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NANOROBOTS
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DNA origami nanorobots allow for the rational design of nanomachines that respond to environmental stimuli
with preprogrammed tasks. To date, this mostly is achieved by constructing two-state switches that, upon activa-
tion, change their conformation, resulting in the performance of an operation. Their applicability is often limited
to a single, specific stimulus-output combination because of their intrinsic properties as two-state systems only.
This makes expanding them further challenging. Here, we addressed this limitation by introducing reconfigurable
DNA origami arrays as networks of coupled two-state systems. This universal design strategy enables the integra-
tion of various operational units into any two-state system within the nanorobot, allowing it to process multiple
stimuli, compute responses using multilevel Boolean logic, and execute a range of operations with controlled or-
der, timing, and spatial position. We anticipate that this strategy will be instrumental in further developing DNA

origami nanorobots for applications in various technological fields.

INTRODUCTION

Over the past decades, the DNA origami technique (I, 2) has emerged
as an indispensable tool for designing devices capable of emulating
functions and properties of naturally occurring machines on the na-
noscale and, beyond that, increasingly performing robotic tasks such
as sensing, computing, and actuating (3-10). DNA origami involves
the folding of a long single-stranded scaffold strand into a custom
shape by up to hundreds of oligonucleotide “staple” strands. Most
current DNA origami nanodevices are designed and optimized to
perform a specific operation such as cargo release (4, 7, 8, 11), a rota-
tional motion (3, 12, 13), or a chemical reaction (5, 14) after sensing
chemical or physical stimuli (15). This is often achieved by inducing
a single, relatively simple conformational change in the nanodevice,
causing it to act as a two-state switch whose operation may optionally
include simple AND or OR (6, 7) gate logics. The conformational
change alters the proximity of interacting players of the operational
parts of the nanodevice, resulting in the performance of a defined
operation. However, the fact that this concept is based on a single
conformational change makes expanding it further challenging. Only
a few examples of the realization of more sophisticated nanode-
vices capable of autonomously performing a series of operations in
response to different combinations of environmental stimuli have
been presented (16).

Here, we present the DNA origami nanorobot platform SEPP
(serial execution of programmable processes) that uses a preexisting
design for a reconfigurable DNA origami array composed of multi-
ple, structurally similar blocks—so-called antijunctions—as the ba-
sis for multistep operations (Fig. 1, A and B) (17-19). Antijunctions
are small symmetric constructs containing four DNA duplex do-
mains of equal length that are pairwise stacked as well as four dy-
namic nicking points. They exist in two stable conformations with
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reversed stacking order between which they can switch via an un-
stable open conformation (17). In reconfigurable DNA origami ar-
rays, multiple antijunctions are coupled to each other by the scaffold
strand, which threads through the whole system. It interconnects
the individual antijunctions and exerts allosteric strain to adapt the
same conformation. Hybridization of fuel DNA strands to certain
antijunctions at the edge of the structure stiffens those DNA regions
so that the conformation of the whole system is reconfigured in a
diagonal stepwise manner (Fig. 1B). In each of the steps, a row of
antijunctions in the system undergoes a conformational change, ul-
timately resulting in the reconfiguration of the whole structure. Full
reconfiguration of DNA origami arrays has previously been used to
activate different proximity-induced operations (20, 21), such as the
onset of catalytic activity (22); the performance of different pattern
operations involving writing, erasing, and shifting (23); the genera-
tion of an optical output signal (20); or the release of cargo DNA
strands (24). However, a limitation of previous work is that these
stimuli did not target the conformation of a specific antijunction in
the system. Rather, they targeted the overall conformation of the
system itself, disregarding the potential of its intermediates and re-
ducing it to a simple two-state switch.

In contrast, SEPP interprets reconfigurable DNA origami arrays as
two-dimensional networks of coupled two-state switches represented
by their individual antijunctions. SEPP builds on our previous work
that qualitatively uncovered the energy landscape of the reconfigura-
tion process (Fig. 1C) (17, 18, 24) and showed how, by incorporation
of energy barriers, the coupling between different antijunctions is ra-
tionally altered to retard or even fully stop the reconfiguration at a
specified intermediate step (24). The gained mechanistic understand-
ing changed our perspective of reconfigurable DNA origami arrays as
a system of coupled nodes that provide an order of transitions, each of
which can be addressed individually. Thus, the DNA origami array
constitutes the molecular “hardware” analogous to an electronic pro-
grammable logic unit, such as a field-programmable gate array (25),
of a DNA nanorobot, which can be programmed by a software frame-
work described in this work (Fig. 1D).

