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Reset-free DNA logic circuits for real-time input

processing and memory

Junho Sim't, Taehoon Kim't, Woojin Kim't, Sangeun Jeong‘, Eunjin Choi'?, Sion Kim?,

Hansol Choi*, Sung Sun Yim>$, Yeongjae Choi’*

DNA logic circuits have great potential for biocompatible and programmable computations; however, current
designs require reset processes, which restrict real-time data processing and memory functionality. This study
proposes a reset-free approach on the basis of toehold-mediated chain reaction (TCR), which enables continuous and
reversible strand migration within dual-rail units. By localizing TCR components on two-dimensional DNA origami
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templates, various combinational logic gates (e.g., AND and OR gates) and memory elements were implemented,
including set-reset and data latches, as well as advanced cascaded registers. These circuits consistently processed
new inputs and retained outputs over multiple sequential operations. The proposed reset-free TCR framework offers
a mechanism most analogous to electronic circuit operation and demonstrates considerable potential for practi-

cal applications in biosensing, diagnostics, and synthetic biology.

INTRODUCTION
DNA logic circuits have been widely studied in fields such as compu-
tation (1-5), molecular diagnostics (6-9), programmable nanostruc-
tures (10-16), artificial neural networks (17-19), and DNA walkers
(20-22) owing to their biocompatibility, DNA origami-based pro-
grammability, and inherent parallel processing capabilities. Current
research is focused on developing fundamental components anal-
ogous to those used in conventional digital computing, with early
demonstrations including combinations of basic logic operations,
such as four-bit square-root circuits and full adders (23-25).
Despite these achievements, most DNA logic circuits require a
reset step to accept new inputs, which limits their ability to handle
real-time inputs and implement complex memory-based circuits (26).
DNA logic gates operating via toehold-mediated strand displace-
ment (TMSD) reactions typically undergo structural changes upon
activation, which prevent further inputs from being accepted with-
out an additional resetting procedure (27-30). TMSD-based logic
gates function by exchanging an output strand with an input strand
(31, 32). The input strand interacts with the substrate-output com-
plex through its toehold domain, which initiates branch migration
and displaces the output strand. Subsequently, the output strand de-
parts, and the input strand forms a stable complex with the substrate,
which prohibits reverse reactions and further input processing.
These limitations can be overcome by adding a secondary toehold
domain to the strands (33-35). This additional toehold enables the
separation of past input strands and the restoration of the output
strands, thereby allowing a TMSD-based reset. However, this reset
process markedly increases the design complexity and limits scal-
ability, particularly when inputs change continuously or gates are
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cascaded. Cascaded gate arrangements require a TMSD-based reset
across all the gate elements, which complicates circuit reuse and lim-
its real-time input processing. Moreover, given that circuit operation
inherently requires a reset step, memory implementation remains
unfeasible. Thus far, efforts to eliminate the reset step in DNA logic
circuits have been limited to a few types of single gates, and compre-
hensive design guidelines for complex systems are lacking (33, 35).
In this study, we used toehold chain reactions (TCRs) as a core
mechanism for reset-free DNA logic circuits that can continuously
accept new inputs (Fig. 1A). TCR uses DNA signal strands with
binding affinities comparable to those of the DNA gate strands. In the
TCR system, signal strands propagate to subsequent gates through
cascading toehold exchange, analogous to carrier flow in electronic
circuits, which causes them to become aligned. To ensure reaction
fidelity, TCR components are spatially localized on a DNA origami
template, thereby minimizing undesired interactions between non-
adjacent strands (Fig. 1B). The alignment direction is determined on
the basis of the initial input provided to the overall circuit. Two sig-
nal components with identical toehold lengths and comparable GC
content compete to bind to the gate component. This allows the cir-
cuit to be reused without an additional toehold-based reset because the
low energy bias allows the strands to be exchanged in either direction.
Furthermore, we developed a dual-rail TCR unit capable of con-
tinuously processing two distinct DNA inputs, representing the bi-
nary states 0 and 1 (Fig. 1C). Basic single-rail TCR units encode
binary states in the presence or absence of a single-DNA-strand in-
put, which requires fewer strands and a simpler design, thereby en-
abling faster propagation. However, single-rail units suffer from
transient outputs between 0 and 1 when no input is present, which
makes distinct binary outputs challenging. Therefore, the proposed
dual-rail TCR unit incorporates dedicated gates and signal strands
for each state. It consists of three gate components (gate 0, gate 1,
and reporter) and two signal components corresponding to 0 and 1.
The migration of these signal components is determined by the in-
put. In contrast to conventional TMSD-based systems, inputs can be
introduced to a circuit that has previously processed an input, which
initiates a cascade of component migrations, thereby causing compe-
tition between the signal components for reporter binding. The dis-
placed components of the past signal are inactivated by complementary
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Fig. 1. TCR-based DNA logic circuits eliminate the need for reset steps, enabling continuous input processing and memory operation. (A) Comparison of the
proposed and previously reported DNA logic circuit systems. The proposed system processes new inputs via TCR without a reset step, unlike previous systems that require
a Reset input before each input processing step. (B) Cascaded TCR units on a DNA origami surface, which spatially localize components to prevent undesired reactions.
Each TCR unit consists of a signal strand that can bind to two adjacent gates with an equal probability, as illustrated in the energy landscape diagram. These units enable
directional and reversible alignment of signal strands in response to external input signals. The TCR units are directionally aligned by the introduction of a new input
(Signal A or B) and a complementary strand (Strand A* or B¥) that inactivates the past input. This reaction is reversible and proceeds without consuming the TCR compo-
nents, allowing continuous, reset-free signal processing. (C) Composition of the dual-rail TCR system and output switching triggered by a new input. Two overlapping TCR
units share a reporter strand. To switch the output, a new input is introduced along with a complementary strand that inactivates the past input signal. Input signals 0 and
1 and complementary strands were alternately applied to the TCR circuit while fluorescence was monitored, and the temporal derivative of fluorescence intensity was
computed and plotted. To minimize background noise, all derivative values below a threshold of 0.01 were set to zero (see Materials and Methods for details). To overcome
potential signal degradation from accumulated strands in solution, the concentration of each new input set was 1.1 times that of the past set. (D) Examples of logic circuits
incorporating TCRs. TCR-based logic circuits support continuous input processing, memory capabilities, and cascading of logic gates.
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strands, which are introduced alongside the new inputs (fig. S1). The
direction of migration of the signal components was observed using
fluorescence analysis (Fig. 1C and fig. S2), and the instantaneous
reaction trends were quantitatively identified using differential analy-
sis over time. Complex logic operations beyond simple strand migra-
tion can be achieved by leveraging the core mechanism of the dual-rail
TCR unit, which uses bidirectional signal propagation driven by
competitive strand displacement rather than separate reset steps.

