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ABSTRACT: We demonstrate a strategy that allows for the spontaneous
reconfiguration of self-assembled DNA polymers exploiting RNA as chemical
fuel. To do this, we have rationally designed orthogonally addressable DNA
building blocks that can be transiently deactivated by RNA fuels and
subtracted temporarily from participation in the self-assembly process.
Through a fine modulation of the rate at which the building blocks are
reactivated we can carefully control the final composition of the polymer and
convert a disordered polymer in a higher order polymer, which is disfavored
from a thermodynamic point of view. We measure the dynamic reconfiguration
via fluorescent signals and confocal microscopy, and we derive a kinetic model
that captures the experimental results. Our approach suggests a novel route
toward the development of biomolecular materials in which engineered
chemical reactions support the autonomous spatial reorganization of multiple
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B INTRODUCTION

Life is a nonequilibrium state of matter that is maintained at
the expense of energy.' Energy consumption allows the
operation of molecular pumps™ and motors* and drives the
formation of self-assembled high-energy structures.”® A
common fundamental element of these living biomolecular
systems is that their operation is governed by kinetics rather
than thermodynamics.”® This aspect has recently spurred the
development of chemical systems that are likewise controlled
by kinetic processes’~'® as an important stepping stone toward
the development of synthetic materials with life-like proper-
ties.'®"” This trend is particularly evident in the synthesis of
biomaterials designed to self-assemble from nanometer sized
building blocks. Whereas traditionally the focus has been on
the assembly product with the highest thermodynamic
stability,'® recently it has been shown that different kinetic
products can be selectively obtained from the same building
blocks by carefully designing the supramolecular kinetic
pathways leading to their formation.'””” However, in these
systems transitions between different kinetic states can occur
only if these are energetically downhill, and furthermore, the
systems are destined to eventually progress toward the
thermodynamically most stable state after which they cannot
be reactivated. These limitations can be overcome by using
chemical fuels to Kkinetically control the self-assembly
processes: specifically, building blocks for self-assembly are
activated or deactivated by reactions requiring chemical
fuel.*** This means introducing chemically distinct, transient
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pathways to regulate the activity of building blocks via
batchwise addition of fuel.

We and others have recently shown that DNA offers
tremendous opportunities in the field of chemically fueled self-
assembly”*~** because (1) hybridization and strand exchange
reactions are highly predictable from both a thermodynamic
and kinetic point of view, (2) a myriad of enzymes are available
to regulate nucleic acid fuel-to-waste conversion with high
efficiency and selectivity, and (3) the multivalent nature of
DNA hybridization generates a high tolerance to waste
accumulation. These properties have been used to establish
methods to transiently assemble and disassemble polymeric
DNA structures, for example, as a result of enzymatic RNA
production to activate components and promote their
assembly and RNA degradation to cause the assemblies to
collapse.”>~*”*" Similarly, spontaneous DNA polymer assem-
bly and disassembly can be achieved by using DNA nicking
and ligation reactions.”

Another major advantage of DNA is that careful sequence
design makes it possible to program distinct pathways that may
be functionally or structurally similar but are individually
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addressable and operate orthogonally. This feature allows for
the assembly of diverse components each responding to
specific inputs or reactions; for example, different populations
of DNA polymeric structures can be built, broken up, and
reorganized by specific inputs that are provided sequentially to
carry out these steps.””>> The introduction of chemically
fueled reactions in these multicomponent systems could
support the synthesis of supramolecular materials that
spontaneously control their organization.

Motivated by the above considerations, here we engineer a
DNA polymeric system consisting of multiple, distinct
assembling units (tiles), each of which controlled by distinct
RNA fuels. The system takes advantage of the kinetics of
enzymatic degradation of these RNA fuel species to determine
the supramolecular organization of the units and induce a
transition from disordered polymers into higher order
polymers. This transition is autonomous and reversible. Our
strategy allows us to shuttle the system in a controlled fashion
between different kinetic states just by adding the appropriate
RNA fuel and it permits the population of an energetically
uphill state, which is entropically disfavored.

B RESULTS AND DISCUSSION

To demonstrate the RNA-fueled reorganization of DNA-based
polymers, we adopted the well-characterized double-crossover
DNA tile, known as DAE-E.>°3 The tiles are formed through
the interaction of five unique DNA strands and contain four
sticky ends (S-nt each) (Figure la) that enable their self-
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Figure 1. Spontaneous self-assembly and disassembly of DNA-based
polymers triggered by RNA fuels. (a) DNA tile containing S-nt sticky
ends (red domains) and a fuel binding domain (light red domain).
(b) DNA tile is pictured as a LEGO-like brick (knobs and holes
represent the four sticky ends). The DNA tile self-assembles at room
temperature into hollow tubular polymeric structures.*”***° (c) The
RNA fuel (light red) invades the tiles leading to the disassembly of the
polymeric structures. A fuel-consuming unit (RNase H) selectively
degrades the RNA fuel when bound to the DNA tile inducing tile
reactivation over time and reassembly of the DNA-based polymer.