With its individual antijunctions, the hardware provides a set of
nodes with known connectivity given by the network’s energy land-
scape and a defined starting point. With the prebound fuel DNA
strands, the hardware also provides an energy source to create a
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Fig. 1. Concept of a modular reconfigurable DNA origami nanorobot. (A) Sketch of multiple allosteric nodes coupled together in a reconfigurable DNA origami array
forming the hardware of the design of the nanorobot. The nodes are indicated by ellipses at the corresponding positions in the DNA origami array. The basic unit of an
allosteric node is a so-called antijunction that switches between two conformational states (left). Because of the symmetric nature of the antijunction, the switching can
be used to both increase (red) and decrease (dark blue) the distance between markers placed on the antijunction depending on which domains they are placed on.
(B) Sketch of the reconfiguration process of the unmodified DNA origami array structure occurring in a diagonal manner. Hybridization of fuel DNA strands (blue lines) to
the right side of the structure yields rigid double-stranded DNA (dsDNA) instead of floppy ssDNA, exerting strain on adjacent junctions. (C) Simplified sketch of the previ-
ously determined energy landscape of the multistep reconfiguration process. An asymmetric design of the fuel DNA strands favors the reconfiguration beginning at the
upper right corner as opposed to the bottom right corner. Higher-energy barriers in the first two steps result in time delays between these steps, whereas the more
downhill-energy profile downstream results in simultaneously occurring steps on a timescale <200 ms (24). (D) The software modules of the designed nanorobot are
formed by developing generalized strategies to encode environmental responsiveness to different targets, timings, and output operations into single allosteric nodes. The
nanorobot is then formed by programming different nodes of the DNA origami array hardware with the software. This enables the robot to respond autonomously to
targets in its environment in a preprogrammed, multistep manner. In the exemplary sketch shown, array transformation was activated by the presence of the green en-
zyme and light. Upon activation, three red fluorescence switch-off units were activated. A timing unit was then inserted to delay otherwise simultaneously occurring

operations before a green fluorescence switch-on unit was activated.

spring-loaded allosteric driving force for the nanorobot’s autono-
mous action. In our software framework, each antijunction within
the system is considered as a potential input, output, or timing node.
By ascribing functionality to them, the energy landscape of the trans-
formation process is altered at the position where the corresponding
node changes its conformation.

The universal and rational approach of the combined hardware
and software modules was demonstrated with different inputs, such
as enzyme activities, proteins, DNA, and light. The inputs were modu-
larly combined with a range of operations, including cargo release,
fluorescence on switch and off switch, and signal amplification, to
achieve programmable input-output combinations (Fig. 1D). In ad-
dition, we highlight how our understanding of both the pathway
and energy landscape of the reconfiguration process enables us to
implement order dependencies, timing control, and multilevel logic
gating as well as the simplicity of designing antagonistic operations

Pfeiffer et al., Sci. Robot. 10, eadu3679 (2025) 22 October 2025

by exploiting the antijunction’s symmetric nature (Fig. 1A). As such,
our molecular field-programmable gate array with software mod-
ules promises a new era of versatile nanoscale devices.

RESULTS

SEPP is based on a small reconfigurable DNA origami array struc-
ture composed of 5-by-2.5 antijunctions (five rows of 2.5 antijunc-
tions) (17) that can be transformed by hybridizing five fuel DNA
strands to the right side of the structure (Fig. 1, A and B, and fig. S1)
(24). The transformation process is characterized by five intermedi-
ates (Fig. 1C). Our software framework targets the energy barriers
between these intermediates and the start and end points of the
transformation. To characterize SEPP at the single-molecule level
with fluorescence microscopy, we incorporated dye-quencher pairs
for reporting on the state of individual antijunctions and a biotinylated
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single-stranded DNA (ssDNA) for surface immobilization on bovine
serum albumin (BSA)-biotin/neutravidin—coated coverslips (see fig.
S1 for DNA origami design and fig. S2 for characterization by gel
electrophoresis and atomic force microscopy).

Design of environmentally responsive input nodes

Environmental responsiveness was encoded into the antijunction
nodes by the introduction of locking units that stabilize one confor-
mation of the targeted node over the other. This resulted in an ener-
getic bias either hindering or favoring the transformation of the
whole array (Fig. 2A). By varying the number of added fuel DNA