Here, we proposed a TCR-based logic circuit as a versatile frame-
work for reset-free processing by implementing logic gates and build-
ing cascaded connections (Fig. 1D). The TCR operating system
permits simple designs, which makes it highly scalable and suitable
for a wide range of logic circuits. We designed unique TCR struc-
tures and demonstrated a logic circuit capable of processing real-time
inputs without a reset process that is scalable to complex circuits.
We implemented basic combinational logic circuits (AND and OR
gates), memory circuits (set-reset and data latches, termed SR- and
D-latches, respectively), and a cascaded circuit combining an AND
gate with a D-latch.

RESULTS

Reset-free and real-time operation of TCR-based logic gates
The TCR-based logic circuits were scaled up by using two-dimensional
DNA origami templates to localize the DNA strands in the TCR unit,
which minimized unintended interactions and enabled the opera-
tion of multiple circuits within a single origami structure (figs. S3
to S5 and Fig. 2A). In a solution-phase environment where all com-
ponents are mixed, numerous gate and signal components can
interact nonspecifically (36). By using DNA origami templates, mo-
lecular components can be spatially localized with nanometer-level
precision, thereby minimizing undesired system leakage. This meth-
od also allows the reuse of identical component sequences at different
positions on the template to enhance the overall scalability (37-39).
DNA origami templates act as substrates that spatially control TCR
reaction units, confining their interactions to specific locations, anal-
ogous to electronic circuit boards. This setup ensures that reactions
only occur within the intended origami areas. Cross-talk experiments
confirmed that the circuits operated exclusively within the individual
origami structures (fig. S6). Furthermore, the TCR design incorpo-
rated a universal branch-domain sequence that folded into a hairpin
at room temperature to suppress nonspecific interactions between
components with noncomplementary toeholds and enabled com-
petitive strand displacement of components (fig. S7). The TCR unit
consisted of two gate components with a single signal component
positioned between them, and an input complementary to the gate
component determined the migration direction of the signal.

