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Abstract

In recent years, a diverse set of mechanisms have been developed that al-
low DNA strands with specific sequences to sense information in their envi-
ronment and to control material assembly, disassembly, and reconfiguration.
These sequences could serve as the inputs and outputs for DNA computing
circuits, enabling DNA circuits to act as chemical information processors
to program complex behavior in chemical and material systems. This re-
view describes processes that can be sensed and controlled within such a
paradigm. Specifically, there are interfaces that can release strands of DNA
in response to chemical signals, wavelengths of light, pH, or electrical sig-
nals, as well as DNA strands that can direct the self-assembly and dynamic
reconfiguration of DNA nanostructures, regulate particle assemblies, con-
trol encapsulation, and manipulate materials including DNA crystals, hy-
drogels, and vesicles. These interfaces have the potential to enable chemical
circuits to exert algorithmic control over responsive materials, which may
ultimately lead to the development of materials that grow, heal, and interact
dynamically with their environments.
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1. INTRODUCTION

While publishing the world’s first computer algorithm, Ada Lovelace remarked that computers
“might act upon other things besides number” (1, p. 27). She noted that computer algorithms
could manipulate anything that might be represented as digital information, which today in-
cludes numbers, music, images, and video. Now, nearly two centuries after Ada’s insight, chemical
circuits are enabling algorithms to operate outside of the traditional computer and directly ma-
nipulate the behavior of physical materials.

Electronic computers operate on information encoded in electronic voltages. Chemical com-
puters (2), by contrast, are reaction networks that operate on information encoded in the con-
centrations of molecules. The outputs of these chemical computers are molecules, which can be
designed to interface with materials. The use of chemical algorithms to direct the behavior of
materials could eventually lead to the development of programmable matter in which chemical
circuits control self-assembly, detect and heal damage, or adapt dynamically to signals sensed in
the environment.

DNA circuits are a particularly promising means for computing within chemical systems. They
are composed primarily of DNA oligonucleotides (i.e., short strands of DNA), but may also con-
tain enzymes such as DNA polymerase or exonucleases (3—5). DNA circuits can perform the same
fundamental operations as electronic transistor circuits, including Boolean logic and arithmetic
(6-9), generation of oscillations and regulating time (10-13), and execution of interactive algo-
rithms such as playing a game of tic-tac-toe (14).

The inputs to DNA circuits are strands of DNA with specific sequences that can convey infor-
mation about a material or environment to the circuit. Likewise, the outputs from a DNA circuit
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Figure 1

DNA circuit interfaces. (#) External stimuli are converted into single-stranded DNA (ssDNA), which serves
as a standard interface between stimuli and the DNA circuit in a similar way to how a USB plug serves as a
standard interface between peripheral devices and an electronic computer. () The DNA circuit reads the
input strands, performs a programmed transformation, and releases output strands of ssDNA. (c) The output
strands can direct downstream material processes, enabling the DNA circuit to program material behavior.

are strands that can control the states of downstream materials or molecules. The input/output
strands for DNA circuits are thus analogous to USB ports for electronic computers, that is, a
standard interface that allows the circuit to communicate with peripheral devices, in this case,
molecules or materials (Figure 1). The use of modular input/output interfaces is a key design
principle that allows the same types of circuits to interact with a diverse set of materials. An input
sensor could, in principle, be exchanged for a different type of sensor to allow the same circuit to
receive and process information about a different type of environmental stimulus. Similarly, output
actuators could be exchanged to allow the same circuit to direct different material responses.

2. DNA CIRCUITS

DNA circuits can be conceptualized as black boxes that accept DNA strands as inputs, perform
a programmed transformation, and release or synthesize strands of DNA as outputs. We collec-
tively term the input and output strands the interface strands to distinguish them from the rest
of the DNA circuit. The circuit elements within the conceptual black box can include () DNA
strand-displacement reactions that rely solely on the base-pairing of DNA strands to sequester
DNA strand inputs or release DNA outputs (Figure 24), (/) DNAzyme reactions that use the cat-
alytic activity of DNA to make or break the covalent bonds of other strands of DNA (Figure 2b),
and (¢) enzymatic circuits that utilize proteins such as DNA polymerase or exonuclease to syn-
thesize, modify, or degrade strands of DNA (Figure 2¢). Circuits composed of these elements
can perform many signal processing functions, including Boolean logic (Figure 24,b), neural net-
work computation (15, 16), signal amplification (17, 18), the generation of oscillations and other
time-dependent signals in the concentration of output molecules (Figure 2¢) (11-13), and the
generation of spatially patterned signals wherein different outputs are released at different spatial
locations (Figure 2d) (11, 19, 20).

Designing modular interfaces between DNA circuits and materials often requires the circuit
to be insulated from the material, and vice versa, so that the circuit does not irreversibly consume
the input strands and the material does notirreversibly consume the output strands. In some cases
in which this irreversible consumption (i.e., loading) cannot be avoided, an additional load driver
mechanism may need to be inserted to fully insulate the circuit and material (21, 22). A similar
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Figure 2

DNA circuits with DNA strand inputs (yellow, tan) and outputs (red). () A DNA strand-displacement circuit, which processes
information via competitive DNA base-pairing. Here, a Boolean logic AND gate releases an output strand (red) from a complex only
when both input strands (yellow, tan) are present (6). High fluorescence indicates a high concentration of the output strand. (») (Lefi) A
Boolean logic circuit built around the E6 DNAzyme (dark gray) (14) that cleaves a DNA strand, releasing an output strand (red) only
when both input strands (yellow, tan) are present. A circuit composed of such gates can play tic-tac-toe if it receives input strands that
encode information about the presence of X’s played by the circuit and O’ played by the human, and produces an output corresponding
to the next move to be played. (Right) The final step of a game. The large red bar indicates the circuit’s direction to play in the seventh
cell of the game board to win the round. (¢) A dynamic DNA circuit that produces an oscillatory output because of coupled DNA
polymerization and nicking reactions, catalyzed by enzymes (11). This particular circuit is a signal generator and does not have a
designated input strand. (d) A DNA edge-detection circuit. Two reactants, A and B, were initially present in different parts of the
pattern. Photocleavage of reactants in certain areas allowed the reactants to diffuse and encounter one another. The resulting spatial
computation process produces output strands only at edges where A is initially present on one side of the edge and B is initially present
on the other side (19). Abbreviation: a.u., arbitrary units. Panel # adapted with permission from AAAS. Panel b adapted with permission
from Nature Biotechnology. Copyright 2003, Nature. Panel ¢ adapted with permission from ACS Nano. Copyright 2012, American
Chemical Society. Panel d adapted with permission from Nazure Chemistry. Copyright 2013, Nature.

challenge can arise if the material imposes conflicting constraints on the exact sequence or sec-
ondary structure of the interface strands. In principle, this sequence dependency can be addressed
through the use of additional reactions to convert the input strands into entirely independent
sequences before they interact with the circuit, and the output strands into different sequences
before they interact with the material. This conversion step is generally called sequence transla-
tion (23). While useful for ensuring modularity, the use of load drivers and sequence translators
often comes at the cost of additional circuit complexity.