strands, we spring-loaded the array system with varying degrees of
tension and adjusted the energy levels of the untransformed and
transformed states of the array to lie close together such that the
presence of (multiple) locking units became the decisive factor for
the transformation to occur. In the presence of the corresponding
environmental input, the units were unlocked, and the energetic
bias was removed, resulting in the release of the stored tension and
an activation or inhibition of the transformation process. On the
basis of this principle, we designed locking units responsive to ssDNA,
restriction enzyme activity, light, platelet-derived growth factor BB
(PDGF-BB), and antibodies (Figs. 2 and 3 and figs. S3 and S4).
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Fig. 2. Environmentally responsive activation and inhibition nodes. (A) Energy schemes showing the influence of a locking unit in activation and inhibition nodes on
the transformation process. In the presence of their inputs, this effect is nullified. The energy schemes in the absence of the locking units are programmed priorly by add-
ing different combinations of fuel DNA strands. (B) Sketch of the DNA origami nanorobot bearing environmentally responsive nodes. A red dye-quencher fluorescence
resonance energy transfer (FRET) pair (ATTO 647N, lowaBlackRQ) reports on the state of the nanorobot, and a green dye (ATTO 542) is used to identify the nanorobot’s
position in single-molecule experiments. (i). Nodes responsive to ssDNA activating and inhibiting the transformation are based on a reversible dsDNA lock that is un-
locked via a toehold-mediated strand displacement reaction with a ssDNA input (ii). (C) Exemplary TIRF images of DNA origami nanorobots bearing ssDNA-responsive
activation (i) and inhibition (ii) nodes after incubation with fuel DNA strands 1 and 2 and strands 1 and 3%, respectively, and without or with the ssDNA input. Fuel strand
3* represents a shortened version of fuel strand 3 with only 25 nt (nucleotides) instead of 65 nt. Scale bar, 4 pm. (D) Corresponding transformation yields. (E) Strategy for
tuning the responsive concentration window of the ssDNA input. (i) Increasing the number of added fuel DNA strands increases the tension in the spring-loaded system,
resulting in a destabilization of the untransformed state of the array. (ii) DNA array system with six ssDNA locking units incorporated. The hybridization positions of fuel
strands 1 to 5 are marked with color. (F) Increasing the number of added fuel DNA strands from strands 1and 2 over 1,2,and 4and 1, 2, 3%,4,and 5 to 1, 2, 3, 4, and 5 shifts
the responsive window. (G) Influence of the number of added fuel DNA strands on K, and the Hill coefficient. Error bars in (D) and (F) represent the 95% confidence in-
tervals in the transformation yields calculated from at least three TIRF images. Error bars in (G) represent the fit errors to the curves fitted in (F).
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Fig. 3. SEPP response to light, enzymes, and a nonenzymatic protein. (A) Sketch of nodes responsive to light. The design is based on a dsDNA lock containing a light-
cleavable linker. (B) Exemplary TIRF images of DNA origami array structures with the light-cleavable locking unit and an additional stabilization unit that stabilizes the
untransformed state of the array and does not interact with any inputs incubated with fuel DNA strands 1 to 5 in the presence and absence of light. (C) Corresponding
transformation yields. (D to F) Restriction enzyme activity as input. (D) Sketch of nodes responsive to restriction enzyme activity. Their design is based on a dsDNA lock
containing the restriction enzyme-specific cleavage site. The lock is cleaved in the presence of an active restriction enzyme. (E) Exemplary TIRF images of DNA origami
array structures with three restriction enzyme locking units containing the cleavage site for Bam HI before and after incubation with DNA fuel strands and after incubation
with fuel strands and Bam HI. (F) Transformation yields of DNA origami array structures with three restriction enzyme locking units containing the cleavage site for Bam
HI, Stu |, or Xho | before and after incubation with DNA fuel strands and Bam Hl, Stu |, or Xho I. (G to I) Protein-induced transformation. (G) Sketch of nodes responsive to
protein (PDGF-BB) binding. As PDGF-BB binds two aptamers, binding induces transformation. (H) Exemplary TIRF images of DNA origami array structures with two PDGF-
BB-binding units, each composed of two aptamers protruding from the origami surface as indicated in the sketch, in the presence and absence of PDGF-BB, indicating
the protein-induced transformation. (I) Transformation yields in the presence and absence of PDGF-BB. In addition to the inputs, light- and enzyme-responsive origami
arrays were incubated with fuel DNA strands 1 to 5. The PDGF-BB-responsive origami array was incubated with fuel DNA strands 1 and 4. Error bars represent the 95%
confidence intervals in the transformation yields calculated from three TIRF images. Scale bars in (B), (E), and (H), 4 pm.

For ssDNA as an input, locking units were formed by two ssDNA
strands protruding from two domains of the targeted antijunction
nodes. The ssDNA strands contained a complementary section that
hybridized when both domains were in close proximity. Depending
on which domains they were placed on, hybridization of the strands
occurred in either the untransformed or transformed conformation
of the nodes (Fig. 2B), resulting in their energetic stabilization. To
enable unlocking, one of the protruding ssDNA strands was designed
with a toehold overhang. This allowed for unlocking by toehold-
mediated strand displacement with a ssDNA input.
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The successful implementation of the ssDNA locking units was
verified using a fluorescence onset unit placed on an antijunction
node downstream in the transformation process. The fluorescence on-
set unit reported on the conformational state of the node it was placed
on (Fig. 2B). It was based on a red dye-quencher probe (ATTO
647N, Iowa Black RQ) positioned on two different domains of an
antijunction node that were in close proximity in the untransformed
state of the antijunction node. The increase in distance between
these domains caused by the transformation of the corresponding
node resulted in an increased fluorescence signal of the dye molecule.
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This allowed us to distinguish the untransformed state from the
transformed state of the node. We additionally incorporated an
ATTO 542 dye into the arrays and quantified the fraction of arrays
in their transformed state (transformation yield) from dual-color
single-molecule total internal reflection fluorescence (TIRF) images
of surface-immobilized array structures collected in the absence and
presence of the ssDNA input (Fig. 2C and Materials and Methods).