assembly into tubular structures with an average diameter of
13.5 nm, 6—8 tiles along the circumference, and a persistence
length of 4 um (Figure 1b).*>***° The DNA tiles also contain
a 7-nt binding domain that acts as an anchoring site for the
binding of a 14-nt RNA strand (here termed fuel) capable of
invading one sticky end portion and induce the complete
disassembly of the tubular structure (Figure la—c and Figure
S$1).2*** When the RNA fuel is bound to the complementary
domain on the DNA tile, this RNA/DNA heteroduplex can be
specifically recognized by the enzyme RNase H, an
endoribonuclease enzyme able to selectively hydrolyze the
RNA strand in the heteroduplex (Figure 1c and Figure S1).
This enzymatic degradation of the RNA fuel reactivates the

DNA tiles, which can reassemble into a new tubular structure
(Figure 1 and Figure S1).

For this study, we developed a set of two orthogonally
addressable tiles (red, R, and green, G) that have the same
sticky ends but differ in the fuel-binding domain,”” so that each
tile type can be recognized by a specific RNA fuel (red, R, and
green, G). To independently monitor the assembly of each tile
type, we labeled one of their strands with different fluorescent
dyes (QuasarS70 for the red tiles and Quasar670 for the green
tiles) (Figure 1la). The combined use of both tiles for self-
assembly can lead to different polymers depending on the
organization of the tiles: homopolymers are structures that
consist of one type of tile, block copolymers contain segments
of tiles of the same type, and in random copolymers the two
tiles are randomly distributed. Although the identical sticky
ends in both tiles ensure that the enthalpy of formation is the
same for all structures, from an entropic point of view the
formation of ordered structures (homopolymers and block
copolymers) is disfavored compared to the disordered random
copolymer. Therefore, the homopolymers and block copoly-
mers can be considered as kinetic products of the self-assembly
process as opposed to the random copolymer, which is the
thermodynamic product.

In a first series of experiments we demonstrate that
homopolymers can be converted to random copolymers with
tunable speed (Figure 2 and Figure S2). When annealed
separately, red and green tiles assemble into homopolymers
that remain stable when mixed together even in the presence of
RNase H (Figure S3). The addition of the red and green RNA
fuels induces the rapid disassembly of both polymers (no
structures observed after 1 min, Figure 2a,b). The enzymatic
degradation of the two fuels by RNase H (30 U/mL),
however, gradually reactivates the DNA tiles for assembly, but
now yielding a tubular structure with both tiles randomly
distributed in the assembly (i.e, random R/G copolymer,
Figure 2ab). To quantitatively characterize the spatial
localization of distinct tiles in the polymers, we analyzed
fluorescence microscopy images of our samples and computed
their Pearson’s coefficient (PC), a parameter that estimates the
strength of the linear relationship between the fluorescence
intensity values of red and green areas: PC values around 0
would indicate low colocalization of fluorophores, while PC
values around 1 would indicate high colocalization.***” For the
solution containing homopolymers, we computed a PC of 0.03
+ 0.01, which is in support of a very limited colocalization of
the two tiles. In contrast, random copolymers obtained after
addition and degradation of the two fuel strands yield a PC
value (0.70 + 0.04) indicating that mixing of the two tiles has
occurred.

The speed of reconfiguration from homo to random
copolymers can be modulated by varying the concentration
of RNA fuel in solution (Figure 2c and Figure S2). To show
this, we performed fluorescence confocal microscopy experi-
ments that track over time the transition of red and green
homopolymers into random R/G copolymers. Experiments
were performed at different concentrations of red and green
RNA fuels (Figure 2c, Figures S2 and S4) but at the same fixed
concentration (30 U/mL) of fuel-consuming unit (i.e,, RNase
H). For lower fuel concentrations (i.e., 0.3 and 1 #M) the time
required to complete the reconfiguration is in the order of few
minutes (Figure 2c,d, and Figure S4). Of note, despite the
different reconfiguration kinetics, similar average length values
are obtained at 24 h after fuel addition attributed to the fact
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Figure 2. (a) Reorganization from red and green homopolymers to a
random (R/G) copolymer driven by RNA fuels. (b) Fluorescence
confocal images showing the disassembly of the red (R) and green
(G) homopolymers upon the addition of both RNA fuels (R, G) and
the autonomous reassembly into R/G random copolymers in the
presence of RNase H. Confocal images scale bar, 2.5 ym. (c) Kinetic
traces showing autonomous reassembly of R/G random copolymers
(average length, (L)) upon the addition of different concentrations of
(R, G) RNA fuels. (d) Average length and Pearson’s coefficient values
of reassembled R/G random copolymers after 6 h from fuels addition.
Statistical analysis of length distribution is also shown in Figure SS.
[tile R] = [tile G] = 0.15 uM, [RNase H] = 30 U/mL, 1 X TAE buffer
+ 12.5 mM MgCl, + 10 mM DTT, pH 8.0, 25 °C. Error bars
represent standard deviation based on triplicate measurements.

that the enzymatic reaction has reached completion (Figure
2¢). Moreover, because the enzymatic degradation kinetics is
similar for the two different fuels, a similar level of
colocalization (i.e., average Pearson’s coefficient values =
0.80 + 0.05) is observed at all times and over the entire fuel
concentration range studied (Figure 2d).