For the remainder of this review, we focus on mechanisms that convert environmental stim-
uli, such as light and heat, to and from interface strands that can interact with DNA circuits. In
this scope, we refrain from further discussing the internal workings of DNA circuit black boxes
themselves, as they have been covered more extensively in other excellent reviews (3-5).

3. TRANSDUCING INFORMATION ENCODED IN DNA SEQUENCES
TO AND FROM OTHER TYPES OF SIGNALS

Transduction is the conversion of information from one signal form to another. Information en-
coded in the concentration of a strand of DNA can be transduced from and to many other forms,
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including the concentration of other molecules or ions or as pH, light, temperature, or electrical
signals. In this section, we review methods for transducing these signals into interface strands
of DNA, thus allowing DNA circuits to receive information about stimuli in the surrounding
environment.

3.1. Molecular Inputs

DNA aptamers are sequences of DNA that can bind specifically to molecules such as ATP (24), co-
caine (25), metal ions (26), proteins, and peptides (27-31). Aptaswitches are nucleic acid sequences
or complexes that can bind to a target molecule and, in doing so, can further induce a conforma-
tional change of another part of the aptaswitch. In many cases, this conformational change can
release a strand of DNA (32-35), which can then serve as a DNA circuit input. Aptaswitches can
also expose a toehold domain in a DNA complex (36), which can allow a strand-displacement
reaction to proceed. Aptaswitches can also displace domains that would otherwise inhibit other
strands from binding to a DNA complex (37).

Output strands released by DNA circuits can also direct the capture or release of molecules
from an aptamer by binding to the aptamer, thus changing the aptamer’s binding affinity for its
target. Bhadra & Ellington (38) modified the fluorescent RNA Spinach aptamer to fold into an
inactive state in which it did not associate with its target molecule (DFHBI fluorophore). Hy-
bridization with a trigger strand of DNA refolded the inactive aptamer into an active state in
which it successfully bound its target (38). Lloyd et al. (39) used DNA strands complementary to
aptamer sequences, called kleptamers, to bind to and displace aptamers from their targets. This
technique was demonstrated with both a Broccoli aptamer, which binds to DFHBI, and an aptamer
for a RNA polymerase, which prevents the RNA polymerase from transcribing while bound to
the aptamer (Figure 3b). Aptamers have also been integrated into reconfigurable DNA nanos-
tructures. For example, they have been used as binding sites for target molecules at the end of
DNA nanotweezers (40). When a trigger strand of DNA opens the tweezers, the two aptamer
binding sites at the ends of the tweezers separate. Because binding of the target protein requires
interaction with both binding sites, this conformational change releases the protein target. The
tweezers nanostructure thus allows a strand of DNA that is not itself an aptamer binding sequence
to direct the release of a target molecule.

3.2. Ions and pH

Strand-displacement reactions can be designed to release an interface strand of DNA only in the
presence of target ions, which can then serve as an input strand to communicate the presence of
the targetions to a DNA circuit. For example, Liu & Mao (41) used Hoogsteen triplex formation,
in which CGC triplets form under acidic conditions where [H*] is high, to colocalize a strand
of DNA to a complex and initiate a strand-displacement reaction. The release of the interface
strand from this reaction thus signifies a high H* concentration. Amodio et al. (42) implemented a
similar pH-responsive strand-displacement reaction that uses CGC triplets in a Hoogsteen triplex
to stabilize both a clamp domain, which suppresses a DNA strand-displacement reaction, and a
toehold domain, which initiates a strand-displacement reaction.

Tang ctal. (43) split the sequences for a pH-dependent i-motif between an invading strand and
a strand-displacement complex. At low pH, the formation of the complete i-motif colocalizes the
strand to the complex, initiating a strand-displacement reaction that releases an interface strand of
DNA. The authors also used a similar mechanism based on the G quadruplex motif, which formed
upon the addition of strontium (Sr*™) ions to allow a strand-displacement reaction to occur only
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in the presence of Sr** ions. Ding etal. (44) developed a DNA strand-displacement reaction thatis

triggered by mercury (Hg*™) ions. The authors used a thymine-thymine (1-'1’) mismatch in the
tochold domain of a strand-displacement complex to prevent an invading strand of DNA from
binding to this toehold. However, when mercury ions are added, a non-Watson-Crick T-T base

pair is stabilized between the invading strand and the complex, allowing the toehold domain to
fully hybridize and initiate a strand-displacement reaction (Figure 3¢).
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Figure 3 (Figure appears on preceding page)