With a transformation yield of 10%, arrays with three ssDNA acti-
vation nodes incorporated and fuel DNA strands 1 and 2 were pre-
dominantly in their untransformed state in the absence of ssDNA
input. Upon addition of ssDNA input, the arrays transformed, result-
ing in a transformation yield of 83%. In contrast, arrays with three ss-
DNA inhibition nodes incorporated and fuel DNA strands 1 and 3*
showed transformation yields of 80 and 16% in the absence and pres-
ence of ssDNA input, respectively, demonstrating the antagonistic us-
ability of the same DNA locking unit with near-quantitative responses
(Fig. 2D). Because this process was reversible (fig. S5), our control over
the energy landscape of the system provided additional access to tune
the location (Kj/;) and width of the responsive concentration window
toward the ssDNA input without modifying the ssDNA locking unit
itself. When incorporating six ssDNA activation units into the array,
increasing the number of added fuel DNA strands from two to five led
to an increased mechanical strain exerted on the untransformed con-
formation of the array (Fig. 2E). This resulted in a more than 75-fold
decrease in K, (from 260 + 60 to 3.4 + 0.4 nM) while simultaneously
increasing the Hill coefficient from 0.9 + 0.2 to 1.4 + 0.2 and thus nar-
rowing the responsive concentration window (Fig. 2, F and G). Reduc-
ing the number of incorporated ssDNA activation units and replacing
one of the ssDNA activation units with different units introduced ad-
ditional tuning strategies for the responsive window and allowed shift-
ing Kj/, down to 0.08 + 0.02 nM (inhibition unit as the sixth unit;
fig. $6). In combination, all strategies allowed shifting K/, more than
3000-fold without modifying the ssDNA locking unit itself (6). This
promises good adaptability of these tuning strategies toward other in-
puts without the need for reengineering the input-responsive locking
units to create different affinities toward the inputs.

We then demonstrated the simple adaptability of our universal
design approach toward other inputs. The designs of input nodes
responsive to restriction enzyme activity and light were based on
ssDNA locking units containing an enzyme-specific restriction site
and a photocleavable linker, respectively. The locks were cleaved in
the presence of an active restriction enzyme or light of a specified
wavelength, effectively unlocking them (Fig. 3, A and D). When imple-
mented as activation nodes in DNA array systems, they responded
specifically to their respective inputs (Xho I, Stu I, and Bam HI re-
striction enzymes and light at 365 nm) by transforming quantita-
tively only in their presence (Fig. 3, A to F, and fig. S3) after addition
of fuel DNA strands, which can also be preloaded onto the structure
(fig. S7). We further extended SEPP’s spectrum of inputs to nonen-
zymatic proteins. We designed an input unit responsive to PDGF-
BB (26), which is a homodimeric protein associated with cancer and
other diseases (27), and demonstrated its application in activation
nodes (Fig. 3, G to I). In addition, we designed an input unit respon-
sive to immunoglobulin G antibodies and demonstrated its applica-
tion in inhibition nodes (fig. S4).

Computation based on Boolean logic
In the design of our locking units, the presence of a single unit alone
did not suffice to quantitatively initiate or inhibit the transformation

Pfeiffer et al., Sci. Robot. 10, eadu3679 (2025) 22 October 2025

process when the arrays were spring-loaded with all five fuel DNA
strands (Supplementary Discussion and fig. S8). This design antici-
pated the rational creation of computation schemes, thus providing the
ability to respond to diverse input combinations in a preprogrammed
manner. We systematically characterized the influence of restriction
enzyme locking units positioned at different nodes, both individu-
ally and in combinations (Fig. 4A and fig. S8). Notably, when com-
paring the effects of the same locking unit positioned at two different
nodes in an otherwise identical design, we observed substantial dif-
ferences in the obtained transformation yields (Fig. 4A). When the
locking unit was positioned at a node transforming during the first
step of the transformation process, the transformation was inhibit-
ed. In contrast, placing the unit at a node transforming during the
fourth step resulted in an increased transformation yield of 70%.
This finding aligned with the qualitative profile of the energy land-
scape of the transformation process and was also consistent with all
other studied locking unit combinations (Supplementary Discussion
and fig. $8). The tilted profile of the energy landscape indicates a weak-
ened effect of an incorporated locking unit the further downstream
the corresponding antijunction node is in the transformation cas-
cade. Using this dependence and placing multiple locking units spe-
cific to various inputs at predefined antijunction nodes on the same
structure, we established a computation framework to program re-
sponses to diverse input combinations based on Boolean logic gates.

We first implemented basic Boolean AND and OR gates respon-
sive to combinations of the restriction enzymes Xho I and Stu I. We
again used a fluorescence switch-on unit to confirm the designed
responsiveness of the system. For the AND gate, a near-quantitative
transformation occurred (Fig. 4B and fig. S9) only upon addition of
both restriction enzymes, whereas for the OR gate, the addition of
one restriction enzyme resulted in transformation yields of above
80% (Fig. 4C and fig. S9). The applicability of these gates was not
limited to inputs of the same molecular class. Our modular design
strategy of locking units, for example, allowed the simple exchange
of the Xho I locking unit with a light locking unit in the OR gate
design while maintaining the functionality of the gate (Fig. 4D and
fig. S9). This demonstrated how inputs of different molecular classes
can be processed on the same structure in DNA origami arrays us-
ing SEPP.