By modifying dual-rail TCR units on a DNA origami structure,
we implemented basic logic gates, AND and OR gates. AND gates
process two inputs {A, B} to produce one output (O); specifically,
they produce an output of 1 only when both inputs are 1 (Fig. 2B).
By engineering TCR unit variants with defined input thresholds, we
produced logic gates that generated distinct responses to different
input combinations. The TCR unit consisted of two gate compo-
nents with a single signal component positioned between them, and
an input complementary to the gate component determined the mi-
gration direction of the signal. The TCR circuits uniquely modified
the input threshold required to determine the migration direction
by adjusting the number of gate components accessible to the signal
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component. Therefore, we designed a TCR unit that exhibited two
distinct threshold behaviors. The single-threshold TCR unit con-
sisted of three gates and two signal components. Each signal component
migrated exclusively between its two complementary gate compo-
nents, and only one complementary input was required to deter-
mine the migration direction. Conversely, the double-threshold TCR
unit consisted of three gate components and a single signal com-
ponent that was complementary to all three gate components. There-
fore, the migration direction in the double-threshold unit was
determined only when two distinct inputs hybridized with the two
gate components.

We implemented the AND gate using two different TCR units, and
binary inputs were differentiated by leveraging their distinct thresh-
old characteristics. All the TCR units shared a common gate com-
ponent with the signal components competing for binding, which
was termed the reporter. By combining single- and double-threshold
TCR units, the migration directions of the signal components
could be controlled depending on the specific input combinations,
which enabled precise binary discrimination within the AND gate.
The single-threshold TCR unit aligned the 0-signal component to-
ward the reporter when either input A0 or BO was present, whereas
the double-threshold TCR unit aligned the 1-signal component to-
ward the reporter when inputs A1 and B1 were both present (Fig. 2C
and fig. S8). The OR gate was constructed with a single-threshold
TCR unit, aligning the 1-signal toward the reporter if either input
A1l or BI was present, and a double-threshold TCR unit, which
aligned the 0-signal component toward the reporter only when both
inputs A0 and B0 were present; thus, 0 was output only when both
inputs were 0 and 1 for all other combinations (Fig. 2D).

The AND and OR gates also processed changes to all four possi-
ble input combinations in real time, at 30-min intervals over 10 con-
secutive cycles, without requiring an additional reset process (Fig. 2,
E and F). Furthermore, by differentiating the fluorescence with
respect to time, we identified instantaneous reaction trends. By
exploiting a mechanism in which the signal components of two
unit types are competitively displaced, dictating their migration
path and output, we implemented fundamental logic gates and
validated the circuit reusability and responsiveness. Moreover,
by adjusting the number of gates and signal components in the
TCR units, this system can be extended to implement multiple-
input logic gates.