"Iransducing signals to and from DNA sequences. (#) An interface that converts the concentration of a target molecule, platelet-derived
growth factor BB (PDGF-BB) (purple) into the concentration of an interface strand of DNA (yellow). Two aptamer sequences of DNA
(blue) bind to the target molecule and displace the interface strand. A downstream fluorescent reporter complex tracks the concentration
of the yellow strand (32). (b)) A kleptamer (red) displaces an aptamer from T7 RNA polymerase. While T7 RNA polymerase is bound by
the aptamer it cannot transcribe RNA (39). (¢) An Hgt"-dependent DNA strand-displacement (DSD) reaction that releases the
interface strand (yellow). A downstream fluorescent reporter tracks the concentration of the yellow strand over time. The black arrow in
the graph marks the time when Hg*™* ions were added (44). (d) A gold electrode is initially coated in Hg(0). When an oxidative
potential is applied to the electrode, Hg(0) is oxidized into Hg**, which can promote DNA hybridization using the same mechanism as
in panel ¢. Application of a reductive potential reverses the process (45). (¢) A hairpin (dark gray) modified with a methylene blue redox
moiety (blue pentagon) is anchored on an electrode. Proximity of the methylene blue redox moiety to the electrode generates a Faradaic
current. A complementary interface strand of DNA (cDNA) (red) opens the hairpin and prevents the methylene blue redox moiety from
interacting with the electrode, suppressing the current. The data show high current for the initial state with no interface strand added
(i-e., serum only), decreased current when the interface is added (i.e., serum + target), and high current again when the interface is
removed by a washing regeneration step (i.e., is regenerated) (52). (f) A temperature-sensitive DSD reaction that directs DNA-modified
(dark and light gray) particle assembly within a target temperature range. Below the target temperature, strands of DNA (yellow) bind to
the linker strands and prevent assembly. At the target temperature, the particles bind to form a solid assembly and displace the yellow
strands into solution. Above the target temperature, all strands are thermally dissociated (57). (¢ A DNA hairpin with a photocleavable
(PC) linker (Jock symibol) presents a toehold domain (blue) after exposure to UV light, which allows a strand-displacement reaction to
release the yellow strand (61). (b) A molecular beacon (MB) (dark gray) is a DNA hairpin with two different fluorophores at its ends. In
the beacon’s initial state, the fluorophores are close to cach other, enabling fluorescence resonance energy transfer to excite the acceptor
fluorophore via excitation of the donor fluorophore (coumarin). After a cDNA strand is added (red) that binds to and opens the hairpin,
the two fluorophores are separated and the intensity of the acceptor fluorophore decreases significantly (64). Abbreviation: a.u.,
arbitrary units. Panel # adapted with permission from the Journal of the American Chemical Society. Copyright 2013, American Chemical
Society. Panel # adapted with permission from ACS Synthetic Biology. Copyright 2017, American Chemical Society. Panel ¢ adapted with
permission from Chemical Communications. Copyright 2013, Royal Society of Chemistry. Panel d adapted from the Royal Society of
Chemistry. Panel e adapted with permission from Nature Protocols. Copyright 2007, Nature. Panel f adapted with permission from Soft
Matter. Copyright 2018, Royal Society of Chemistry. Panel g adapted with permission from the Fournal of the American Chemical Sociery.
Copyright 2013, American Chemical Society. Panel b adapted with permission from Angewandte Chemie. Copyright 2001, Wiley.

To the best of our knowledge, no experimental studies have reported the use of a DNA strand to
directly trigger the release or sequestration of ions in quantities sufficient to significantly change
free ion concentrations in solution (the converse of the use of ions to release specific DNA strands).
Such a DNA-to-ion interface might allow DNA circuits to dynamically adjust the pH over time,
or change pH suddenly in response to signals detected in the environment.

3.3. Electrical Signals

Electronic devices can provide inputs to DNA circuits through electrodes that release or activate
interface strands of DNA. Ranallo et al. (45) developed four different mechanisms for activating
DNA strand-displacement reactions by using voltage to release specific ions from gold electrodes.
First, a gold electrode was coated with a thin film of mercury. When an oxidizing potential scan
from 0.2 to 0.65 V was applied to the electrode, the mercury was released into solution as Hg**
ions. The released ions facilitated binding of target partially complementary DNA domains by
stabilizing non-Watson-Crick T-T base pairs (Figure 3d) (see also Section 3.2 on the ionic ac-
tivation of DNA). Application of a reductive potential (—0.3 V) reversed the stabilization of the
T-T base pairs by redepositing the mercury back onto the electrode. The other three mecha-
nisms the authors used to electrically activate other DNA circuits involved releasing silver ions to
facilitate non-Watson-Crick cysteine—cysteine (C-C) base pairs, releasing input strands of DNA
initially bound to the electrode by thiol-gold bonds, and releasing copper ions to activate a copper-
sensitive DNAzyme (45). These strategies might be used together to selectively activate or release
different interface strands of DNA within the same solution. Other studies have electrochemically
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controlled the activity of DNAzymes using ions other than copper (46, 47). Jeong et al. (48) used
an entirely different technique to implement voltage-directed DNA strand activation by fabricat-
ing DNA-impregnated multilayer nanofilms on the surfaces of electrodes. Application of voltage
to one such electrode reduced the nanofilm and released the impregnated strands of DNA into
solution, where they interacted with a fluorescently labeled DNA beacon (48).

DNA strands can produce or regulate voltage or current by regulating the distance between
an electrode and an electrically active molecular tag. The close proximity of the electrode to the
tag generates a Faradaic current. Both Fan et al. (49) and Immoos et al. (50) demonstrated this
technique using a redox ferrocene-labeled DNA hairpin immobilized on a gold electrode. When
no other DNA strands were present, the DNA hairpin’s lowest energy conformation kept the
ferrocene close to the electrode, generating current. When a DNA strand with a sequence com-
plementary to that of the hairpin was added, binding between this interface strand and the immo-
bilized hairpin opened the immobilized hairpin, separating the ferrocene from the electrode and
decreasing the measured current. Similar schemes involving electrodes with surface-immobilized
DNA have used different labels to generate a current, including methylene blue (Figure 3e) (51,
52), and conformational switches of DNA motifs other than hairpins (53). Electrochemical DNA
sensors are further reviewed by Drummond et al. (54).

3.4. Temperature

Most current experimental studies involving DNA circuits tend to be designed to operate at a
particular set temperature, rather than to respond to temperature as an input. However, some
DNA hairpin structures have been designed to serve as temperature-responsive thermometers by
tuning the strength, and thereby the melting temperature, of the stem domains that hold the hair-
pins closed (55, 56). When the stem melts, the hairpin opens into a single-stranded conformation.
Manoharan and colleagues (57, 58) modified the temperature dependence of DNA-grafted col-
loids to program nonlinear aggregation and reentrant melting of the colloids, which suggests an
alternative approach to programming temperature-sensitive DNA strand-displacement reactions.
Specifically, these authors began with colloidal assemblies held together by DNA linkers between
the colloids, and added complementary interface strands of DNA to bind to and displace the link-
ages from each other. At low temperatures, enthalpy favors disruption of the linkages and melt-
ing of the colloidal assemblies, because more total bonds can form when the competing strands
sequester the linkages. At intermediate temperatures, entropy favors formation of the linkages,
release of the interface strands, and stabilization of the colloidal assemblies, because two strands
are displaced by every linkage formation. At high temperatures, complete thermal dissociation of
DNA hybridization melts the linkages and the colloidal assemblies (Figure 3f). This reaction sys-
tem shows how DNA strands can be released or sequestered at a target temperature, which could
be used to communicate information about the temperature of the environment to a downstream
DNA circuit.

