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a b s t r a c t

Strand displacement reaction is a crucial component in the assembly of diverse DNA-based nanodevices,

with the toehold-mediated strand displacement reaction representing the prevailing strategy. However,

the single-stranded Watson-Crick sticky region that serves as the trigger for strand displacement can also

cause leakage reactions by introducing crosstalk in complex DNA circuits. Here, we proposed the toeless

and reversible DNA strand displacement reaction based on the Hoogsteen-bond triplex, which is compat-

ible with most of the existing DNA circuits. We demonstrated that our proposed reaction can occur at

pH 5 and can be reversed at pH 9. We also observed an approximately linear relationship between the

degree of reaction and pH within the range of pH 5–6, providing the potential for precise regulation of

the reaction. Meanwhile, by altering the sequence orientation, we have demonstrated that our proposed

reaction can be initiated or regulated through the same toeless mechanism without the requirement for

protonation in low pH conditions. Based on the proposed reaction principle, we further constructed a

variety of DNA nanodevices, including two types of DNA logic gates that rely on pH 5/pH 9 changes for

initiating and reversing: the AND gate and the OR gate. We also successfully constructed a DNA Walker

based on our proposed reaction modes, which can move along a given track after the introduction of a

programmable DNA sequence and complete a cycle after 4 steps. Our findings suggest that this innova-

tive approach will have broad utility in the development of DNA circuits, molecular sensors, and other

complex biological systems.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

DNA is a highly programmable biomolecule, which can be de-

signed into complex DNA nanostructures based on the specificity

of its base pairing through Watson-Crick bonds, such as DNA logic

circuits [1–3], various nanomachines [4–6], and biosensors [7–10].

Toehold-mediated DNA strand displacement reactions are the driv-

ing force for the majority of reactions in the field of dynamic

DNA nanotechnology [11–13]. It relies on an exposed Watson-

Crick sticky region (i.e., sticky single-stranded end) on DNA du-

plex, which is used to anchor the invading strand, causing dis-

placement with one of the strands in the DNA duplex [14]. Toe-

hold reactions have significantly increased the reaction rate of DNA

strand displacement, and greatly facilitate the development of DNA

nanotechnology [15]. Various DNA nanodevices have been con-
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structed, such as in the field of DNA machines, Fang et al. reported

a three-dimensional lame DNA walker [16]; in the field of DNA

computing, Winfree et al. used seesaw reactions to construct DNA

logic gate components [17]; in the field of biosensing, a biosensor

for detecting miRNA at the attomolar level was constructed using

strand displacement reactions [18]. Meanwhile, many researchers

are committed to developing regulatory tools for toehold-mediated

DNA strand displacement reactions, enabling DNA nanodevices to

achieve more complex functionality such as precise control of re-

action rate and reusability of reaction systems [19–21].

DNA nanotechnology based on toehold reactions has achieved

significant progress and widespread applications comprehensively.

However, it is also subject to a fundamental restriction, which is

the requirement of a sticky end to initiate the reaction [22]. It is

known that a sticky end means an unstable activated state prone

to promulgate many undesired side reactions [23,24]. Therefore,

the leakage problem and huge endeavor of leakage prevention have

been the longstanding focus since the birth of the technology [25].

https://doi.org/10.1016/j.cclet.2023.108826
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Fig. 1. (a) A Schematic illustration of the principle of triplex-mediated DNA strand displacement reaction mode 1. (b, c) The influence of the triplex invasion domain of the

invading strand on strand displacement reaction mode 1, with the control group consisting of 1 μmol/L Invading strand 1 (labeled with FAM). (d, e) A Schematic illustration

of the basic principle of reaction mode 2. (f) The influence of different lengths of Domain C of Invading strand 2 on the reaction degree of reaction mode 2. The negative

control group consisted of 1 μmol/L Output 2/O2∗ duplex complex (labeled with FAM/BHQ1, respectively), and the positive control group consisted of 1 μmol/L Output 2

(labeled with FAM). (g) The validation process of reaction system resetting under reaction mode 2 (the experimental group, negative control group, and positive control

group used Output 2 or O2∗ labeled with Cy5 or BHQ2, respectively).