Both the AND and OR gate designs demonstrated low leakages
in all logical FALSE conditions, with the TRUE state providing at
least fourfold higher transformation yields in all cases. The low leak-
ages of these basic gates allowed expanding the concept further to
include multilevel logic gates. We used the multistep nature of the
transformation cascade to (figuratively speaking) create cascades of
multiple logic gates and connect them in series. Using the prior
characterization of the effect of restriction enzyme locking units at
different positions as a basis, we designed two multilevel logic gates
of different complexities: a 3X AND gate that was composed of two
logic AND gates connected in series (Fig. 4E and fig. S10) and a gate
that only gave a positive response if at least two of its three inputs
were present (fig. S11). We found that both systems provided low
leakages in all logical FALSE conditions that were statistically distin-
guishable from the transformation yields obtained for the TRUE
states, demonstrating the successful implementation of the designed
gates. Besides logic gating, SEPP’s modularity enabled multiplex-
ing as an additional pathway to process multiple inputs in parallel
(fig. S12).
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Fig. 4. DNA origami array nanorobot processing one- and multilevel Boolean logic gates. One-level and multilevel Boolean logic gates responsive to combinations of
restriction enzymes and light were implemented by combining different restriction enzyme/light locking units and stabilization units. The molecular logic was programmed
by the number and position of the incorporated units. In addition, a red fluorescence onset unit was incorporated for reading out the state of the robot. (A) Comparison of
the transformation yields of two array designs. The designs differ only in the position of one locking unit stabilizing the untransformed conformation marked in green (xav1)
and blue (xav2) that targets different positions in the energy landscape of the transformation process. The gray locking unit/energy barrier was present in both designs.
(B) Schematic design of a basic logic AND gate responsive to combinations of Xho | and Stu | and obtained transformation yields. (C) Schematic design of a basic logic OR
gate responsive to combinations of Xho | and Stu | and obtained transformation yields. (D) Schematic design of a basic logic OR gate responsive to combinations of Stu | and light
and obtained transformation yields. (E) Schematic design of a 3x AND gate and (F) obtained transformation yields. In addition to possible inputs, all DNA origami arrays

were incubated with fuel DNA strands 1 to 5. Error bars represent the 95% confidence intervals in the transformation yields calculated from three TIRF images.

Combining logical gated input operations with

output operations

The aim of smart nanorobots includes not only programming re-
sponses to different input combinations but also the conduction of
these responses if the required conditions are met. Beyond simple
fluorescence onset units to generate output signals, we next demon-
strated different output operations and combined input-responsive
locking units with a more complex output operation. As an example,
we chose a cargo release unit, which upon activation released a fluo-
rescently labeled (ATTO 542) cargo DNA strand from the system
(Fig. 5A and Supplementary Discussion) (24).

First, we combined the cargo release unit with restriction enzyme
locking units specific to the activity of Bam HI. Here, the fraction of
structures carrying a DNA cargo strand was determined from the
colocalization yield with an ATTO 647N dye additionally incorpo-
rated in the DNA origami.

After assembly, DNA origami arrays near-quantitatively carried
the cargo DNA strand (fig. S13). Upon incubation with and without
an enzyme, the fraction of structures carrying the cargo dropped
from 98% to 20 and 75%, respectively (Fig. 5, B to D). Although this
indicated some unspecific cargo release, most cargo was only released
in the presence of the restriction enzyme. We attributed the unspe-
cific loss of the cargo strand to the decreased stability at the incuba-
tion temperature of 37°C (Supplementary Discussion and fig. S13).
Given that we achieved both the implementation of logic gates and
variable input-output combinations, we then used the modularity of
our system to combine all of the above. We designed structures that
compute the controlled release of cargo in response to combinations
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of Xho I'and Bam HI activity. In both AND and OR logic configura-
tions, a high fraction of cargo was released only when the gate gave
a positive response (Fig. 5, E and F, and figs. S14 and S15).

Constructing networks of multiple inputs and outputs
Analogous to the input units, SEPP also enabled incorporating mul-
tiple output units. This can be used to amplify these outputs as we
demonstrated exemplarily for the fluorescence onset unit (fig. S16)
or to perform different events consecutively (fig. S17). Here, we used
previously developed timing units based on a DNA lock to control
order and timing between different events (24, 28). Timing units
slightly heighten the activation barrier at a certain intermediate step
in the transformation cascade and thus introduce a time lag between
operations placed on antijunctions transforming before and after
them. We demonstrated this exemplarily by positioning a timing
unit between two fluorescence switch-on units. In the absence of the
timing unit, the fluorescence switch-on units lit up simultaneously
upon activation by restriction enzyme activity. If a timing unit was in-
corporated, a time lag between both fluorescence onsets was achieved
for most structures. The order in which the fluorescence onset units
lit up could be reversed by switching the antijunction nodes they
were incorporated in (fig. S17).