"lo the best of our knowledge, no studies have demonstrated how the presence of a specific
DNA strand might directly alter the temperature of the surrounding solution. Such a DNA-to-
temperature interface could be useful for creating programmable three-dimensional spatiotempo-
ral temperature gradients within solutions. However, regulating temperature with DNA strands
may prove difficult because the amount of energy that is required to heat water is large compared
with the energy stored in DNA hybridization. Such a control system may thus need to harness
an external energy supply, such as using light illumination plasmon resonance to generate heat
from gold nanoparticles (59). With such a setup, interface strands of DNA might control where
the gold nanoparticles are positioned to direct local heating.
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3.5. Light

Light can direct the release of a specific DNA sequence by controlling the degradation or con-
formational change of reagents that initially block or sequester a DNA domain from participating
in downstream reactions. Prokup ct al. (60) created a photosensitive strand-displacement reac-
tion by suppressing the ability of a strand to hybridize to its complement using four NPOM (6-
nitropiperonyloxy-methylene)-caged thymidine groups evenly distributed along the strand. The
authors found this photocaged strand did not react with a downstream strand-displacement cir-
cuit until UV irradiation at 365 nm removed the caging groups (60). Huang et al. (61) synthe-
sized a DNA hairpin gate with a photocleavable linker in the hairpin backbone. On exposure to
365-nm light, the hairpin’s backbone was cleaved, exposing a tochold domain within the hairpin
loop. This exposed toehold allowed a strand with a complementary toehold to bind and initiate a
strand-displacement reaction (Figure 3g). Kou et al. (62) inserted ¢zs-20,60-dimethylazobenzene
(DMazo) into a strand of DNA, which favors duplex association in its z7ans state and dissociation
in its ¢is state. By toggling the DMazo into its t7uns state with 475-nm light, the authors initiated
a strand-displacement reaction. Toggling the DMazo back into its ¢is state by exposure to 365-nm
light induced dissociation of DMazo strands from their complementary sequences, driving the
strand-displacement reaction in the reverse direction (62). Nakamura et al. (63) used a photoini-
tiated cross-linker, 3-cyanovinylcarbazole (“NVK), to form a covalent bond between an invading
strand of DNA containing “~VK and a pyrimidine base in a complementary DNA complex, after
exposure to light at a wavelength of 366 nm. This covalent bond made a strand-displacement re-
action effectively irreversible and sped up its kinetics by a reported factor of 20-fold by inhibiting
the backward branch-migration step (63).

A standard way to transduce a DNA hybridization event into a signal that alters the optical
properties of the solution is to use a fluorescent molecule conjugated to the end of a strand of DNA
to emit differentintensities of lightata target wavelength, depending on the state of the conjugated
DNA strand. Emission from the fluorophore can be quenched by a nearby quencher molecule or
transferred by FRET (fluorescence resonance energy transfer) to a different fluorophore, which
effectively changes the wavelength of the fluorescence output signal. An interface strand of DNA
can change the distance between these different fluorophore and quencher modifications by open-
ing a fluorophore-modified hairpin (Figure 35) (64), or displacing a fluorophore-modified strand
from a complex (6). The kinetics of many of the devices described in this review are monitored by
measuring changes in fluorescence from fluorescently modified DNA complexes.

4. USING DNA STRANDS TO CONTROL DNA NANOSTRUCTURE
ASSEMBLY, DISASSEMBLY, OR REORGANIZATION

A strand of DNA that is an output of a DNA circuit can interact with DNA nanostructures by
serving (z) directly as a building block in a self-assembly process, (b) as a trigger that activates one
or more building blocks, or (¢) as an agent that removes DNA strands or subassemblies from an
initially assembled structure. Such interactions effectively use the sequence information encoded
in a circuit’s output strand to direct how an assembly should form or change shape.

4.1. Self-Assembly

DNA can self-assemble into arbitrary two- or three- dimensional shapes (65-68) up to several
hundred nanometers in size (69), and into a diverse range of periodic lattices and crystals (70, 71).
DNA nanostructures may be broadly classified into either scaffolded DNA origami nanostructures
(65), in which short staple strands fold a long scaffold strand into a final shape, or unscaffolded
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assemblies, in which DNA bricks (66) or tiles (72-73) self-assemble into ordered lattices via a
crystal growth process. In both cases, the specific sequences of each strand determine which com-
ponents may bind to which others and how strongly and, in turn, determine what final structures
self-assemble.

In principle, DNA circuits could be used to direct the self-assembly of these structures by pre-
senting outputs that control which strands are available to self-assemble (74). Dynamic control
over the availability of different DNA strands might allow circuits to direct elaborate, hierarchical
assembly protocols, or to incorporate feedback from the environment during assembly. One chal-
lenge to the design of such systems is that DNA nanostructures are generally formed by annealing:
The temperature of the assembly mixture is first raised above the melting temperature of the DNA
and then slowly cooled. Assembly occurs after the temperature drops below the nanostructure’s
melting temperature. Parameters other than temperature, such as denaturant concentration (75),
have also been used for annealing. During an annealing process, most DNA circuits, which are held
together by Watson—Crick base pairs, also melt and reform. Such melting and reformation of cir-
cuit components would interrupt the function of the many types of DNA circuits that are designed
to begin operation in a metastable configuration and could denature enzymes or other cofactors
needed for the operation of other DNA circuits. Because circuits are typically designed to operate
isothermally, these circuits would need to be redesigned to operate during an annealing process.

An alternative approach to controlling self-assembly with DNA circuits is to develop mecha-
nisms by which DNA nanostructures assemble isothermally. Isothermal nanostructure assembly
processes are generally more difficult to design than assembly processes that use annealing because
under isothermal conditions the component strands of DNA assemblies can easily become kineti-
cally trapped in off-target intermediate structures. In principle, these kinetic traps could be avoided
by using DNA circuits to control the pathway in which assembly components are made available.