SR-latch implementation using a single-strand concatenated
TCR architecture

With reset-free data processability, TCR overcomes the limitations of
traditional DNA computing, which is confined to combinational logic
circuits, and extends its application to memory circuits capable
of processing information in real time. Unlike combinational logic
circuits that determine outputs based solely on the current inputs,
memory circuits produce outputs by considering sequential inputs.
However, memory circuits have not been implemented in DNA com-
puting because strand displacement-based DNA computing requires
a reset step to return the circuit to its initial state before processing
new inputs. Although previous studies have attempted to develop
temporal logic circuits and memory circuits on the basis of DNA
logic gates, these approaches either lack reusability (40, 41) or require
manual intervention beyond DNA inputs during data processing
(30, 42). Therefore, we used TCRs to implement SR- and D-latches,
fundamental memory circuits capable of storing information.
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Fig. 2. TCR-based AND and OR gates. (A) The components of the TCR units were positioned at uniform intervals on the DNA origami structure. Each DNA probe con-
sisted of two processing domains and a universal branch domain, denoted as “u,” which had an identical sequence and adopted a hairpin structure when not hybridized.
(B) Truth table and schematic of the TCR-based AND gate using a modified dual-rail system. Single-threshold units containing a quencher were activated by a single input
and produced an OFF output. Double-threshold units lacked a quencher and required two identical inputs to generate an ON output. Percentages represent the theo-
retical competitive binding probabilities between signal and adjacent gate strands. (C) Schematics of the TCR-based AND gate operation for each input combination. In-
puts bind selectively to designated gates, causing the signal strands to align along the unoccupied strands. (D) Truth table and schematic of the TCR-based OR gate using
a modified dual-rail system. The OR gate can be implemented by reversing the positions of the quenchers used in the AND gate. (E and F) Output of the AND gate (E) and
OR gate (F) in response to continuous input combinations. Fluorescence intensities were measured and normalized over time to evaluate circuit behavior. Input combina-
tions {A, B} were applied to the TCR circuit while fluorescence was monitored, and the temporal derivative of fluorescence intensity was computed and plotted. To ensure
arobust state transition, the input concentration was increased by 1.1 times in each cycle. The colored background represents the output state for each input combination:
Blue indicates an output of “0” (OFF state), and red indicates an output of “1” (ON state). To minimize background noise, all derivative values below a threshold of 0.01 were
set to zero (see Materials and Methods for details).
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We implemented an SR-latch by designing the gate components  one unit by an input triggers a strand displacement reaction that
of the “Reset” and “Set” dual-rail TCRs to be concatenated onto a  selectively opens one toehold while closing the other. This shift in
single, integrated DNA strand. This design allowed the Reset dual-  toehold accessibility directly determines whether a second TCR unit
rail TCR to regulate the operation of the Set dual-rail TCR (Fig. 3A).  accepts its input. Therefore, the circuit’s response to a new input be-
This concatenation is the key to achieving the memory function. By  comes dependent on the state Set by a past input, enabling the “Hold”
concatenating two TCR units onto a single strand, the activation of  operation fundamental to a memory circuit. An SR-latch calculates
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Fig. 3. TCR-based SR-latch. (A) Formation and operation of the concatenated dual-rail TCR-based structure. The reset and set dual-rail TCRs were concatenated to allow
a coordinated response to both inputs. Following the “Reset” input, signal alignment via a toehold-mediated reaction regulated the Set signal accessibility, which con-
trolled the activation of the opposing TCR unit. (B) Truth table of the TCR-based SR-latch and illustration of the concatenated dual-rail TCR system on a DNA origami
structure. The SR-latch operated on the basis of two inputs, “Set” and “Reset." The Reset signal was introduced to one side of the gate, which initiated signal component
alignment within the reset dual-rail TCR. Consequently, the gate that received the Reset signal became accessible to the Set signal, whereas the opposite gate became
inaccessible. When the Set signal was introduced to the accessible gate, it determined whether the output was switched ON or OFF. (C) Output of the SR-latch in response
to continuous input combinations. The fluorescence intensities were measured and normalized over time to evaluate circuit behavior. Input combinations {Set, Reset}
were applied to the TCR circuit while fluorescence was monitored, and the temporal derivative of fluorescence intensity was computed and plotted. To ensure robust state
transitions and drive the reaction to completion, the input concentration was increased by 1.1 times in each cycle. The colored background represents the output state
for each input combination: Blue indicates an output of “Reset,” and red indicates an output of “Set.” To minimize background noise, all derivative values below a thresh-
old of 0.01 were set to zero (see Materials and Methods for details). h, hour.
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its output using two inputs: “Set” and “Reset” (Fig. 3B). The Set in-
put drives the output to 1, whereas the Reset input drives the output
to 0. When the Set and Reset inputs are both 0, the latch retains its
previous state. This function is termed the hold operation. The hold
operation enables the circuit to maintain outputs that are dependent
on prior states, thereby preserving the memory despite receiving
new inputs. The gate components of both TCRs shared a single over-
lapping toehold domain. The signal component of the reset dual-rail
TCR, which shared this toehold with the input of the set dual-rail
TCR, occupied the domain and prevented the Set input from bind-
ing. Consequently, when the reset dual-rail TCR received an input
and its signal components aligned in one direction, one of the two
gate components was occupied by the signal component of the reset
dual-rail TCR, which blocked the Set input, whereas the other gate
component remained accessible to the Set input. In the TCR-based
SR-latch, the set dual-rail TCR outputs a signal component identical
to the Set input, whereas the reset dual-rail TCR blocks the toehold
domain for the Set input that matched the Reset input and simulta-
neously opens the toehold domain for the Set input opposite to the
Reset input. Specifically, Reset input 0 opened the toehold domain
for Set input 1, and Reset input 1 opened the toehold domain for the
Set input 0 signal (fig. S9). Therefore, when the Reset and Set inputs
differed (R, S =0, 1 or 1, 0), the SR-latch outputs the value of the Set
input. If the Set and Reset inputs were both 0, the reset dual-rail
TCR blocked the toehold domain required by the Set input 0, which
prevented the activation of the set dual-rail TCR; therefore, the SR-
latch remained in its previous state. This concatenated configuration
enables implementation of an SR-latch capable of real-time, one-bit
information control across all three valid input combinations.