We then set out to make full use of our designed software frame-
work and combined all developed unit types in a single system using
ssDNA and restriction enzyme input units, fluorescence switch-on
and switch-off output units (fig. S18), and a timing unit (Fig. 6A). In
the absence of inputs, SEPP showed only a red fluorescence sig-
nal (Fig. 6, B and C). Upon activation by a ssDNA input and Xho I
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Fig. 5. Proximity-induced output operation generated upon molecular inputs by a DNA origami array nanorobot. (A) Schematic representations of DNA origami
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arrays were incubated with fuel DNA strands 1 to 5. Error bars represent the 95% confidence intervals of the fractions calculated from three TIRF images.

restriction enzyme activity combined to a logic AND gate, SEPP
switched off the red fluorescent signal (Fig. 6, B and C). Depending
on whether an additional timing unit was incorporated or not, a green
fluorescent signal lit up either after the red fluorescence offset oc-
curred or simultaneously with it (Fig. 6, B to G). This good agree-
ment between the programmed function and execution exemplified
the control achievable in programmed systems using SEPP.

DISCUSSION

We demonstrated the rational development of DNA origami nanoro-
bots using the network of coupled two-state systems offered by DNA
origami arrays as a programmable hardware and fuel DNA strands
as an energy source that spring-load the system with varying de-
grees of tension. By designing a software package that defines differ-
ent units, we showed how a wide range of functionalities can be
encoded into any of the network’s two-state systems and connected
through the network’s energy landscape. We designed input units
responsive to ssDNA, light, restriction enzyme activity, and nonen-
zymatic proteins that either activated or inhibited the DNA origami
array transformation. By combining multiple units on a single DNA
array structure, we developed strategies to tune the responsive input
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concentration window, shifting K;,, more than 3000-fold and con-
trolling cooperative behavior. We used the same strategy to incor-
porate Boolean logic gating, creating specific responses for different
input combinations, with inputs of the same and different mo-
lecular classes. Subsequently, we demonstrated the potential of
the modularity of this software-hardware combination. We pro-
grammed a nanorobot that combined activation by different inputs
with Boolean logic gating and a sequence of output operations, such
as (amplified) fluorescence output or cargo release, conducted in a
predefined order and under temporal control and demonstrated its
proper functionality.

The easy integration of many different functionalities and molecule
classes was based on the allosteric strain as the driving force that distin-
guishes the approach from common strand displacement-driven
DNA computing and robotics approaches. This also enabled auton-
omous functionality without an external energy supply for every
step (6). For further upscaling of the approach, larger DNA origami
array structures have to be used, and the sequence design controlling
the energy landscape will have to be optimized so that operations are
still reliable when the locking/unlocking units are farther away from
the fuel strands. Alternatively, cascading could be achieved by passing
cargo to the next DNA origami array by diffusion.
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Opverall, we expect that expanding our hardware with different
DNA origami arrays and software packages with further proximity-
based operations will be straightforward. Including further input
and output software units that (besides the demonstrated cargo re-
lease and fluorescence on/offset) enable, e.g., the on-demand onset
of catalysis or cargo uptake (22), will pave the way for a broad range
of applications in clinical diagnostics. Implementation of arising DNA
origami stabilization strategies that have to be tested with respect to
their compatibility with reconfigurable DNA origami arrays (29-31)
could also extend this approach to therapeutics.

MATERIALS AND METHODS

Synthesis of DNA origami arrays

DNA origami structures were designed using the open-source software
caDNAno2 (32) and assembled and purified using published protocols
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(33). For the exact sequences of all unmodified and modified DNA
staple strands used to fold the DNA origami structures, see tables S1
to S11. DNA staple strands were purchased from Eurofins Genomics
GmbH (Germany) and Integrated DNA Technologies (USA).

For DNA origami folding, 10 nM in house-produced p1800 scaf-
fold in 1x TAE (400 mM tris, 400 mM acetic acid, and 10 mM EDTA,
pH 8) containing 12.5 mM MgCl, was mixed with a 10-fold excess of
all unmodified oligonucleotides and a 30-fold excess of all modified
oligonucleotides. The mixture was heated to 65°C in a thermocycler
and kept at this temperature for 15 min before being cooled down to
25°C with a temperature gradient of —1°C/min. Folded DNA origa-
mis were purified from excessive staple strands by gel electrophore-
sis. All gels were run using a 1.5% agarose gel and 1X TAE containing
12.5 mM MgCl, for 2 hours at 6 V/cm. The target band containing
DNA origami was cut from the gel, and the DNA origami solution
was extracted from the band via squeezing.
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Sample preparation on the coverslip for single-molecule
wide-field measurements