Basically, researchers need to use carefully designed DNA strands

and the three-letter principle to inhibit potential side reactions

[17]. However, as the reaction scale increases, it becomes diffi-

cult to suppress leakage with only sequence design of the main

reaction. Later on, some researchers proposed leakage inhibition

methods that do not rely on sequence design. For example, Song

et al. used Shadow Cancellation to restrict leakage in the main

circuit [26]. Nonetheless, this strategy has a very complex sec-

ondary structure and requires additional nucleic acid sequences

beyond the main reaction sequence, increasing the complexity of

sequence design. Hu et al. proposed the method using a high-

binding DNA-locked nucleic acid (LNA) bond to inhibit the breath-

ing effect [27], but modifying locked nucleic acid on DNA is also

challenging. Overall, the entire DNA nanotechnology is currently

built on toehold-mediated DNA strand displacement, in which the

artificial toehold region causes an intrinsic tendency of leakage. We

believe that searching for a toeless blunt-end DNA strand displace-

ment reaction pattern would be a promising attempt and will en-

rich the basic toolbox of DNA nanotechnology.

Herein, we developed a toeless and reversible DNA strand dis-

placement reaction based on Hoogsteen-bond. As shown in Fig. 1a,

the Invading strand 1 (denoted as I strand) consists of Domain A

and Domain B. Domain A is designed to be T-rich and Domain B is

complementary to the O1∗ strand of the target dsDNA. At the same

time, the duplex domain T of Output 1 (O1) strand is designed to

be A-rich. Therefore, the I strand’s T-rich Domain A would form

Hoogsteen-bonds with the A-rich Domain T of the double-stranded

DNA (dsDNA) [28]. The interesting point is that those Hoogsteen-

bonds could serve as a trigger to lead the Domain B further dis-

placing off the O strand, and the final product would be I strand/O∗

strand hybrid with the Domain T being triplex. As the formation

of Hoogsteen-bond involves the invasion of T-rich single strand

on A-rich du-plex strand, the trigger we constructed for driving

strand displacement reaction will not contain a single-stranded

toehold, thus eliminating the leakage introduced by sticky ends at

the source. The reaction in Fig. 1a is denoted as reaction mode

1. In this reaction mode, triplex-forming oligonucleotide binds to

the polypurine oligonucleotide strand in an antiparallel orientation

(denoted as antiparallel Hoogsteen-bond, aPHB). Moreover, if we

design the triplex-forming oligonucleotide in parallel orientation to

the polypurine strand of DNA (denoted as parallel Hoogsteen-bond,

PHB), then when we adjust the pH from a relatively low level of 5

to a higher level of 9, the protonated cytosines in triplex domain

will undergo deprotonation [29,30]. As a result, the PHB will be

broken, and the strand displacement reaction could be possibly re-

versed. We will validate the above principle through experiments

in the follow-up study and further adjust the reaction strategy to

accelerate the reaction rate and enhance the reaction degree. Even-

tually, we will use this principle to construct two types of DNA

nanomachines: DNA logic gate components and DNA walker. We

believe that our established toeless reversible strand displacement

would be widely applied in various DNA nanodevices.

Firstly, we validated the basic principle of the reaction. We la-

beled the quencher BHQ1 at the end of Output 1 (O1) (denoted

as O1-BHQ1), and the fluorophore FAM at the end of O1∗. We hy-

bridized O1 and O1∗ at a concentration of 1 μmol/L as the reac-

tion substrate. We added 1 μmol/L unlabeled I strand to group

1, and added simulated leaky strand 2 without the triplex bind-

ing region to group 2. Both groups received 1 μmol/L of reaction

substrate at the same time. In addition, we set 1 μmol/L reaction

substrate as the negative control group and 1 μmol/L O1∗ strand

as the positive control group. Subsequently, we conducted the re-

actions for 100min at pH 7 and 37 °C for each group, while de-

tecting the fluorescence intensity of each group at 1-min inter-
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vals (with the positive control group set as the reference value