SR-latch reliably performed essential memory operations in the
sequence (Set — Hold — Reset — Hold — Set — Reset — Hold —
Set — Hold), updating and maintaining the output across nine se-
quential cycles without requiring resets (Fig. 3C). This demonstrates
robust real-time processing of inputs under all valid input scenarios.
Fluorescence changes observed within the first 20 min following in-
put introduction represented ~40% of the total 10-hour signal, and
fluorescence-based differential analysis, using a 60-min sliding dif-
ference, enabled precise characterization of instantaneous reaction
dynamics and trends.

D-latch implementation using a single-strand concatenated
TCR architecture

Next, we implemented a D-latch (Fig. 4A) designed to address the
unintuitive operation and inability to process certain input combi-
nations. The D-latch produced outputs on the basis of the Data and
Enable inputs. The Enable input determined whether the D-latch
retained its previous state or was updated to a new value, whereas
the Data input defined the output value of the D-latch. This func-
tionality was accomplished by integrating two “Enable” TCR units
with the gate components of the Data dual-rail TCR. Specifically,
each of the two nonreporter gates in the Data dual-rail TCR was
designed as a single concatenated DNA strand that also included an
Enable TCR unit.

By concatenating an Enable TCR unit and a Data gate onto a
single strand, activation of the Enable TCR unit by an input triggers a
strand displacement reaction that selectively opens or closes a shared
toehold. This shift in toehold accessibility directly determines
whether the Data gate can accept the Data input. The two signal com-
ponents of the Enable TCR units and the inputs of the Data dual-rail
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TCR unit shared a common toehold (fig. S10). Consequently, when
either the Enable signal component or Data input occupied this
shared toehold, the other was prevented from binding or reacting.
Therefore, by regulating the alignment of the Enable TCR signal
components via the Enable input, the Enable TCR units controlled
whether the Data input activated the Data TCR unit, thereby deter-
mining the latch output. Hence, this integrated architecture, where
each Data gate is physically linked to its own Enable unit, created a
memory circuit that could switch seamlessly between the read and
write modes.

The D-latch alternated between active and inactive modes over
nine cycles without resetting (Fig. 4B). In the active mode, an input
of 0 to 1 updated the output; in the inactive mode, the same inputs
were ignored, and when active again, an input of 0 to 1 updated the
output. The implemented D-latch processed real-time inputs across
nine sequential cycles without requiring a reset. Fluorescence in-
tensity changes observed within 20 min after input introduction ac-
counted for ~40% of the total fluorescence variation measured
throughout the entire 7-hour cycle, and fluorescence-based differ-
ential analysis, using a 40-min sliding difference, enabled precise
characterization of instantaneous reaction dynamics and trends.