For chamber preparation, adhesive SecureSeal hybridization cham-
bers (2.6-mm depth, Grace Bio-Labs, USA) were glued on microscope
coverslips with a 24 mm-by-60 mm area and 170-pm thickness
(Carl Roth GmbH, Germany). The created wells were incubated with
1 M KOH for 1 hour and washed three times with 1Xx phosphate-
buffered saline (PBS) buffer. After surface passivation by incubation
with BSA-biotin (0.5 mg/ml; Sigma-Aldrich, USA) for 10 min, the
surface was washed with 200 pl of 1x PBS buffer. One hundred fifty
microliters of neutravidin (0.25 mg/ml; Thermo Fisher Scientific,
USA) was incubated for 10 min and then washed three times with
150 pl of 1x PBS buffer. Surface immobilization was achieved via
biotin-neutravidin interactions. For this, we incorporated one bioti-
nylated DNA staple strand in the loop of the DNA origami structure
during folding. The DNA origami solution was diluted with 1X tris-
EDTA (TE) buffer containing 750 mM NaCl to a concentration of
~10 pM and then immobilized on the biotin-neutravidin surface via
biotin-neutravidin interactions. For this, 150 pl of the DNA origami
sample solution was added and incubated for 5 min. The residual
unbound DNA origami was removed by washing the chambers with
150 pl of 1x TE buffer containing 750 mM NaCl. The density of
DNA origami on the surface suitable for single-molecule measure-
ments was checked on a TIRF microscope. If required, the density of
DNA origami was increased by repeating the incubation with a DNA
origami solution with a higher concentration of ~20 pM. For acqui-
sition of single-molecule fluorescence movies, an oxidizing and re-
ducing buffer system (1x TAE, 12.5 mM MgCl,, and 2 mM Trolox/
Troloxquinone) (34) was used in combination with an oxygen scav-
enging system (12 mM protocatechuic acid, 56 pM protocatechuate
3,4-dioxygenase from Pseudomonas spp., 1% glycerol, 1 mM KCl,
2 mM tris-HCI, and 20 pM EDTA-Na,-2H,0) to suppress blinking
and photobleaching. For this, protocatechuic acid was added to the
oxidizing and reducing buffer system. This combined buffer solu-
tion then was added to the measurement chamber. Directly before
starting the measurement, procatechuate 3,4-dioxygenase was added
from a 50X stock. The chamber was sealed. If not stated otherwise,
for acquisition of single TIRF images, no oxidizing and reducing
buffer system was added.

Reconfiguration of DNA origami array structures in response
to different molecular inputs

ssDNA detection assay

For the detection of ssDNA, DNA origami array structures were folded
with ssDNA locking units. After surface immobilization, 50 nM fuel
DNA strands in 1x TE buffer containing 750 mM NaCl and, if not
stated otherwise, 2 pM ssDNA input were added. The samples were
incubated at 37°C for 15 min, and dual-color TIRF images were re-
corded. For titration curve measurements, samples were incubated
overnight to ensure equilibrium conditions.

Restriction enzyme activity assay

For the detection of restriction enzyme activity, DNA origami array
structures were folded with restriction enzyme locking units. All five
fuel DNA strands (50 nM) in 1x TAE buffer containing 12.5 mM
MgCl, and 2 pl of Xho I (20,000 units/ml, New England BioLabs,
USA), StuI (10,000 units/ml, New England BioLabs, USA), or Bam
HI (100,000 units/ml, New England BioLabs, USA) were added to
surface-immobilized DNA origami samples. To determine transfor-
mation yields, the structures were incubated for 15 min at 37°C, and
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dual-color TIRF images were recorded. To measure transformation
time distributions (e.g., for the incorporation of timing units), sam-
ple chambers were sealed immediately after addition of the enzymes,
and the photostabilization system and dual-color movies of the DNA
origami arrays were acquired for 20 min at 37°C.

Light detection assay

For the detection of light at 365 nm, DNA origami structures were
folded with a light-responsive locking unit. All five fuel DNA strands
(50 nM) in 1x TAE buffer containing 12.5 mM MgCl, were added to
surface-immobilized DNA origami samples, and the samples were
illuminated with light at 365 nm for 5 min. After subsequent incuba-
tion at 37°C for 15 min, dual-color TIRF images were recorded.
Anti-DIG antibody detection assay

For the detection of anti-digoxigenin (DIG) antibodies, DNA origami
array structures were folded with two DIG recognition elements. Fuel
DNA strands 1 and 2 (50 nM) in 1x TE buffer containing 750 mM
NaCl and 100 nM anti-DIG antibodies (Rb Monoclonal, Thermo
Fisher Scientific, cat. no. 700772, PRID: AB_2532342) were added
to surface-immobilized DNA origami samples. Samples were incu-
bated at 37°C for 15 min, and dual-color TIRF images were recorded.
PDGF detection assay

For the detection of PDGF-BB, DNA origami arrays were folded
with four PDGF-BB aptamers. Fuel DNA strands 1 and 4 (50 nM) in
1x TAE buffer containing 12.5 mM MgCl,, 1% BSA, and 10 nM
recombinant human PDGEF-BB (Peprotech) were added to surface-
immobilized DNA origami samples. Samples were incubated at 37°C
for 2 hours, and dual-color TIRF images were recorded.