A key element of our approach is that by supplying specific
fuel molecules and by regulating their degradation rate—which
is done by simply varying the amount of RNase H—it is
possible to temporarily exclude specific tiles from participating
in the self-assembly process. This feature can be used to route
multiple polymers reconfiguration pathways and to control
their kinetics. For example, starting from random copolymers,
the addition of a single RNA fuel will cause a single tile to
become inactive, while the other type of tile can reassemble.
Depending on how fast the inactive tile is reactivated by RNA
degradation, the system is qualitatively expected to yield
homopolymers, block, or random copolymers respectively for a
degradation rate that is slow, medium, or fast in relation to the
rate of tile assembly (Figure 3a). Importantly, of these
transitions in particular the transition from random to block
copolymer is of interest as it implies the fuel-triggered
population of an entropically disfavored state.

As these reconfiguration pathways critically depend on
enzyme speed, we first determined the kinetics of fuel

Figure 3. (a) DNA polymers reorganization at different fuel
degradation rates. (b) Half-time of RNA fuel at different fuel-
consuming unit (RNase H) concentrations. The experiment was
performed in the presence of 0.25 uM of F-Q DNA strand and 3 yM
of RNA fuel (R). (c) Kinetic traces showing the transient reassembly
of inactive DNA tiles by varying the concentration of RNase H. The
experiment was performed in the presence of 0.25 uM of red (R)
homopolymers inactivated by 3 uM of RNA fuel (R) or 3 uM of
control DNA Inhibitor (R). Statistical analysis of length distribution
(after 6 h) is also shown in Figure S14. (d) Fluorescence confocal
images upon the addition of red RNA fuel at different concentrations
of RNase H (1, 10, and 100 U/mL). The average length ((L)/uM) of
the structures obtained for each channel (red, R, green, G, and
merged, M) after the 24 h reconfiguration is also shown in the bar
plot. For the block copolymers each bar column (red and green)
represents the average length of each block segment. [tile R] = [tile
G] =025 uM, [R fuel] = 3 uM, 1 X TAE buffer + 12.5 mM MgCl, +
10 mM DTT, pH 8.0, 25 °C. Confocal images scale bar: 2.5 ym. Error
bars represent standard deviation based on triplicate measurements.

degradation by RNase H. We studied this via time-course
experiments with an RNA fuel (3 M) hybridized to a
fluorescent-labeled DNA strand (0.25 uM), following the
fluorescent signal after the addition of different concentrations
of RNase H (Figure 3b and Figure S6). The half-time of RNA
fuel degradation increases from 3.5 to 160 min as the
concentration of RNase H decreases from 100 to S U/mL
(Figure 3b). These results are reproduced by using a simple
ordinary differential equation (ODE) model that captures
hybridization of the RNA fuel and a dual-labeled DNA probe
and RNase H degradation. By fitting the model (Figures S7
and S8) to the data, we found hybridization and enzyme
kinetic parameters comparable with previous estimates in the
literature.”>*”

Next, we asked whether we could control the rate of tile
assembly (into homopolymers) in the range of RNase H
concentrations considered for the duplex control experiments
(100-5 U/mL). Using a computational model for tile
assembly in the presence of RNA fuel and RNase H, we
found that the half-time for assembling 0.25 uM tiles can be
tuned between a few minutes at 100 U/mL RNase H and more
than 10 h at 1 U/mL (Figures S9 and S10). It should be noted
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that this unfitted model underestimates the kinetics of
nanotube growth because it captures the process of tile
assembly but does not model the average nanotube length and
how it is affected by slower joining and ripening.”’ In addition,
the model does not take into account incomplete RNA
degradation products that may slow down tile assembly.” Yet,
these predictions suggest that RNase H level in the range 1—
100 U/mL can yield dramatically different kinetics of tile
assembly. This expectation is met by experiments in which we
measured the mean nanotube length when tiles are reactivated
by RNase H: at high levels of RNase H (100 U/mL) tiles
reactivate fast, with nanotubes reaching their half-max length in
t1/» = 32 min, a time scale that is comparable to that achieved
by adding a DNA activator that removes the fuel from tiles
through a strand displacement reaction (Figure 3c, Figures S11
and $12).***° Under these conditions, the tubular structure
mean length levels off after only 4 h. At medium RNase H
levels (10 U/mL), tiles reactivation is slower (¢, = 253 min),
and the nanotube mean length levels off after 24 h. Finally, at
low levels of RNase H (1 U/mL), tubular structures start
forming after more than 48 h, and we did not observe
significant growth over the course of our experiment (likely
due to loss of enzyme activity) (Figure S13).