of 1 or 100% in all experiments). Fig. 1b indicates that, the re-

action rate of group 1 is significantly faster, compared to that of

group 2, suggesting that Domain A can mediate the toeless DNA

displacement reaction. Next, to confirm that the reaction mecha-

nism of toeless DNA displacement reaction is indeed as shown in

Fig. 1a, we labeled fluorophore FAM at the boundary of Domain

A and Domain B of Invading strand 1 (denoted as Invading strand

1-FAM). In the experiment, we added 1 μmol/L Invading strand 1-

FAM to the prehybridized substrate of 1 μmol/L O1-BHQ1 and O∗

as the experimental group, and 1 μmol/L Invading strand 1-FAM

was set as the control group. Subsequently, we conducted the re-

actions for 120min at pH 7 and 37 °C for each group, while de-

tecting the fluorescence intensity of each group at 1-min intervals.

As shown in Fig. 1c, compared with the control group, the fluo-

rescence intensity of the experimental group showed a significant

decrease followed by an increase, indicating that the rapid binding

of Domain A and polypurine sequence mediated the subsequent

strand displacement reaction. We believe that the length of Do-

main A is a key factor affecting the kinetics and thermodynamics

of toeless triplex-mediated DNA displacement reaction. Increasing

the length of Domain A not only enhances the binding strength

between Domain A and Domain T, but also increases the difficulty

of dissociation of Output 1 strand. Therefore, theoretically, there

is an equilibrium point for the dissociation and binding tendency,

which corresponds to a moderate value of the length of Domain

A. Deviation from the optimal length in Domain A, either longer

or shorter, leads to a decrease in reaction efficiency. Therefore, we

further vary the length of Domain A and Domain T to explore the

effect of triplex domain length on the degree of reaction. Accord-

ing to the results in Fig. S1 (Supporting information), this equilib-

rium is reached when the length of triplex domain is 9 nucleotides.

In conclusion, we have successfully constructed a toeless triplex-

mediated DNA strand displacement reaction with aPHB.

Next, we attempted to construct reaction mode 2 using PHB.

And based on reaction mode 2, we further constructed a pH-

responsive and reversible reaction. As shown in Figs. 1d and e, at

pH around 5, Invading strand 2 forms PHB with O2∗ and displaces

Output 2. We designed a dissociation domain Toehold∗ at the end

of Output 2, and the complementary domain is denoted as Toe-

hold. When the pH increases to around 9, the PHB in the triplex

domain dissociates. At this point, the Toehold can mediate the re-

hybridizing of Output 2 with O2∗ and displace Invading strand 2,

thus completing the reverse of the reaction. Before conducting the

reversible reaction study, we aimed to investigate the influence of

the length of Domain C, which forms the triplex structure, on the

reaction kinetics and thermodynamics (Fig. 1e). 1 μmol/L Invad-

ing strand 2 of different Domain C lengths is used to react with

1 μmol/L of Output 2-O2∗ duplex complex as experimental groups.

We also set a negative control group of 1 μmol/L Output 2-O2∗

duplex complex and a positive control group of 1 μmol/L Output

2 only. Subsequently, we conducted the reactions for 360min at

pH 7 and 37 °C for each group, while detecting the fluorescence

intensity of each group at 1-minute intervals. We discovered that

the reaction could only occur when the length of Domain C was

less than 6nt (Fig. 1f). Moreover, the reaction was most efficient

when the length of Domain C was reduced to 0nt. We further

studied the reactions when the length of Domain C was 6, 5, and

4nt (Fig. S2 in Supporting information), which confirmed that the

length of Domain C required for the reaction to occur was indeed

at least 6 nt. Similar to reaction mode 1, we also explored the ef-

fect of reducing the length of Domain A on the efficiency of the

reaction. When the length of Domain C was fixed at 0nt and the

dissociation region length was constant, we found that the effi-

ciency of reaction mode 2 rose as the length of Domain A de-

creased (Fig. S3 in Supporting information). Through these two ex-

periments, we demonstrated that the difficulty of output strand

dissociation from the original triplex domain significantly impacted

on the efficiency of the reaction mode 2, which provided feasibil-

ity for accurate manipulation of this reaction. Based on the above

experiments, we explored the reversibility of this reaction mode

by adjusting the pH. As shown in Fig. 1g, we adjusted the pH of

the system from 5 to 9 and continued to detect fluorescence at

1-min intervals, 37 °C. We observed a rapid decrease in fluores-

cence signal, indicating that the reverse reaction occurred and the

reaction system was reverse. This result validated the feasibility of

the reaction strategy shown in Fig. 1d. In summary, we successfully

constructed a reversible toeless strand displacement reaction using

PHB.