TCR-based register integrating logic and memory functions
Last, to demonstrate the scalability of the TCR, we implemented a
register that combined a combinational logic circuit with a memory
circuit that could process multiple sequential inputs (Fig. 5A). The
register consisted of two 1-bit memory cells. Each 1-bit memory cell
was constructed by integrating a D-latch with an AND gate. Specifi-
cally, two Enable TCR units were concatenated onto one gate com-
ponent of a single-threshold TCR unit and one gate component of a
double-threshold TCR unit in the AND gate. The register operated
using an input address signal, 1-bit input data, and an output address
signal. The input address activated the corresponding 1-bit memory
cell for writing, the 1-bit data were stored in that cell, and the output
address retrieved the data held in the selected memory cell (Fig. 5B
and fig. S11).

The implemented register with two 1-bit memory cells produced
correct outputs for all the input combinations and sequentially pro-
cessed real-time inputs over five cycles without requiring a reset
(Fig. 5C). Within 20 min following input introduction, ~40% of the
total fluorescence change was observed.

DISCUSSION
In this study, we introduced a DNA logic circuit framework using
TCRs as a foundational mechanism. The proposed TCR-based system
uniquely exploited the reversible and competitive strand displacement
of DNA strands with comparable binding affinities, which enabled
continuous information processing and memory operations. Specifi-
cally, the reversible nature of TCRs facilitated the dynamic realignment
of signal strands in response to inputs without inducing struc-
tural changes that could not be reversed without external stimuli. This
contrasts with traditional TMSD circuits, which require additional
secondary domains to reset the states that increase the complexity and
hinder scalability, particularly in cascaded circuit configurations.
The reusability and real-time input processing capabilities of the
TCR framework were demonstrated using dual-rail TCR units that dis-
criminated binary states via dedicated gates and signal components. Be-
yond fundamental logic gates, we realized advanced memory circuits
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Fig. 4. TCR-based D-latch. (A) Truth table of the TCR-based D-latch and illustration of the dual-rail TCR system on a DNA origami structure. The D-latch contained an ad-

ditional TCR unit placed downstream of each rail in the dual-rail TCR. These auxiliary

units controlled whether the dual-rail TCR remained active or inactive.“Enable” and

“Data” inputs were introduced via an additional toehold domain in the central gate component. (B) Output of the D-latch in response to continuous input combinations.
The fluorescence intensities were measured and normalized over time to evaluate the circuit behavior. Inputs (Enable, Data) were applied to the TCR circuit while fluores-
cence was monitored, and the temporal derivative of fluorescence intensity was computed and plotted. To ensure robust state transitions and drive the reaction to
completion, the input concentration was increased by 1.1 times in each cycle. The colored background represents the operational state of the D-latch: Blue and red indi-
cate transition to output “0”and “1”in the “Active” state, respectively, and gray indicates the “Inactive” state. To minimize background noise, all derivative values below a

threshold of 0.01 were set to zero (see Materials and Methods for details).

such as the SR- and D-latches using concatenated TCR units and
implemented a register by combining these memory elements with
combinational logic. However, the TCR-based framework has limi-
tations. First, its reaction kinetics are inherently slower than those of
irreversible TMSD-based circuits. This slowness is primarily because
all gate and signal components use hairpin structures to reduce non-
specific interactions. The need to unfold these secondary structures
makes the DNA hybridization process less efficient (43). Second, the
system exhibits minor signal leakage because of incomplete strand
displacement. In our experiments, new input strands and strands
complementary to the past input were introduced at concentrations
incrementally increased by 10% in each cycle to compensate for the
incomplete inactivation of prior inputs and to maintain reliable
state transitions in the TCR circuit. While this strategy preserves
robust processing behavior, it simultaneously accelerates the ac-
cumulation of inert waste complexes formed from previous input-
complementary strand interactions. This accumulation represents the
factor limiting the total number of achievable reuse cycles, as it cre-
ates a congested molecular environment that hinders the diffusion

Sim et al., Sci. Adv. 12, eaeb1699 (2026) 1 April 2026

and interaction of active components. As a result, the system exhibits
a gradual decrease in both signal amplitude and reaction efficiency
over multiple cycles.