Having identified levels of RNase H that yield slow, medium,
and fast tile reassembly, we sought to demonstrate kinetically
controlled reconfiguration using the corresponding three
RNase H concentrations (1, 10, and 100 U/mL). To do so,
we started from random R/G copolymers, obtained by mixing
in the same solution green and red active tiles. The addition of
only the red RNA fuel results in the rapid disassembly of the
whole structure under all the experimental conditions tested.
This is due to the fact that the red and green tiles are randomly
distributed in the tubular structure, and the fuel-triggered
deactivation of one tile induces the collapse of the entire
structure.”® At a slow fuel degradation rate the reactivation of
red tiles is not achieved over the 24 h course of the experiment,
and thus the disassembled green tiles that remain in solution in
an active conformation spontaneously reassemble into the
green homopolymer (Figure 3d). At medium fuel degradation
rate, formation of the green homopolymer is still faster than
the activation of the red tiles, so red polymers self-assemble at
the two ends of the green homopolymers, leading to an
ordered block copolymer (Figure 3d). It should be noted that
the process of block copolymers formation is not deterministic
and could lead to different types of block polymers (RG or
RGR). Finally, at fast fuel degradation rate, the red tiles are
rapidly activated soon after fuel addition and coassemble
together with the green tiles to re-form random polymers.
Statistical analysis of the microscopy images confirms the
modulation of the transient reconfiguration achieved at
different concentrations of enzyme (Figure 3d, bar plot). For
example, the average length ((L)) of the tubes formed after
reconfiguration at a medium fuel degradation rate appears
similar for the green and red tubes. However, the yield of
randomly distributed random structures (observed with the
merged channel, M) is quite low (PC = 0.40 = 0.03). On the
contrary, at fast fuel degradation rate the average length of
both green and red structures is very similar to that of the
random R/G structures (see M channel length), and Person’s
coefficient (PC = 0.80 + 0.06) confirms the random
distribution of tiles.

The fuel-triggered polymers reorganization is fully reversible
and can be repeated multiple times by sequentially supplying

fuel molecules over time. To demonstrate this, we have started
with a solution containing two separate red and green
homopolymers (PC = 0.02 + 0.01) and an RNase H
concentration to install medium fuel-degradation. Upon the
addition of both fuels we observed the rapid disassembly and,
after fuels degradation, the reassembly of the structures into
random copolymers (as both fuels are degraded at the same
rate) (PC = 0.80 + 0.06) (Figure 4a,b). The addition of a new

a) RNA RNA
fuels (R G) fuel (G) fuels (R,G)

R

o

Homo (R,G) Random (R/G) Block (R/G) Random (R/G)

MR G MR G MR G MR G

Figure 4. (a) Multiple reorganization cycles of DNA polymers upon
the repetitive additions of different RNA fuels. (b) Fluorescence
confocal images after each reorganization cycle. (c) Average length
values of DNA-based polymers before and after each cycle of
reconfiguration obtained for each channel (red, R, green, G, and
merged, M). For the block copolymers each bar column (red and
green) represents the average length of each block segment. The
experiments here were performed in the presence of 0.15 uM of
preformed red (R) and green (G) homopolymers. First and third
reconfigurations were obtained by adding both red and green fuels
(0.3 uM). The second reconfiguration was obtained by adding only
the green fuel (1.0 uM). Experiments performed in 1 X TAE buffer +
12.5 mM MgCl, + 10 mM DTT + 30 U/mL RNase H, pH 8.0, 25 °C.
Confocal images scale bar: 2.5 pm. Error bars represent standard
deviation based on triplicate measurements.

aliquot of only the green fuel to the same solution induces the
disassembly of the entire structure (as discussed previously).
However, since the red tiles remain active, they self-assemble
into red homopolymers, and only after green fuel degradation
we observe the formation of block copolymers (PC = 0.50 +
0.02) (Figure 4ab). In the last reaction cycle, we have then
added a new aliquot of both fuels (red and green) and
achieved another reorganization back into the random
structures (PC = 0.80 + 0.01) (Figure 4a,b). Also in this
case, the analysis of the confocal images in terms of average
length of green (G channel), red (R channel), and random
(merged, M, channel) structures (Figure 4c) and PC values
supports the described reconfiguration.

A similar efficient reversibility in successive reconfigurations
was also observed by repetitive additions of the red and green
fuels (Figure S15), leading to transient disassembly and
formation of random R/G structures with average length and
PC values indistinguishable from one another over three
consecutive reaction cycles (PC,y;, = 0.80 = 0.03, PC,g, = 0.90
+ 0.01, and PC,;, = 0.80 + 0.03).

Finally, to demonstrate the versatility of our approach and to
show that the strategy can also function in systems of higher
complexity, we have also performed preliminary studies
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employing three orthogonal tiles (red, green, and blue)
addressable with three different fuel RNA strands and each
labeled with a different fluorophore. Also in this case,
spontaneous reorganization can be achieved by starting from
a mixture of the three homopolymers and adding all three fuel
RNA strands leading to the transient disassembly of all
structures and the concomitant activation of the three tiles that
self-assemble into a random polymer with a statistical
distribution of the three tiles. The reaction cycle also in this
case is reversible, leading to similar lengths of the assembled
random polymers over two consecutive additions of fuels
(Figure S16).