The above two reaction modes have achieved toeless blunt-end

DNA strand displacement reaction. However, their reaction kinetics

are not ideal, and the reaction degree is generally less than 30%,

which limits their further application and expansion. Hoogsteen-

bond must rely on the Waston-Crick bond to exist stably [28].

Thus, both of the aforementioned toeless triplex-mediated strand

displacement reactions involve a repeated process of Hoogsteen-

bond dissociation and formation, which greatly increases the en-

ergy barrier of each strand displacement step and leads to a de-

crease in the reaction rate (Fig. 2a). Therefore, through further

optimization, we designed the following two reaction modes to

solve the above problems. First, the principle of reaction mode 3 is

shown in Fig. 2b. After the 1# domain of Invading strand 3 forms

a PHB with the 1∗ strand, the 2# domain will replace the Out-

put 3–1 (2∗) strand and bind to the 3 strand. At the same time,

the 2∗ strand will react with the reporter system labeled by FAM

fluorophore and BHQ1 quencher, generating a fluorescence signal.

This reaction does not involve the repeated process of Hoogsteen-

bond formation and dissociation. The energy barriers that need to

be overcome for each base substitution step in this strand displace-

ment reaction are lower. Thus, theoretically, the efficiency of reac-

tion mode 3 is higher than modes 1 and 2, and the reaction rate is

also faster. At the same time, the strength of PHB is related to the

degree of protonation of the pyrimidine in strand 1∗. Hence, by

gradient adjusting the length of the triplex domain in the strand

displacement reaction and the dissociation region length in the

strand migration reaction, we can achieve precise control over the

kinetics and thermodynamics of the reaction. We added 1 μmol/L

of Invading strand 3, which have different lengths of 10–20nt in

Domain 1, to the preformed 1∗−2∗−3∗ duplex complex with a con-

centration of 1 μmol/L, and added 1 μmol/L of reporter system to

each group as the experimental group. The negative control group

consisted of 1 μmol/L 1∗−2∗−3∗ complex without Invading strand

3 and 1 μmol/L reporter system, and the positive control group

consisted of only 1 μmol/L Output 3–1 and 1 μmol/L reporter sys-

tem. Subsequently, we allowed each group to react for 180min at

pH 5 and 37 °C, and detected the FAM fluorescence intensity of

each group every 1min. The results in Fig. 2c show that the reac-

tion efficiency of reaction mode 3 is generally between 70%–90%,

and can be completely reacted within 2h. Compared with reaction

modes 1 and 2, reaction mode 3 does have a higher reaction ef-

ficiency and a faster reaction rate. At the same time, we observed

that as the length of Domain 1 in strand 3 increased, the efficiency

of the triplex strand displacement reaction decreased. We specu-

late that this is due to a significant increase in the invading reac-

tion energy barrier with an increase in the length of the triplex

domain. This result reveals that an increase in the length of the

triplex domain significantly increases the binding energy barrier

between the invading strand and the reaction substrate. In subse-

quent similar strand displacement experiments, the length of the

triplex region to 10nt will be set by default.

As shown in Fig. 2d, based on the aPHB not relying on pro-

tonated cytosine, we designed reaction mode 4 that is not influ-
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Fig. 2. (a) Differences in energy barriers between reaction mode 2 and reaction mode 3. (b) A Schematic illustration of the basic principle of reaction mode 3. (c) The

relationship between the length of the triplex domain and the reaction degree of reaction mode 3. The negative control group consisted of 1 μmol/L 1∗−2∗−3∗ complex and

1 μmol/L reporter system, and the positive control group consisted of 1 μmol/L Output 3–1 and 1 μmol/L reporter system (reporter system labeled with pair of FAM/BHQ1).