Optimizing the circuit design by enhancing the sequence speci-
ficity of toeholds and diversifying the sequences of the universal
branch domains to eliminate the need for secondary hairpin structures
results in faster reactions, improved reusability, deeper circuit archi-
tectures, and shorter intervals required for reliable signal propagation.
If simulation tools can capture the dynamic and transient behavior of
TCR reactions, researchers can implement more accurate, scalable ra-
tional circuit designs by incorporating precise experimental variables.

The scalability of the memory circuit using our system is suitable
for advanced computational functions such as dynamic data stor-
age, sequential decision-making, and adaptive responsiveness. This
substantially broadens the potential applications of DNA-based com-
puting and extends them to DNA-driven artificial intelligence. Fur-
thermore, our TCR-based framework provides a solid foundation
for practical applications in biomedical diagnostics, targeted thera-
peutics, and synthetic biology.
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Fig. 5. TCR-based register. (A) Circuit of the TCR-based register and illustration of the TCR system on a DNA origami structure. The TCR-based register was implemented by
combining one D-latch and one AND gate. The D-latch functioned to store the Data input, whereas the AND gate determined whether the stored value in the D-latch was
output. Among the four rails of the AND gate, half received the Address input, and the other half received the Data input. TCR-based registers were localized on a single DNA
origami structure, which allowed the storage of 1-bit data. (B) Operation of the 1-bit TCR-based register. The Data input was introduced to store data in the register. When the
Address input was 0, the final output did not reflect any changes. When the Address input switched to 1, the output corresponded to the value stored in the D-latch. (C) Output
of two parallel connected 1-bit registers in response to continuous inputs. Fluorescence signals were measured at defined time intervals as different combinations of Data,
Enable, and Address inputs were introduced sequentially. The fluorescence intensities were normalized and plotted over time to monitor the behavior of the circuit.

MATERIALS AND METHODS

Materials

The M13mp18 single-stranded DNA scaffold was purchased from
New England Biolabs (cat. no. N4040S). The circuit probes, inputs,
and staple oligonucleotides with extensions were purchased from
Macrogen (Seoul, South Korea). DNA oligonucleotides without fluo-
rophores or quenchers were purified using a Macrogen oligonucle-
otide purification cartridge, and labeled DNA oligonucleotides with
fluorophores [FAM (6-carboxyfluorescein) and HEX (hexachloro-
fluorescein)] or quenchers [BHQI (Black Hole Quencher 1)] were
purified using polyacrylamide gel electrophoresis by Macrogen. Detailed
sequences are shown in tables S1 to S10. Streptavidin was purchased
from Thermo Fisher Scientific, South Korea (cat. no. 434301).

Sequence design process
All DNA sequences used in the TCR-based circuits consist of a
14-nucleotide universal branch domain and a 7-nucleotide unique

Sim et al., Sci. Adv. 12, eaeb1699 (2026) 1 April 2026

toehold domain. The signal component is composed of one universal
branch domain and one unique toehold domain. Gate components
of the combinational logic circuits contain one universal branch do-
main and two unique toehold domains, whereas those of memory
circuits consist of two universal branch domains and three unique
toehold domains. To suppress undesired strand interactions arising
from the universal branch domain, this region is designed to spon-
taneously form a secondary hairpin structure at 37°C.

The design of unique toehold domains is critical for the revers-
ibility of the TCR, which relies on a low and balanced energy barrier for
strand displacement in forward and reverse directions. To achieve
this, an iterative algorithm governed by three key rules was used.
First, to ensure comparable binding affinities and prevent a strong
thermodynamic bias that would inhibit reversibility, all toehold se-
quences were designed to be seven nucleotides long and to have a
consistent GC content (exactly three G or C bases). Second, each
designed DNA strand was validated using NUPACK to ensure the
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absence of undesired secondary structures (44, 45). Last, to minimize
nonspecific interactions and cross-talk, each new sequence was re-
quired to have at least a 50% nucleotide difference (a Hamming dis-
tance >4) from all previously accepted sequences in the library. The
design process followed an iterative loop of generation and valida-
tion until a sequence satisfying all criteria was generated (fig. S12).