4.1.1. DNA strand-directed activation of building blocks of DNA nanostructures. One
strategy for controlling DNA nanostructure self-assembly is to use DNA strands to activate the
building blocks of a target nanostructure. Zhang et al. (76) used DNA strand-displacement cir-
cuits to control the self-assembly of DNA nanotubes composed of DNA tiles. These authors
constructed inactive tiles where two of the intertile sticky-end binding sites on each tile were cov-
ered by a DNA protector strand, which inhibited nanotube growth. A complementary interface
strand, released by a DNA circuit, successfully removed the protection strand from the inactive
tiles, thus activating the tiles and allowing nanotube assembly to occur (Figure 44). Franco and
colleagues (77) demonstrated the reversible assembly and disassembly of similar DNA nanotubes
by repeatedly protecting and deprotecting a tile’s sticky end strands in response to changes in pH.
Padilla et al. (78) created DNA tiles containing inactive binding domains, in which the binding of
a sticky end on one side of these tiles partially displaced a cover strand of DNA. This cover strand
could then activate a sticky end on the opposite end of the tile. A DNA circuit might presum-
ably trigger a cascading assembly process involving such tiles by activating an initial tile, which
then uses its newly activated sticky end to activate a chain of additional tiles. Zhang et al. (76)
demonstrated an analogous sequential assembly cascade in which droplets, rather than tiles, are
assembled into chains. Droplets were functionalized with two DNA attachment strands that were
initially hybridized together. Interdroplet assembly was initiated by adding an interface strand of
DNA that binds to one of the attachment strands via a single-stranded toehold, displacing the
second attachment strand, which could then attach to another droplet (79).

Wang et al. (80) reversibly activated and deactivated larger DNA origami building blocks that
could form different dimers depending on how they were activated (Figure 45). These authors
reversibly assembled four different tile types (labeled A, B, C, and D) into different permutations
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DNA strand-directed self-assembly. In each example, the red strand of DNA represents the interface strand, which could be the output
of a DNA circuit, that directs the self-assembly of a nanostructure. (#) Activatable DNA tiles (76). Each tile starts in an inactive state in
which two of its four self-complementary sticky ends (blue) are covered by protector strands of DNA. A deprotector strand (red) binds
to a single-stranded toehold region at the center of the tile and displaces the protector strands, resulting in an active or deprotected tile.
Deprotected tiles then proceed to self-assemble into nanotube structures. Total internal reflection fluorescence microscopy images
show the tiles in (top) their protected state before deprotector strands were added, when no nanotubes are evident, and (bozrorz) their
deprotected state after deprotector strands were added, where nanotubes have grown. (§) Scaffolded DNA origami tiles whose binding
sites can be activated by DNA interface strands. A deprotector strand (red) binds to monomer A and removes its protector strand,
creating a waste complex and allowing formation of a dimer AB. Introduction of a protector strand separates the monomers back into
their initial state (80). Additional sequence-specific binding sites (not shown) facilitate different permutations of dimers. Atomic force
microscopy (AFM) images show origami tiles in their monomer and dimer states. (¢) Regulating self-assembly through the release of
DNA linker strands that serve as bridges between two structures. Here, a linker strand (red) connects two DNA triangular prisms on a
giant vesicle (81). (d) Catalytic assembly of a DNA tetrahedron. Initially, a solution was prepared that contained nine metastable
hairpins or complexes (blue, gray, yellow), which constitute the parts of the tetrahedron. A catalyst strand (red) opens the A1 hairpin,
initiating a cascade in which the tetrahedron forms via a series of reactions that follow a designed assembly pathway. AFM images show
the intermediate structures: a three-arm junction, a closed triangle, two closed triangles, and the final tetrahedron (88). Panel # adapted
from Nature Communications. Panel b adapted with permission from Nano Letters. Copyright 2018, American Chemical Society. Panel ¢
adapted with permission from the Fournal of the American Chemical Society. Copyright 2017, American Chemical Society. Panel d adapted
from ACS Nano.
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of dimers (AB, CD, AD, and BC) by adding different combinations of protector and deprotector
strands to regulate different binding interfaces. They reported four cycles of reversible dimer-
ization, with yields around 75%. DNA circuits might presumably direct assembly of origami tile
with such interfaces into larger structures by releasing sequences of the relevant protector and
deprotector strands.

4.1.2. Directing DNA nanostructure assembly by releasing linker strands for building
blocks. DNA sequences can also direct the self-assembly of DNA nanostructures by acting as
sequence-specific bridges between two other DNA structures. Unlike the use of interface strands
to activate nanostructures described in the previous section, the use of interface strands as link-
ers helps separate structural building blocks from the sequences that determine connectivity,
allowing the same building blocks to bind to different partners depending on which linker is
activated.

Peng et al. (81) used linker strands of DNA to assemble multiple triangular wireframe DNA
prisms anchored on vesicles into dimers (Figure 4¢). Displacement strands that were complemen-
tary to the linker strands were used to reverse the assembly process. Cao et al. (82) used different
sequences of linker strands of DNA to sclectively control the assembly of DNA-functionalized
gold and silver—gold nanoparticles into aggregates, which were used as a two-color mechanism
for detection of DNA. Yao et al. (83) used DNA strand-displacement circuits to control the self-
assembly of DNA-functionalized gold nanoparticles by using output strands from a DNA cir-
cuit to link particles together. These authors further explored differences in reaction kinetics for
strand-displacement reactions when the reactant strands were conjugated to gold nanoparticles,
as opposed to standard strand-displacement kinetics without nanoparticle conjugations (84). For a
more detailed discussion of how DNA strands can control the aggregation of DNA-functionalized
nanoparticles, we refer the reader to a review by Thaxton et al. (85) and a perspective article by

Cutler et al. (86).

4.1.3. Gated catalysts and nucleation sites. Single-stranded outputs from circuits have also
been used to activate sites for nanostructure nucleation or catalysts for downstream self-assembly
processes. This strategy for using DNA strands to control self-assembly effectively amplifies the
signal, because each DNA input triggers multiple assembly steps. Yin et al. (87) developed a
metastable hairpin assembly architecture in which a catalyst initiates a cascade of steps that as-
semble DNA hairpins into larger structures. Sadowski et al. (88) used this metastable hairpin ar-
chitecture to assemble a tetrahedron in response to a catalyst trigger (Figure 44d). Zhang ctal. (89)
used a DNA strand-displacement amplifier circuit to activate a metastable hairpin chain reaction
process that triggered the assembly of a branched structure. Kishi et al. (90) developed isother-
mal primer exchange reaction (PER) cascades, in which DNA hairpins are templates on which
DNA polymerase synthesizes strands of DNA. Each hairpin adds one short sequence domain to
a growing strand in a programmed order so that the set of hairpins present controls what DNA
strand is synthesized. Using this mechanism, these authors further created a PER hairpin that was
initially inactivated by a protector strand blocking the hairpin’s toehold. When an interface strand
complementary to the protector strand was added, the hairpin’s toehold was exposed and DNA
synthesis proceeded.