(d) A Schematic illustration of the basic principle of reaction mode 4. (e) The relationship between the length of the dissociation region and the reaction degree of reaction

mode 4. The negative control group consisted of 1 μmol/L A∗-B∗-C∗ complex and 1 μmol/L reporter system, and the positive control group consisted of 1 μmol/L Output 3–2

and 1 μmol/L reporter system (reporter system labeled with FAM/BHQ1, respectively).

enced by pH changes. The A# domain of Invading strand 4 formed

aPHB with A∗ and C strands, while its B# domain displaced the

Output 3–2(B∗) strand. The resulting B∗ strand reacted with the re-

porter system containing FAM-BHQ1 pair to generate fluorescence

(related reporter system sequences shown in Supporting informa-

tion 109 to 110). In addition to Invading strand 4 that can undergo

complete strand displacement reaction with B∗, we also designed

Invading strands 4 with decreasing length at the 3′ end. These

strands can create a dissociation region at the end of the A∗-B∗-C∗

complex, for observing the length effect of the dissociation region

on the reaction degree. We shortened the B# 3′ ends by 1nt for

each chain, denoted as Invading strand 4–0nt to Invading strand

4–5nt (related sequences shown in Supporting information 10–3

to 10–8). Each of the Invading strand 4-n (n=0–5nt) strands was

added to the 1 μmol/L A∗-B∗-C duplex complex at a concentration

of 1 μmol/L as the experimental group. The negative control group

was the 1 μmol/L A∗-B∗-C∗ complex without Invading strand 4-n

and the reporter system at a concentration of 1 μmol/L, while the

positive control group was only the 1 μmol/L reporter system with

1 μmol/L Output 3–2. Each group was allowed to react for 360min

at pH 7 and 37 °C, and the FAM fluorescence intensity was de-

tected at 1-min intervals. As shown in Fig. 2e, the reaction degree

of reaction mode 4 gradually decreased as the length of the dis-

sociation region reserved at the B# 3′ end increased. The highest

reaction degree, which reached about 65%, was achieved when the

length of the dissociation region was 0nt, suggesting a complete

chain displacement reaction in the system. Under reaction mode 4,

the triplex structure has two binding patterns: T-A:T and A-A:T.

We found that the rate of strand displacement reaction with T-

A:T binding was slightly faster than that with A-A:T binding, as

the result shown in Fig. S4 (Supporting information). Yet, when

the length of the triplex domain and the dissociation region were

kept constant, the final reaction degree was close to 65% regard-

less of whether we mixed adenine (A) or thymine (T) bases into

the invading region of Invading strand 4. Therefore, we conclude

that the principle of reaction mode 4 has been validated, indicat-

ing that our toeless triplex-mediated strand displacement reaction

can occur independently of pH changes.