B CONCLUSION

We have shown a new strategy that allows the chemically
fueled spontaneous reconfiguration of self-assembled DNA
polymers. The strategy relies on the transient deactivation of
building blocks by RNA fuels that subtract them temporarily
from participation in the self-assembly process. By simply
controlling the rate at which the building blocks are
reactivated, it is possible to determine the composition of
the polymer. Importantly, we have shown a mechanism to use
RNA fuels and enzymes that degrade them to induce the
spontaneous conversion of a disordered polymer into a higher
order polymer, which is disfavored from a thermodynamic
point of view. Similar reorganization mechanisms could be
applied to other DNA-based structures that are assembled/
disassembled under isothermal conditions by using different
inputs.**~**

Considering the possibility to introduce multiple, sequence
distinct fuel-recognition sites, and the possibility to decorate
the polymer building-blocks with different functional ligands,
we anticipate that this strategy will be useful for the
development of multifunctional systems in which the output
is determined by the relative organization of the functional
groups in the polymer. The reorganization of different
biomolecules attached on a cargo-delivery DNA structure* ™"
could, for example, lead to a different targeting ability of the
structure itself. Similarly, the possibility to control the
distribution of metal particles could yield DNA structure
with reconfigurable optical properties.***’

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c09503.

Additional experimental details, method, and DNA
sequences used; description of the kinetic model used
in the work; additional experiments including reconfigu-
ration, statistical analysis, and enzyme kinetic study
(PDF)

B AUTHOR INFORMATION

Corresponding Authors
Francesco Ricci — Department of Chemistry, University of
Rome Tor Vergata, 00133 Rome, Italy; © orcid.org/0000-
0003-4941-8646; Email: francesco.ricci@uniromaZ2.it
Leonard J. Prins — Department of Chemical Sciences,
University of Padua, 35131 Padua, Italy; ® orcid.org/0000-
0001-6664-822X; Email: leonard.prins@unipd.it

Authors

Serena Gentile — Department of Chemistry, University of
Rome Tor Vergata, 00133 Rome, Italy

Erica Del Grosso — Department of Chemistry, University of
Rome Tor Vergata, 00133 Rome, Italy

Passa E. Pungchai — Department of Bioengineering, University
of California at Los Angeles, Los Angeles, California 90095,
United States

Elisa Franco — Department of Mechanical and Aerospace
Engineering and of Bioengineering, University of California at
Los Angeles, Los Angeles, California 90095, United States;

orcid.org/0000-0003-1103-2668

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c09503

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by Associazione Italiana per la
Ricerca sul Cancro, AIRC (project no. 21965) (F.R.), by the
European Research Council, ERC (Consolidator Grant project
no. 819160) (F.R.), the Italian Ministry of Education and
Research (grant 2017E44A9P) (L.P.), and the European
Union’s Horizon 2020 research and innovation program under
the Marie Sklodowska-Curie grant agreement No 896962,
“ENZYME-SWITCHES” (E.D.G.). Computational modeling
performed by E.F. and P.E.P. was done with partial support by
the U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences, under award no. DE-SC-0010595. We
thank Dr. Elena Romano, “Patrizia Albertano” Advanced
Microscopy Center, Laboratory of Confocal Microscopy,
Department of Biology, University of Rome Tor Vergata, for
support with the confocal microscopy images.

B DEDICATION

This paper is dedicated to Prof. Ned Seeman, whose visionary
ideas marked the beginning of DNA nanotechnology.

B REFERENCES

(1) Ornes, S. Core Concept: How nonequilibriumthermodynamics
speaks to the mystery of life. Proc. Natl. Acad. Sci. U. S. A. 2017, 114,
423—424.

(2) Gadsby, D. C. Ion channels versus ion pumps: the principal
difference, in principle. Nat. Rev. Mol. Cell Biol. 2009, 10, 344—352.

(3) Lanyi, J. K; Pohorille, A. Proton pumps: mechanism of action
and applications. Trends Biotechnol. 2001, 19, 140—144.

(4) Schliwa, M.; Woehlke, G. Molecular motors. Nature 2003, 422,
759-765.

(5) Hess, H.; Ross, J. L. Non-equilibrium assembly of microtubules:
from molecules to autonomous chemical robots. Chem. Soc. Rev.
2017, 46, 5570—5587.

(6) Nogales, E. Structural insights into microtubule function. Annu.
Rev. Biochem. 2000, 69, 277—302.

(7) Astumian, R. D. Thermodynamics and kinetics of molecular
motors. Biophys. ]. 2010, 98, 2401—2409.

(8) Ragazzon, G.; Prins, L. J. Energy consumption in chemical fuel-
driven self-assembly. Nat. Nanotechnol. 2018, 13, 882—889.