Boolean logic gating and cargo release assays

For the measurement of Boolean logic gates and cargo release, surface-
immobilized DNA origami structures were incubated with 50 nM
fuel DNA strands 1 to 5 in 1X TAE buffer containing 12.5 mM MgCl,
and the different restriction enzyme or light inputs at 37°C as de-
scribed above, and dual-color TIRF images were recorded.

Nanorobot measurement combining multiple inputs with
multiple outputs

For the nanorobot measurement that combined multiple inputs
with multiple outputs (Fig. 5), surface-immobilized DNA origami
array structures were incubated with 50 nM fuel DNA strands 1 to 5
in 1x TAE buffer containing 12.5 mM MgCl, and different combi-
nations of 2 pl of Bam HI/2 pM ssDNA at 37°C, as described above.
For determining the fraction of structures with unquenched fluores-
cent units, dual-color TIRF images were recorded after 15 min of
incubation time. For determining the time delay between the red
fluorescence offset and the green fluorescence onset, sample cham-
bers were sealed immediately after addition of both inputs, and the
photostabilization system and dual-color movies of the DNA origa-
mi arrays were acquired for 20 min at 37°C.

Wide-field measurements

For the detection of single-molecule fluorescence, a commercial wide-
field/TIRF microscope Nanoimager from Oxford Nanoimaging Ltd.
was used. Red excitation at 638 nm was realized with a 1100-mW
laser, and green excitation at 532 nm was realized with a 1000-mW
laser. The relative laser intensities were set to 9% for green excitation
and to 18% for red excitation. The microscope was set to TIRF illu-
mination. Measurements were carried out at 37°C. For quantifying
transformation yields and the percentage of structures carrying
cargo, dual-color fluorescence images were acquired. For recording
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fluorescence movies, the lasers were activated, and a frame of 100 ms
was taken every second separately for both excitation lasers (with a
time lag of 0.5 s between them) over a measurement period of 20 min.

Data analysis

We quantified the percentage of transformed structures by dividing
the number of green (ATTO 542) and red (ATTO 647N) colocalized
spots by the total number of green spots from dual-color TIRF im-
ages. To account for a labeling efficiency <100%, the percentage of
colocalized spots was normalized by the percentage of colocalized
spots of a DNA origami array folded with all five fuel DNA strands
to calculate transformation yields. In the normalization sample,
atomic force microscopy imaging confirmed the full transformation
of all structures in previous work (24). For structures with a cargo
release unit incorporated, the percentage of structures carrying car-
go was determined analogously.

Data processing and analysis of time-lapse movies were realized
using custom-written Python scripts. Briefly, the acquired movies
were first drift-corrected using DNA origami structures carrying
fluorophores that were in their fluorescent state throughout the
whole measurement as fiducial markers. Spots appearing during the
measurement were detected from the drift-corrected movies, and
dual-color background-subtracted fluorescence intensity transients
of those spots were extracted. To determine transformation times of
single structures, the corresponding transients were fitted using a
hidden Markov model. Two levels corresponding to the quenched
and unquenched states of the corresponding fluorescence unit were
defined. For fluorescence switch-on (switch-off) units, transforma-
tion times were defined as the time a structure switches from its
quenched (unquenched) state to its unquenched (quenched) state
and subsequently remains in it for at least 10 s for the first time. To
determine transformation time distributions, only structures show-
ing an intensity change in both colors were considered.

For titration curve measurements, the transformation yields ob-
tained upon incubation with different concentrations of ssDNA in-
put [DNA] were calculated from dual-color TIRF images, as described
above. K/, and the Hill coefficient ny were subsequently deter-
mined by fitting the calculated transformation yields Y to the modi-
fied Hill equation

[DNA]™

__DRATT
K}, + [DNAJ"™

Y([DNA]) = Y(0) + (Y(c0) - Y(0)) - 1)

where Y(0) and Y() give the start and end points of the titration,
respectively.

For determining the fraction of structures with unquenched fluo-
rescence units in Fig. 5, we quantified the total number of structures
in a TIRF image by counting the number of both weak (quenched)
and bright (unquenched) red fluorescent spots. The fraction of red
unquenched fluorescence units was then calculated as the fraction of
the bright red spots of the total number of red spots. Because green
quenched fluorescence units were not visible in TIRF images, the
fraction of green unquenched fluorescence units was calculated by
dividing the number of green spots by the total number of red spots
and subsequently normalizing them by the fraction of colocalized red
and green spots in fully transformed DNA origami arrays.

Pfeiffer et al., Sci. Robot. 10, eadu3679 (2025) 22 October 2025

Statistical tests

Data and error bars are shown as the means and the 95% confidence
interval, respectively. The transformation yield fractions were calcu-
lated from at least three TIRF images.
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