After verifying the reaction mechanisms of the aforementioned

two reaction modes, we explored the reversibility of reaction mode

3. As seen in Fig. 3a, we added a 6-nt dissociation region to the 3

strand of reaction mode 3 (denoted the new strand as 3∗∗) which

can be used as a toehold-mediated strand displacement reaction in

the reverse process. In addition, we also modified the reporter pair

into a Cy5-BHQ2 combination to limit the effect of pH changes on

the fluorescence of the reaction. We conducted a reaction at pH

5 and 37 °C using 1 μmol/L of Invading strand I and 1 μmol/L of

the 1∗−2∗∗−3 duplex complex, which eventually showed a similar

forward reaction degree as reaction mode 3. The negative control

group consisted of a 1 μmol/L 1–2∗−3∗∗ complex without the addi-

tion of Invading strand I and a 1 μmol/L reporter system, whereas

the positive control group consisted of only 1 μmol/L Output 3–3

and 1 μmol/L reporter system. After adjusting the pH of the sys-

tem from 5 to 9, we immediately recorded the fluorescence inten-

sity of each group at 1-min intervals at 37 °C. As shown in Fig. 3b,

there is a rapid decrease in the fluorescence signal in the system

from the platform value, indicating the reversible nature of reac-

tion mode 3. Furthermore, we evaluated the correlation between

reaction mode 3′s reaction thermodynamics and pH. As illustrated

in Figs. 3c and d, we observed that the degree of the above for-

ward reaction decreased with increasing pH in the range of pH 5–

6. This demonstrates that we can precisely regulate the reaction

degree of reaction mode 3 by adjusting pH. Additionally, based on

this principle, we demonstrated that the output strand of toeless

triplex-mediated strand displacement reaction can serve as input

for the same reaction, i.e., this type of strand displacement has the

potential for modular self-compatibility, enabling the construction

of cascade reactions (combing modes 3 and 4). The sequence de-

sign and reaction results are shown in Figs. S5a–c. We also inves-

tigated the impact of reaction temperature on our toeless triplex-

mediated strand displacement reaction. The results are shown in

Fig. S6 (Supporting information). Based on the design of cascade
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Fig. 3. (a) A Schematic illustration of the fundamental principle of resetting reaction mode 3, involving the addition of a dissociation region at the end of the 3 strand. (b)

The verification process for resetting the reaction mode 3. The negative control group consisted of a 1 μmol/L 1∗−2∗∗−3∗∗ complex and a 1 μmol/L reporter system, while

the positive control group consisted of 1 μmol/L Output 3–3 and 1 μmol/L reporter system (reporter system labeled with Cy5/BHQ2, respectively). (c, d) The relationship

between small-range pH adjustment and variations in reaction degree within the reaction mode 3 system.

reaction DNA sequences, the final reaction degree of the cascade

reaction was used as the dependent variable, while the reaction

temperature was varied from 31 °C to 46 °C. We observed no sig-

nificant differences in the final reaction degree when the reaction

temperature was at or below 37 °C. However, the reaction rate

was notably faster at 37 °C (the local ambient temperature be-

ing 30 °C, which is commonly encountered during the transfer of

experimental samples). As the temperature increased further, both

the reaction degree and rate significantly decreased. We infer that

when the temperature increases, the binding degree of all DNA du-

plex components in the system decreases, and the high tempera-

ture also makes it difficult to form Hoogsteen-bond [28]. This find-

ing indicates that our reaction operates optimally at a temperature

around 37 °C, consistent with normal human body temperature.

This provides a foundation for integrating our reaction into in vivo

biological circuits.

In summary, the toeless triplex-mediated strand displacement

reaction modes that we have invented completely circumvents the

leakage problem of the traditional single-strand base-exposed se-

quence in W-C sticky end toehold mediated strand displacement

reaction, and incorporates both reversible and regulatory capabili-

ties. Next, we shall illustrate its strong compatibility in DNA logic

circuits.

Based on reaction mode 3, we aimed to explore the possibil-

ity of constructing simple DNA circuit components, AND gate and

OR gate. As shown in Fig. 4a, the AND gate consists of Substrate

A, Medium-A, Output-A, and two types of Input 1 strands. When

Domain A on the Input 1A strand binds with the established sub-

strate complex, Domain B in the migration region serves as a me-

diator, facilitating Input 1B strand to form Hoogsteen-bonds with

Domain B. Therefore, only when both attached Input 1A and Input

1B are present in the system, can Domain A mediate the invad-

ing of the Input 1B strand and replace the Output-A strand. Sub-

sequently, the Output-A strand and Cy5-BHQ2 reporter system re-

act to produce a Cy5 fluorescence signal. We reserved a dissocia-

tion region at the end of the Substrate A strand. When the system

pH was adjusted to 9, all triplex region will be dissociated. At this

point, Input A falls off naturally, and Output-A can replace Input

1B strand for the reaction to be reversed. We employed the Sub-

strate A/Medium-A/Output-A duplex complex as the reaction sub-

strate. In the first group, 1 μmol/L Input 1A and 1 μmol/L Input

1B were introduced to the 1 μmol/L substrate as signal (1 1). In

group 2 (1 0) and group 3 (0 1), we introduced either 1 μmol/L In-

put 1A or 1 μmol/L Input 1B respectively to the same 1 μmol/L

substrate. The reporter system was added at a concentration of

1 μmol/L in each experimental group. We used the 1 μmol/L sub-

strate complex without any input and 1 μmol/L reporter as neg-

ative controls (0 0), and the system only with 1 μmol/L Output-A

and 1 μmol/L reporter as positive controls. We adjusted the pH to 5

in each group, and recorded the fluorescence intensity every 1 min

at 37 °C (recorded every 5 s within 6min after each addition). As

shown in Fig. 4b, we observed a rapid and significant fluorescence

signal in the (1 1) reaction group, while each individual Input 1A

or 1B alone did not generate a significant signal. In addition, there

was a rapid reverse of the reaction system after pH adjustment to

9. These results demonstrate the successful construction of our re-

versible toeless triplex-mediated AND gate.