(9) Lutz, J. F.; Lehn, J. M.; Meijer, E. W.; Matyjaszewski, K. From
precision polymers to complex materials and systhems. Nat. Rev.
Mater. 2016, 1, 16024.

(10) Wehner, M.; Wiirthner, F. Supramolecular polymerization
through kinetic pathway control and living chain growth. Nat. Rev.
Chem. 2020, 4, 38—53.

https://doi.org/10.1021/jacs.1c09503
J. Am. Chem. Soc. 2021, 143, 20296—20301


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c09503/suppl_file/ja1c09503_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09503?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c09503/suppl_file/ja1c09503_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Ricci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4941-8646
https://orcid.org/0000-0003-4941-8646
mailto:francesco.ricci@uniroma2.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonard+J.+Prins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6664-822X
https://orcid.org/0000-0001-6664-822X
mailto:leonard.prins@unipd.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Serena+Gentile"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erica+Del+Grosso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Passa+E.+Pungchai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisa+Franco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1103-2668
https://orcid.org/0000-0003-1103-2668
https://pubs.acs.org/doi/10.1021/jacs.1c09503?ref=pdf
https://doi.org/10.1073/pnas.1620001114
https://doi.org/10.1073/pnas.1620001114
https://doi.org/10.1038/nrm2668
https://doi.org/10.1038/nrm2668
https://doi.org/10.1016/S0167-7799(01)01576-1
https://doi.org/10.1016/S0167-7799(01)01576-1
https://doi.org/10.1038/nature01601
https://doi.org/10.1039/C7CS00030H
https://doi.org/10.1039/C7CS00030H
https://doi.org/10.1146/annurev.biochem.69.1.277
https://doi.org/10.1016/j.bpj.2010.02.040
https://doi.org/10.1016/j.bpj.2010.02.040
https://doi.org/10.1038/s41565-018-0250-8
https://doi.org/10.1038/s41565-018-0250-8
https://doi.org/10.1038/natrevmats.2016.24
https://doi.org/10.1038/natrevmats.2016.24
https://doi.org/10.1038/s41570-019-0153-8
https://doi.org/10.1038/s41570-019-0153-8
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c09503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(11) Korevaar, P. A.; George, S. J.; Markvoort, A. J.; Smulders, M.
M. J.; Hilbers, P. A. J,; Schenning, A. P. H. J.; De Greef, T. F. A;
Meijer, E. W. Pathway complexity in supramolecular polymerization.
Nature 2012, 481, 492—496.

(12) Tantakitti, F.; Boekhoven, J.; Wang, X.; Kazantsev, R. V.; Yu,
T.; Li, J; Zhuang, E,; Zandi, R; Ortony, J. H,; Newcomb, C. J;
Palmer, L. C.; Shekhawat, G. S.; de la Cruz, M. O.; Schatz, G. C,;
Stupp, S. I Energy landscapes and functions of supramolecular
systems. Nat. Mater. 2016, 15, 469—476.

(13) Astumian, R. D. Microscopic reversibility as the organizing
principle of molecular machines. Nat. Nanotechnol. 2012, 7, 684—688.

(14) Das, K; Gabrielli, L.; Prins, L. J. Chemically Fueled Self-
Assembly in Biology and Chemistry. Angew. Chem., Int. Ed. 2021, 60,
20120—20143.

(15) Feng, Y.; Ovalle, M; Seale, J. S. W.; Lee, C. K; Kim, D. J;
Astumian, R. D.; Stoddart, J. F. Molecular Pumps and Motors. J. Am.
Chem. Soc. 2021, 143, 5569—5591.

(16) Grzybowski, B. A.; Huck, W. T. S. The nanotechnology of life-
inspired systems. Nat. Nanotechnol. 2016, 11, 585—592.

(17) Merindol, R.; Walther, A. Materials learning from life: concepts
for active, adaptive and autonomous molecular systems. Chem. Soc.
Rev. 2017, 46, 5588—5619.

(18) Aida, T.; Meijer, E. W.; Stupp, S. L. Functional supramolecular
polymers. Science 2012, 335, 813—817.

(19) Sarkar, A,; Sasmal, R; Empereur-Mot, C.; Bochicchio, D.;
Kompella, S. V. K; Sharma, K,; Dhiman, S.; Sundaram, B.; Agasti, S.
S; Pavan, G. M,; George, S. J. Self-Sorted, Random, and Block
Supramolecular Copolymers via Sequence Controlled, Multicompo-
nent Self-Assembly. J. Am. Chem. Soc. 2020, 142, 7606—7617.

(20) Sarkar, A; Sasmal, R;; Das, A; Agasti, S. S.; George, S. J.
Kinetically controlled synthesis of supramolecular block copolymers
with narrow dispersity and tunable block lengths. Chem. Commun.
2021, 57, 3937—3940.