4.2. Actuators

Beyond directing the self-assembly of structures and materials from components, DNA can also
be used to change the shapes of nanostructures that have already been assembled. A common
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Reconfiguration of DNA nanostructures directed by DNA interface strands. In each example, the red strand of DNA is the interface
strand that can facilitate communication between a circuit and a reconfiguring structure. (#) A pair of DNA tweezers (grzy) with two
different fluorophores at the ends (91). The tweezers are initialized in an open state where the TET fluorophore (b/ue) can be excited
without fluorescence resonance energy transfer (FRET). A fuel strand of DNA (red) binds to and constrains the tweezers into a closed
state, bringing the fluorescent ends of the tweezers close together and facilitating FRET between the TET and TAMRA (yellow)
fluorophores. An antifuel strand (marked with an asterisk) displaces the fuel strand, returning the tweezers to an open state.
Fluorescence intensity of TE'l" emission shows multiple cycles of opening and closing the tweezers. (b)) A rotary DNA origami actuator
(100) driven by shape-complementary blunt-end stacking. Interface strand A (red) binds to complementary domains on the origami
actuator to disrupt the blunt end stacking and open the actuator. Transmission electron microscopy images show the actuator in its
closed and open states. (¢) Subtractive modification of DNA brick structures. Targeted strands (blue) are removed from an initial blank
canvas by corresponding subtraction interface strands (red). The addition of different sets of removal strands leads to different final
shapes. Atomic force microscopy images show letter structures fabricated by this subtractive process (103). (d) A DNA walker (b/ue) on
an origami surface (black) is blocked from traversing a target path by a blocker strand (yelow). An instruction strand (red) displaces the
blocker strand from the origami, creating a pathway the walker can move across (106). Fluorescence monitoring shows a walker moving
on a track with two gated pathways, after the right-hand pathway is activated by an instruction strand. The walker transports a
quencher modification to a fluorophore at the end of the right-hand pathway, decreasing the fluorescence intensity. Abbreviations: a.u.,
arbitrary units; DB, double block; SB, single block. Panel # adapted with permission from Nature Communications. Copyright 2000,
Nature. Panel 4 adapted with permission from AAAS. Panel ¢ adapted with permission from Angewandte Chemie. Copyright 2014, Wiley.
Panel d adapted with permission from Nature Nanotechnology. Copyright 2012, Nature.

mechanism of changing the shape of a DNA nanostructure is to add or remove strands of DNA
that constrain the nanostructure in different configurations from a nanostructure. Yurke etal. (91)
used this technique to repeatedly open and close a pair of DNA tweezers: adding a closing strand
constrained the tweezers in a closed configuration, while an opening strand displaced the closing
strand, thereby reopening the tweezers (Figure 54). The state of the tweezers was monitored by
FRET between two fluorophores positioned at the ends of the tweezers. In a similar nanoactuator,
an interface strand of DNA constrained the two ends of the device in an open state, rather than
in a closed state (92). Feng ct al. (93) constructed a linear actuator in which the two ends of the
device are pushed away from each other along a straight track when an actuation strand is added.
They then incorporated this device into a two-dimensional DNA lattice to actuate expansion of
the lattice. Goodman et al. (94) used a similar linear actuator to reversibly change the length of
a side of a DNA polyhedron, while Sacca et al. (95) used linear actuators to extend and contract
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the edges of a cavity within a DNA origami tile. Chen et al. (96) developed a scheme in which
linker strands bind along the edge of a DNA origami tile to direct the folding of the origami into
a cylinder.

Several rotary devices have been developed in which an interface strand can direct a change in
the relative angle between two parts of a nanostructure. Yan et al. (97) created an axial rotation
device that reversibly rotates 180° between a paranemic crossover (PX) motif and its topoisomer
(JX3) in response to two sets of actuation strands. This motif was inserted as a modular component
on a DNA array, which provided a fixed frame of reference for integrating multiple rotational
actuators together into the same device (98). Marras et al. (99) developed a library of different
DNA origami joints for both linear and rotational motion, and used interface strands of DNA to
control the opening and closing of one of their composite devices. Gerling et al. (100) used DNA
strand displacement to actuate the rotational movement of a four-armed DNA nanostructure, in
which blunt-end stacking between shape-complementary components of the device provided the
driving force for constraining the actuator with the arms either together or apart (Figure 5b).

4.3. Subtractive Modification

Strands of DNA can also change the shape of a structure by removal or disassembly of targeted
components. Han et al. (101) built a DNA origami Mobius strip and used strand-displacement
processes by DNA interface strands to remove staple strands of DNA at target locations along
the structure such that the removal of the staples acted akin to cutting. These authors first added
DNA strands to “cut” along the centerline of the Mobius strip to create a longer loop with two
full twists, and then added DNA strands to remove the staples along a line one-third of the width
into the Mébius strip to create two interlocked loops. Zhang et al. (102) used strand displacement
to both remove and replace staple strands in an origami structure, transforming a square structure
into a quasifractal pattern of squares of decreasing size. Wei et al. (103) created regular square and
cuboidal DNA brick canvases from which any component strand could be removed by adding a
complementary strand (Figure 5¢). This technique allowed the authors to remove portions of a
general-purpose square or cuboidal canvas to produce many shapes, including all 26 letters of the

alphabet.

4.4. DNA Walkers and Molecular Transport

DNA walkers are mobile nanostructures that bind to and traverse a larger-frame-of-reference
surface, such as a DNA origami tile surface. These types of devices can be used to transport cargo
molecules to different locations on the origami surface (Figure 64) (104, 105). Walkers can be
thought of as specific types of reconfigurable DNA nanostructures. DNA fuel strands can drive
walker motion and can also act as decision making signals that indicate to the walker which path
to take among a set of option branches by selectively removing blocker strands from the target
pathway (Figure 5d) (106). Numerous DNA walkers have been designed, and many walkers whose
motion can be controlled by DNA strands are discussed in further detail in a review by Pan et al.
(107).

5. DNA-DIRECTED CONTROL OF OTHER MATERIALS

DNA can also serve as a template for controlling many other molecules aside from DNA. In this
section, we discuss interfaces that enable strands of DNA to control the placement of nanoparticles
on larger structures and surfaces, encapsulation and release of payloads from origami boxes and
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Positioning other molecules and particles. (#) A DNA walker (b/ue) on an origami surface (gray) picks up and colocalizes several gold
nanoparticle cargos (yellow) (104). This type of cargo-manipulating walker could potentially be gated by a strand of DNA using a
mechanism similar to that shown in Figure 5d. (Left) Schematic and (right) atomic force micrograph of particles in different states
during the movement process. () Gold nanoparticles (yellow) were positioned in a two-dimensional array by attaching them first to
interface strands of DNA (red) that are complementary to attachment sites on a large preformed DNA scaffold (gray, black). (Right)
Transmission electron microscopy image depicting the assembled array, where the gold nanoparticles are shown as black dots (115).