The reaction mechanism of the OR gate is illustrated in Fig. 4c.

We used two partially identical sequences, Inputs 1C and 1D, to

represent two input signals 1. Both Input signals can trigger the

same strand displacement reaction and lead to the same Output-

O output. We defined Output-O as responding to the Cy5-BHQ2

reporter system and generating Cy5 fluorescence as output sig-

nal 1. This logic gate can also be reversed by the toehold domain

reserved on the substrate O strand when the reaction system is

raised to pH 9. We combined Substrate O/Medium-O/Output-O du-

plex complex as reaction substrate. In group 1 (1 1), 1 μmol/L sub-

strate, 1 μmol/L Input 1C, and 1 μmol/L Input 1D were added. In

group 2 (1 0) and group 3 (0 1), we added 1 μmol/L substrate

and 1 μmol/L of either Input 1C or 1 μmol/L Input 1D, respectively.

Moreover, we added 1 μmol/L reaction substrate and 1 μmol/L re-

porter system to the negative control group (0 0). At the same

time, we added 1 μmol/L Output-O and 1 μmol/L reporter sys-

tem to the positive control group. Finally, we measured fluores-

cence intensity every minute at pH 5 and 37 °C for each group

(recorded every 5 s within 6min after each addition). The results

5
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Fig. 4. (a, b) A Schematic illustration and relevant experimental validation of an AND gate based on a triplex-mediated strand displacement reaction. The negative control

group consisted of a 1 μmol/L Substrate A/Medium-A/Output-A duplex complex with a 1 μmol/L reporter system, while the positive control group consisted of a 1 μmol/L

Output-A and 1 μmol/L reporter system (reporter system labeled with Cy5/BHQ2, respectively). (c, d) A Schematic illustration and relevant experimental validation of an

OR gate based on a triplex-mediated strand displacement reaction. The negative control group consisted of a 1 μmol/L Substrate O/Medium-O/Output-O duplex complex

with a 1 μmol/L reporter system, while the positive control group consisted of a 1 μmol/L Output-O and 1 μmol/L reporter system (reporter system labeled with Cy5/BHQ2,

respectively).

shown in Fig. 4d demonstrated that all experimental groups ex-

hibited significant fluorescence signals, while the negative control

group showed almost no signal. Once the pH was adjusted to 9, all

reaction systems were reversed. This result proved that we have

successfully constructed a reversible toeless triplex-mediated OR

gate.

The results of the above AND and OR gates demonstrate that

modular and reversible DNA circuit logic gate components can be

constructed based on the toeless triplex-mediated DNA displace-

ment mechanisms utilized in this study. This reverse does not gen-

erate any type of waste, and thus does not adversely affect subse-

quent computations.

The validation of the aforementioned reaction concept leads us

to believe that our toeless triplex-mediated strand displacement

reaction can undertake more complex tasks. Consequently, based

on the toeless triplex-mediated strand displacement mechanism,

we designed a DNA nano walking machine, namely DNA Walker.