DNA origami assembly process

A DNA scaffold (10 nM) was mixed with 8 times excess of the regu-
lar staple strands and 20 times excess of the modified staple strands
in 1x tris-acetate-EDTA (TAE)/Mg** buffer [40 mM tris, 20 mM
acetic acid, 2 mM EDTA, and 12.5 mM MgCL]. The annealing was
processed with a polymerase chain reaction thermocycler (C1000
Touch Thermal Cycler). The procedure was set as follows: The sam-
ple was first heated up to 95°C and incubated for 15 min, then slow-
ly cooled to 20°C at 1°C every 1 min, incubated at 20°C for 5 min,
and then held at 4°C. After annealing, folded origami samples were
then purified using 0.5-ml, 100-kDa spin filters (Amicon, Germany)
each time for 20 min at 2000g.

AFM measurements

Samples for atomic force microscopy (AFM) imaging were first pu-
rified with 100-kDa Amicon spin filters and then incubated with
20-fold excess of streptavidin protein for 1 hour at room tempera-
ture. For AFM imaging, 10 pl of the samples was deposited onto a
freshly cleaved mica surface (Ted Pella, US) for 10 min. The mica
surface was then washed twice with nuclease-free water using com-
pressed air. After washing, the samples were imaged in noncontact
mode of an FX-40 AFM (Park Systems, Republic of Korea) using
NCHR-50 probes (NANO WORLD, Switzerland). The 2 pm-by-2 pm
and 500 nm-by-500 nm AFM images were scanned at a resolution
of 256 pixels by 256 pixels and a scan rate of 0.5 Hz.

Gel electrophoresis for purification characterization

To analyze the purification efficiency, 1.5% agarose gel was prepared
by mixing 0.9 g of agarose (BioFact Co., South Korea) in 60 ml of 1x
TAE/Mg”" buffer. The solution was then heated in a microwave
oven for 3 min and cooled to ~50°C before pouring it into the gel
tray. After solidifying, the gel was placed in the gel tray in a con-
tainer with ice. TAE/MgZJr buffer (1x) was used as running buffer.
The samples with 1x SYBR Safe were loaded into agarose gels and
subjected to gel electrophoresis at 70 V for 2 hours.

Fluorescence kinetics experiments

Kinetic fluorescence was measured using a CFX Connect Real-Time
PCR Detection System and a CFX Opus 96 Real-Time PCR System
(Bio-Rad Laboratories), with all measurements performed con-
sistently at 37°C. The fluorescence of the samples was measured at
510 nm (excitation) and 540 nm (emission). For the initial reac-
tion, input strands were introduced to reach a final concentration of
200 nM—a 10-fold excess relative to the DNA origami. In subse-
quent cycles, the new input and its complementary strand were
added at 1.1 times the previous input amount to maintain robust-
ness. During experiments, each cycle was temporarily paused to
manually introduce input DNA strands and gently mix the contents
before the measurement was resumed. Fluorescence kinetics for
each experiment were detected at intervals of 1 min (Figs. 1C; 2, E
and F; and 5C and fig. $6), 4 min (Fig. 4B and fig. $4), 5 min (fig. S2),
and 6 min (Fig. 3C).
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Postprocessing of fluorescence traces

We normalized the fluorescence signals to relative output levels, de-
fining the minimum level (output = 0) as the lowest value observed
across all measurements and the maximum level (output = 1) as the
highest value observed in the experiment. Normalized fluorescence
time series were first smoothed using a Savitzky-Golay filter (win-
dow length of 10 cycles and polynomial order of 1) to suppress high-
frequency noise introduced during manual tube handling (46). The
smoothed signal Fy(f) was then differentiated with the same filter set-
tings (first derivative, At = 1 cycle) to yield the kinetic rate of fluo-
rescence change, dF,/dt. Last, minor fluctuations were removed by
setting all |dF,/dt| values below 0.01 (relative fluorescence units per
cycle) to zero. This workflow ensures that only genuine kinetic tran-
sitions remain for further analysis.

Supplementary Materials
The PDF file includes:

Figs.S1to S12

Tables S1to S9

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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