(¢) A DNA origami nanovault (123) with an enzyme (bovine &-chymotrypsin) (pink) attached to its inner cavity. The vault is held closed
by lock domains of DNA (b/ue) along its outer edges. When complementary key strands of DNA (red) are introduced, they displace the
locks and open the nanovault, exposing the encapsulated enzyme to substrate in the external medium. Fluorescence resonance energy
transfer (FRE'T) between two different fluorophores positioned on the side of the nanovault indicates open and closed configurations of
the nanovault. (4) A template strand (grzy) assembles enzymes with DNA tags (red) into a local reaction cascade (128). Here, the cascade
consists of glucose oxidase (GOx) (blue), which oxidized glucose to yield gluconic acid and hydrogen peroxide (H,O2), and horseradish
peroxidase (HRP) (yellow), which used the generated H2O3 to oxidize ABTS?~ into ABTS®~. Absorbance readings monitor the
accumulation of the ABTS®~ product over time. A negative control that is missing the template strand shows no significant production.
Panel # adapted with permission from Nano Letters. Copyright 2004, American Chemical Society. Panel 4 adapted with permission from
Nature. Copyright 2010, Nature. Panel ¢ adapted with permission from Nature Commuunications. Copyright 2017, Nature. Panel d

adapted with permission from Nano Letters. Copyright 2009, American Chemical Society.

cages, templating of reactions between other molecules, and manipulation of bulk materials such
as vesicles and hydrogels.

5.1. Particle Placement

In principle, any component that is conjugated to a strand of DNA, or bound by an aptamer se-
quence, might be positioned at a specific site on other DNA nanostructures via hybridization.
Loweth et al. (108) modified gold nanoparticles with DNA tags, and exploited the sequence-
specific binding of DNA to assemble these gold particles into dimers and trimers. Hazarika et al.
(109) further demonstrated that nanoparticle assemblies could be reversibly disassembled with
DNA strand-displacement reactions. Similar techniques have been used to assemble clusters of
other DNA-functionalized components, including platinum—gold nanoparticles (110), quantum
dots (111), and carbon nanotubes (112). Functionalization of cell surfaces by Staudinger ligation
to phosphine-conjugated DNA strands has been used to direct the assembly of cell—cell contacts to
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build three-dimensional microtissues with defined interconnectivities between cells (113). While
in many of these studies the positions of DNA strands on their host particles were not specifically
controlled, Kim et al. (114) developed a method for controlling the precise number and relative
position of DNA strands on gold nanoparticles. Le et al. (115) formed larger two-dimensional
arrays of gold nanoparticles using a DNA tile lattice as a template. Arrays were formed via the
hybridization of DNA strands conjugated to gold nanoparticles to DNA strands on the lattice
(Figure 6b). A similar strategy of DNA tag hybridization to a DNA template has also been used
to direct the assembly of proteins into arrays (116). Braun et al. (117) used DNA tags immobi-
lized on the surfaces of gold electrodes to direct the attachment of a long double-stranded DNA
between two electrodes separated by 12 um. The double-stranded DNA was metallized with
silver nanoparticles to create a conductive wire with differential resistances on the order of 7—
30 M2 (117). Hazani et al. (118) used similar gold electrode—immobilized oligonucleotides to di-
rect the attachment of a DNA-modified carbon nanotube between two electrodes on a gold sur-
face. Maune et al. (119) assembled two-dimensional cross-shaped junctions of carbon nanotubes
on DNA origami, which they found exhibited field-effect transistor-like behavior.

Importantly, particles bound to DNA nanostructures can also move when the underlying
nanostructure moves. Kuzyk et al. (120) demonstrated this by positioning gold nanorods on a
rotating DNA origami actuator and using the actuator to dynamically tune the angle between the
two rods. These authors used these devices as reconfigurable plasmonic metamolecules (120). For
a more detailed overview of using DNA to position other nanoparticles, see the recent review by
Rogers etal. (121).

5.2. Encapsulation and Drug Delivery

DNA nanostructures can be used as containers for other molecules. Andersen et al. (122) devel-
oped a DNA origami box measuring 42 x 36 x 36 nm?, and used strands of DNA as sequence-
specific keys to open the lid, although encapsulation of a payload within the box was not specifi-
cally demonstrated. Grossi etal. (123) created a DNA origami nanovault that contained an enzyme
within a fully enclosed cavity, held closed by double-stranded DNA locks. Addition of key strands
of DNA complementary to the lock domains opened the nanovault (Figure 6¢). In the closed
state, the enzyme was inhibited by the nanovault from interacting with substrate molecules in
solution; increased enzyme activity was measured when the nanovault was in an open state. Sun
et al. (124) used DNA origami boxes as molds for growing metal nanostructures with defined
geometries. They began with a hollow DNA origami barrel, added a strand of DNA that was
conjugated to a metal nanoparticle to the inside of the box to act as a seed for growth, and then
attached lids to the barrel. The metal seeds within the box were then grown in a mixture of silver

nitrate and ascorbic acid until they conformed to the size and shape of their DNA barrel containers
(124).

5.3. Templating Chemical Reactions

By controlling the effective local concentrations of reactive molecules conjugated to their compo-
nent strands, DNA complexes and nanostructures can regulate the rates of some chemical reac-
tions. Calderone etal. (125) conjugated different reactive groups, including maleimides, aldehydes,
and amines, to DNA strands. These template strands were then mixed together in the same so-
lution, with complementary strands of DNA binding together and initiating reactions between
their attached reagent molecules. This technique allowed the authors to program different chem-
ical reaction pathways within the same solution, which would otherwise have exhibited significant
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cross-reactivity between the pathways (125). Kanan et al. (126) expanded on this technique for
DNA-templated reaction discovery, testing 168 different possible reactions between 24 different
reactants bound to template strands of DNA in a one-pot mixture. Usanov et al. (127) further
expanded on this technique to produce a vast library of 256,000 different small-molecule macro-
cycles for insulin-degrading enzyme affinity.

Wilner et al. (128) used conjugated strands of DNA to place the enzymes glucose oxidase
and horseradish peroxidase close together on a template strand of DNA, forming a biocatalytic
cascade that produced ABTS*~ (Figure 6d). Ke et al. (129) used a DNA origami tile to assemble
two different enzyme reaction pathways on the same nanostructure, using “anchor” strands of
DNA on the origami surface to position the enzymes, and then used strands of DNA to reversibly
control which of the two pathways was activated at any one time by blocking or unblocking the
anchor points. Several reviews exist that cover the topic of DNA templated reactions in further
detail (130, 131).