The operating concept of this Walker integrates reaction modes 3

and 4 (In PHB and aPHB mechanism, the orientation of invading

domain is opposite). We accomplished the alternating movement

of this walking structure by adjusting the design of input and the

sticky end sequences of track strand. Fig. 5a demonstrates that the

walking strand is composed of Leg A, Leg B, and the connecting do-

main. We have labeled the quencher BHQ1 at both ends of Leg A

and Leg B. The substrate Track complex has four free sticky single-

strand ends, Track1 to Track4, with FAM fluorophore labeling on

the free sticky single-strand ends of Track 2 to Track 4. Prior to the

start of the reaction, we added the walking strand into the previ-

ously assembled Track complex as the initializing state. In State 1,

Input 1 was introduced into Track complex to induce detachment

of Leg A. In State 2, Leg A was hybridized with Track 3 resulting

in quenching of the fluorophore at the end of Track 3. In State 3,

Input 3 was added to unquench the fluorophore on Track 2. Subse-

quently, in State 4, Leg B was hybridized with Track 4 through the

addition of Input 4 followed by quenching of the fluorophore on

the Track 4. These four states constitute a complete walking cycle:

Leg A and Leg B initially bind to Track 1 and Track 2, respectively,

and ultimately move to Track 3 and Track 4, respectively. Given

that the conformational changes of the Track complex may cause

interference between FAM fluorescence signals (Fig. S7 in Support-

ing information), we set up three independent tubes. The Track

complex structures in each tube are the same, but the positions

of the FAM fluorophore located correspond to three different end-

points of the steps. We marked the observation of fluorescence at

a certain position as "on" and the disappearance of fluorescence

as "off". In the above reactions, the concentrations of each reac-

tant were all 1 μmol/L, and the reaction conditions were pH 5

and 37 °C. The results in Fig. 5b showed that after adding of in-

puts at each step, the fluorescence signals of all three tubes ex-

hibited the expected changes, which shows that each reaction pro-

ceeded as expected, and the walking cycle was finally completed.

Additionally, the fast reactions between State 1/State 2 and State

3/State 4, as well as the relatively slow increase in fluorescence

between State 2/State 3. This further confirmed that duplex hy-

bridization, toeless triplex-mediated strand displacement, and an-

other duplex hybridization occurred in the three State sequentially.

The results suggest that an active DNA nanomachine can be con-

structed based on the reaction modes of our experiment. Theo-

retically, various cargoes can be connected to the connecting do-

main to form a cargo complex through covalent or Watson-Crick

bonding modification. By designing the sequences of the sticky re-

gions of Input No.n and Track No.n in each step, specific hybridiza-

tion can be achieved, thereby controlling the stable transportation

of the cargo complex on a Track complex of arbitrary length. The

construction of the aforementioned logic gates and walker demon-

strates that our reaction strategy can be flexibly applied to various
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Fig. 5. (a) A schematic illustration and relevant experimental validation of the DNA walker principle. Leg A/Leg B step from Track 1/Track 2 to Track 3/Track 4, respectively.

In this context, the fluorophore of the Track complex in Tube 1 was labeled at the end of Track 2, while the fluorophore of the Track complex in Tube 2 was labeled at the

end of Track 3, and the fluorophore of the Track complex in Tube 3 was labeled at the end of Track 4. (b) In each of the 4 states of in walking cycle, 3 tubes exhibit different

fluorescence changes, corresponding to 3 types of walking structure with different locations of fluorophore.

DNA nanomachine, with high modularity and highly adjustable re-

action processes, and has a great application potential.

At last, as a summary of the full study, we have designed a

novel DNA strand displacement reaction that enables the regula-

tion of reaction degree and direction dependent on pH changes be-

tween 5 and 9, while avoiding various drawbacks of exposed sticky

single-strand ends. We discovered that the proposed reaction can

be finely regulated within the pH range of 5–6, and this pH range

is very prevalent in biological organisms. Additionally, with the

improvement of the reaction process, the degree of the reaction

can reach up to 90%, which is close to the efficiency of traditional

toehold-mediated strand displacement reactions, indicating that

our toeless reaction still maintains the advantage of reaction effi-

ciency in toehold reaction. Moreover, we verified our reaction can

be integrated into DNA logic gates, which are also pH-responsive

and not affected by leakage interference from Watson-Crick base

pairing, and can be used as the trigger or regulatory components

of complex circuits that require pH changes as switches. The suc-

cessful validation of the DNA Walker mechanism for 4 steps cycle

indicates that our reaction modes are capable of constructing more

complicated DNA molecular machines. We expect that the toeless

triplex-mediated strand displacement response will be widely used

in the development of DNA circuits, molecular sensors, and other

complex biological dynamic systems.
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