrium conditions. The energetic
differences between hybridized and stacked monomers are
indeed minimal once the filaments are formed, as demon-
strated by the rather similar thermal profiles of exemplary
FRET-labeled filaments (Figures S26 and S27).

■ CONCLUSION
Controlling the kinetics of DNA filament formation is a
challenging goal, mostly addressed until now using small DNA
tiles. Conversely, less has been done to master the assembly/
disassembly of DNA origami filaments, although recent studies
have demonstrated the feasibility of this idea and its potential
implementations in nanomaterial science.38 We here show that
hybridization interactions, being directional, guide the ordered
arrangement of the monomers, however at the expenses of a
slower association rate. Base-stacking interactions instead are
faster but nondirectional and must be carefully designed to
guide the assembly process. We show that the insertion of
helical gaps at the interface of stacked monomers can be used
to modulate the association rate and the thermal stability of the
resulting polymer. In conclusion, our work contributes to the
fundamental understanding of hierarchical DNA origami
assembly and shows how this process can be fine-tuned by

intervention at the unit-to-unit interface and, most importantly,
in a modular fashion, that is, using the same ditopic unit to
activate different assembly paths. This strategy can be not only
applied to obtain a predefined equilibrium state but also to
manipulate the kinetic route to it, providing a valuable tool for
the development of advanced DNA-based materials.
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