5.4. Vesicles

Lipid vesicles can enclose small volumes of liquid and could be used to create artificial cells within
which different DNA circuits operate. DNA nanostructures have been used as templates to con-
trol the static size, shape, and dispersity of vesicles (132-136). DNA origami nanopores have been
added to vesicles to facilitate transport across their membranes (137-139). Zhang et al. (140) re-
cently demonstrated that interface strands of DNA can change the shape of DNA-templated vesi-
cles by reconfiguring their templating nanostructures (Figure 7a). Sato et al. (141) used DNA
interface strands to reversibly regulate the assembly of kinesin motors along the inner surfaces of
vesicles to change the local curvatures of the vesicles (Figure 75).

5.5. DNA Hydrogels and Crystals

Hydrogels are materials composed of cross-linked polymer chains in water. By incorporating DNA
into the hydrogel as cross-links (142), one can dynamically manipulate the material properties of
the hydrogel by adding DNA strands to alter, break, or create cross-links. Lin et al. (143) de-
veloped DNA cross-links that could be reversibly dissociated by adding a strand complementary
to one of the cross-link strands. Hydrogels with DNA cross-links can also be stiffened or soft-
ened by adding DNA that switches the conformation of cross-links between a double-stranded
state or a partially single-stranded conformation (144) via DNA strand-displacement reactions.
Lin et al. (143, 144) reported that these DNA cross-linked hydrogels had bulk elastic moduli
ranging from tens of pascals to ~10 kPa, and that these hydrogels swelled upon softening, with
volumetric swelling ratios up to ~25% between the stiff and soft states. Cangialosi et al. (145)
used photolithographic patterning to form multidomain DNA-cross-linked hydrogels in which
each domain could be swollen independently by the addition of different hairpin fuel strands of
DNA to the surrounding medium; differential swelling of domains within the hydrogel causes
bending or curling of the device, suggesting how such a system could be used for mechanical
actuation. Cangialosi et al. incorporated a hybridization chain reaction, originally developed by
Venkataraman et al. (146), into hydrogels to expand the size of the cross-links by incorporating
many fuel strands of DNA into cach cross-link to drive substantially higher swelling ratios than in
previous research. Linear expansion due to swelling up to several hundred percent was reported
(Figure 7b) (145). DNA strand-displacement reactions have also been shown to operate within
three-dimensional DNA crystals, for instance, by using strands of DNA with different fluorescent
modifications to change the color of a crystal (Figure 7d) (147).
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DNA-strand directed material change. (#) A DNA origami frame serves as a cage to control the size and shape of a liposome. (Left)
Lipidated DNA handles immobilized on the inner surface of the origami frame serve as attachment points to position the liposome
within the DNA frame. Here, the DNA frame directs the formation of a lipid tubule. Reconfiguring the frame structure by removing
rigid pillars via an interface strand of DNA (red) changes the shape of the caged liposome. (Right) Electron micrographs of the caged
liposome in the tubule and curled states (140). (%) (Lef) A giant liposome in which the attachment of a kinesin motor by an interface
strand of DNA (red) induces lipid surface microtubule transport, which in turn causes localized dynamic bending of the liposome (141).
(Right) The standard deviations of the radius between the center of mass and the periphery of a liposome when kinesin motors are
inactive versus active. () A DNA cross-linked hydrogel robot with components that swell in response to interface hairpin strands of
DNA (red). Selective swelling of domains can induce actuation responses such as bending. Fluorescence micrographs with false color of
a DNA cross-linked hydrogel crab in (top) initial and (bottomz) actuated states (145). (d) Strand-displacement reactions within a
three-dimensional DNA crystal (147) involving Cy3- and Cy5-modified DNA strands (red) can change what molecules are present
within the crystal lattice, switching the color of the crystal between three states. Panel # adapted with permission from Accounts of
Chemical Research. Copyright 2014, American Chemical Society. Panel b adapted with permission from Nature Communications.
Copyright 2016, Nature. Panel ¢ adapted with permission from AAAS. Panel d adapted with permission from Narure Chemistry.
Copyright 2017, Nature.

6. DISCUSSION

In this review, we have explored mechanisms that allow DNA circuits to sense environmental
stimuli and to control the assembly or reconfiguration of downstream materials. We define DNA
circuits as black box information processing devices in which the inputs and outputs take the form
of strands of DNA, which we define as the interface strands. In principle, these modular inter-
faces allow DNA circuits to be developed independently from the material systems they sense and
control, analogously to how standardized electrical interfaces allow general-purpose electronic
computers to interact with a diverse set of peripheral devices. Although we focus here on DNA,
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a similar paradigm could apply to circuits composed of other nucleic acids, such as RNA, LNA
(locked nucleic acid) (148), or PNA (peptide nucleic acid) (149). Through standardized interfaces,
chemical circuits with different information processing functions could theoretically control a
combinatorial variety of other materials and stimuli.

While exploring mechanisms by which interface strands of DNA could facilitate communi-
cation between materials and DNA circuits, we have identified several interesting unexplored
directions for potential future research. First, if mechanisms were developed to allow interface
strands of DNA to regulate local temperatures, DNA circuits could potentially be used to gener-
ate elaborate spatiotemporal temperature gradients in three dimensions. Second, mechanisms that
allow output strands to regulate the concentration of ions could be useful for programming fluc-
tuations in pH in response to events detected in the environment, such as the presence of a virus
or bacteria. Third, regarding bulk materials, mechanisms that allow interface strands to regulate
flux across membranes could facilitate communication between networks of isolated DNA circuits
within neighboring vesicles, while mechanisms to initiate division of vesicles or hydrogels could be
useful for creating synthetic materials that can replicate and evolve. Fourth, while there is a grow-
ing literature on the use of DNA interface strands to interact with soft macroscopic materials,
interface mechanisms that allow DNA to regulate biomineralization processes could extend this
control to harder or stiffer materials that have structural integrity at larger scales and under sig-
nificant mechanical stresses. Finally, mechanisms that allow DNA circuits to dynamically control
the state and position of DNA origami lithography masks (150, 151), potentially by reconfiguring
DNA origami to fit shape-dependent surface attachment sites (152, 153), could enable DNA to
assist in the fabrication of solid-state electronics.
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