(21) Van Rossum, S. A. P.; Tena-Solsona, M.; Van Esch, J. H;
Eelkema, R.; Boekhoven, J. Dissipative out-of-equilibrium assembly of
man-made supramolecular materials. Chem. Soc. Rev. 2017, 46, 5519—
553S.

(22) RieB, B.; Grétsch, R.; Boekhoven, J. The Design of Dissipative
Molecular Assemblies Driven by Chemical Reaction Cycles. Chem.
2020, 6, 552—578.

(23) Del Grosso, E.; Amodio, A.; Ragazzon, G.; Prins, L. J; Ricci, F.
Dissipative synthetic DNA-based receptors for the transient loading
and release of molecular cargo. Angew. Chem., Int. Ed. 2018, S7,
10489—10493.

(24) Del Grosso, E.; Prins, L; Ricci, F. Transient DNA-based
nanostructures controlled by redox inputs. Angew. Chem., Int. Ed.
2020, 59, 13238—13245.

(25) Agarwal, S.; Franco, E. Enzyme-Driven Assembly and
Disassembly of Hybrid DNA-RNA Nanotubes. J. Am. Chem. Soc.
2019, 141, 7831—7841.

(26) Green, L. N.; Subramanian, H. K. K,; Mardanlou, V.; Kim, J.;
Hariadi, R. F.; Franco, E. Autonomous dynamic control of DNA
nanostructure self-assembly. Nat. Chem. 2019, 11, 510—520.

(27) (a) Deng, J.; Walther, A. Pathway Complexity in Fuel-Driven
DNA Nanostructures with Autonomous Reconfiguration of Multiple
Dynamic Steady States. J. Am. Chem. Soc. 2020, 142, 685—689.
(b) Deng, J.; Walther, A. ATP-Responsive and ATP-Fueled Self-
Assembling Systems and Materials. Adv. Mater. 2020, 32,
No. €2002629.

(28) Rizzuto, F. J.; Platnich, C. M.; Luo, X; Shen, Y.; Dore, M. D.;
Lachance Brais, C.; Guarné, A.; Cosa, G.; Sleiman, H. F. A dissipative
pathway for the structural evolution of DNA fibres. Nat. Chem. 2021,
13, 843.

(29) Deng, J; Walther, A. Autonomous DNA nanostructures
instructed by hierarchically concatenated chemical reaction networks.
Nat. Commun. 2021, DOI: 10.1038/s41467-021-25450-5.

(30) Fu, T. J; Seeman, N. C. DNA double-crossover molecules.
Biochemistry 1993, 32, 3211—-3220.

20301

(31) Ekani-Nkodo, A.; Kumar, A.; Fygenson, D. K. Joining and
scission in the self-assembly of nanotubes from DNA tiles. Phys. Rev.
Lett. 2004, 93, 268301.

(32) Rothemund, P. W.; Ekani-Nkodo, A.; Papadakis, N.; Kumar, A.;
Fygenson, D. K; Winfree, E. Design and characterization of
programmable DNA nanotubes. ]. Am. Chem. Soc. 2004, 126,
16344—16352.

(33) Zhang, D. Y.; Hariadi, R. F,; Choi, H. M. T.; Winfree, E.
Integrating DNA strand-displacement circuitry with DNA tile self-
assembly. Nat. Commun. 2013, 4, 1965.

(34) Green, L. N.; Amodio, A.; Subramanian, H. K. K; Ricci, F.;
Franco, E. pH-driven reversible self-assembly of micron scale DNA
scaffolds. Nano Lett. 2017, 17, 7283—7288.

(35) Gentile, S.; Del Grosso, E.; Prins, L. J.; Ricci, F. Reorganization
of self-assembled DNA-based polymers using orthogonally address-
able building blocks. Angew. Chem., Int. Ed. 2021, 60, 12911—12917.

(36) Manders, E. M. M.; Verbeek, F. J.; Aten, J. A. Measurement of
co-localization of objects in dual-colour confocal images. J. Microsc.
1993, 169, 375—382.

(37) Bolte, S.; Cordelieres, F. P. A guided tour into subcellular
colocalization analysis in light microscopy. J. Microsc. 2006, 224, 213—
232.

(38) Kim, J.; White, K. S.; Winfree, E. Construction of an in vitro
bistable circuit from synthetic transcriptional switches. Mol. Syst. Biol.
2006, 2, 68.

(39) Agarwal, S.; Klocke, M. A.; Pungchai, P. E.; Franco, E. Dynamic
self-assembly of compartmentalized DNA nanotubes. Nat. Commun.
2021, 12, 3557.

(40) Liu, X;; Zhao, Y.; Liu, P.; Wang, L.; Lin, J.; Fan, C. Biomimetic
DNA Nanotubes: Nanoscale Channel Design and Applications.
Angew. Chem., Int. Ed. 2019, 58, 8996—9011.

(41) Wang, P.; Rahman, M. A; Zhao, Z.; Weiss, K; Zhang, C,;
Chen, Z.; Hurwitz, S. J.; Chen, Z.; Shin, D. M,; Ke, Y. Visualization of
the Cellular Uptake and Trafficking of DNA Origami Nanostructures
in Cancer Cells. J. Am. Chem. Soc. 2018, 140, 2478—2484.

(42) Ko, S; Liu, H; Chen, Y; Mao, C. DNA nanotubes as
combinatorial vehicles for cellular delivery. Biomacromolecules 2008, 9,
3039—-3043.

(43) Ke, Y;; Ong, L. L; Shih, W. M,; Yin, P. Three-dimensional
structures self-assembled from DNA bricks. Science 2012, 338, 1177—
1183.

(44) Parikka, J. M.; Sokolowska, K; Markefevi¢, N.; Toppari, J. J.
Constructing Large 2D Lattices Out of DNA-Tiles. Molecules 2021,
26, 1502.

(45) Schuller, V. J.; Heidegger, S.; Sandholzer, N.; Nickels, P. C.;
Suhartha, N. A.; Endres, S.; Bourquin, C,; Liedl, T. Cellular
immunostimulation by CpG-sequence-coated DNA origami struc-
tures. ACS Nano 2011, S, 9696—9702.

(46) Zhao, Y,; Shaw, A; Zeng, X.; Benson, E; Nystrom, A. M,;
Hogberg, B. DNA origami delivery system for cancer therapy with
tunable release properties. ACS Nano 2012, 6, 8684—8691.

(47) Mikkila, J.; Eskelinen, A. P.; Niemela, E. H.; Linko, V.
Frilander, M. J.; Torma, P.; Kostiainen, M. A. Virus-encapsulated
DNA origami nanostructures for cellular delivery. Nano Lett. 2014,
14, 2196—2200.

(48) Mitchell, J. C.; Harris, J. R.; Malo, J.; Bath, J.; Turberfield, A. J.
Self-assembly of chiral DNA nanotubes. J. Am. Chem. Soc. 2004, 126,
16342—16343.

(49) Kuzyk, A.; Schreiber, R.; Zhang, H.; Govorov, A. O.; Lied], T.;
Liu, N. Reconfigurable 3D plasmonic metamolecules. Nat. Mater.
2014, 13, 862—866.

https://doi.org/10.1021/jacs.1c09503
J. Am. Chem. Soc. 2021, 143, 20296—20301


https://doi.org/10.1038/nature10720
https://doi.org/10.1038/nmat4538
https://doi.org/10.1038/nmat4538
https://doi.org/10.1038/nnano.2012.188
https://doi.org/10.1038/nnano.2012.188
https://doi.org/10.1002/anie.202100274
https://doi.org/10.1002/anie.202100274
https://doi.org/10.1021/jacs.0c13388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2016.116
https://doi.org/10.1038/nnano.2016.116
https://doi.org/10.1039/C6CS00738D
https://doi.org/10.1039/C6CS00738D
https://doi.org/10.1126/science.1205962
https://doi.org/10.1126/science.1205962
https://doi.org/10.1021/jacs.0c01822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC00332A
https://doi.org/10.1039/D1CC00332A
https://doi.org/10.1039/C7CS00246G
https://doi.org/10.1039/C7CS00246G
https://doi.org/10.1016/j.chempr.2019.11.008
https://doi.org/10.1016/j.chempr.2019.11.008
https://doi.org/10.1002/anie.201801318
https://doi.org/10.1002/anie.201801318
https://doi.org/10.1002/anie.202002180
https://doi.org/10.1002/anie.202002180
https://doi.org/10.1021/jacs.9b01550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b01550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-019-0251-8
https://doi.org/10.1038/s41557-019-0251-8
https://doi.org/10.1021/jacs.9b11598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202002629
https://doi.org/10.1002/adma.202002629
https://doi.org/10.1038/s41557-021-00751-w
https://doi.org/10.1038/s41557-021-00751-w
https://doi.org/10.1038/s41467-021-25450-5
https://doi.org/10.1038/s41467-021-25450-5
https://doi.org/10.1038/s41467-021-25450-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00064a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.93.268301
https://doi.org/10.1103/PhysRevLett.93.268301
https://doi.org/10.1021/ja044319l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja044319l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms2965
https://doi.org/10.1038/ncomms2965
https://doi.org/10.1021/acs.nanolett.7b02787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b02787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202101378
https://doi.org/10.1002/anie.202101378
https://doi.org/10.1002/anie.202101378
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1038/msb4100099
https://doi.org/10.1038/msb4100099
https://doi.org/10.1038/s41467-021-23850-1
https://doi.org/10.1038/s41467-021-23850-1
https://doi.org/10.1002/anie.201807779
https://doi.org/10.1002/anie.201807779
https://doi.org/10.1021/jacs.7b09024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm800479e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm800479e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1227268
https://doi.org/10.1126/science.1227268
https://doi.org/10.3390/molecules26061502
https://doi.org/10.1021/nn203161y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn203161y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn203161y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3022662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3022662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl500677j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl500677j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja043890h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat4031
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c09503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

