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ABSTRACT

Toehold-mediated strand displacement and its reg-
ulatory tools are fundamental for DNA nanotech-
nology. However, current regulatory tools all need
to change the original sequence of reactants, mak-
ing the regulation inconvenient and cumbersome.
More importantly, the booming development of DNA
nanotechnology will soon promote the production
of packaged and batched devices or circuits with
specified functions. Regarding standardized, pack-
aged DNA nanodevices, access to personalized post-
modification will greatly help users, whereas none
of the current regulatory tools can provide such ac-
cess, which has greatly constrained DNA nanode-
vices from becoming more powerful and practical.
Herein, we developed a novel regulation tool named
Cap which has two basic functions of subtle reg-
ulation of the reaction rate and erasability. Based
on these functions, we further developed three ad-
vanced functions. Through integration of all func-
tions of Cap and its distinct advantage of working
independently, we finally realized personalized tailor-
made post-modification on pre-fabricated DNA cir-
cuits. A pre-fabricated dual-output DNA circuit was
successfully transformed into an equal-output cir-
cuit, a signal-antagonist circuit and a covariant cir-
cuit according to our requirements. Taken together,
Cap is easy to design and generalizable for all strand

displacement-based DNA nanodevices. We believe
the Cap tool will be widely used in regulating re-
action networks and personalized tailor-made post-
modification of DNA nanodevices.

GRAPHICAL ABSTRACT
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INTRODUCTION

Due to the specificity and programmability of Watson—
Crick base pairing (1), DNA is widely used as a basic mate-
rial for precisely predictable and controllable nanoscale de-
vices (2-8). These DNA-based devices use hydrogen bonds
to maintain structural stability (9-11) in the resting state,
and use DNA strand displacement reaction networks to
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function in operation (12,13). The most primitive DNA
strand displacement reaction is only initiated by DNA
double-strand end breathing (14,15), which is very slow.
Later, in the toehold-based DNA combinatorial displace-
ment model proposed by Yurke et al. (6,16), strand dis-
placement was mediated by complementarity in the toehold
region, and the reaction rate was greatly enhanced. Based
on this model, many toehold-based strand displacement re-
action regulators (17-21) have emerged, including remote
toehold (22), allosteric toehold (23), wedge-like DNA tools
(24), clip toehold (25) and cooperative branch migration
(CBM) methods (26). These tools allow subtle regulation
of reaction rates which enables the process of different reac-
tions to be accurately controlled within a specified time. On
this basis, more advanced functions such as selection of
reaction pathways, resetting of the reaction and allosteric
strand displacement have been demonstrated. Through in-
tegration of the above regulation functions, researchers have
further developed various powerful DNA nanomachines.
For instance, Weihong Tan constructed the DNA tetrahe-
dron nanostructure (27,28), which can be used to detect and
image mRNA in tumor cells. Erik Winfree (29) constructed
and designed the concept of the DNA computer (30,31),
which can perform calculations such as the cube root (32).
In conclusion, large-scale complex DNA nanodevices based
on toehold-mediated reaction and its regulatory tools can
perform a variety of complicated functions, and have grad-
ually achieved a wide range of applications in the fields of
DNA computing (33-35), drug delivery (36-39), molecu-
lar diagnosis (40-42) and disease treatment (43-45), which
makes it a promising field in DNA nanotechnology.

However, the aforementioned toehold regulation tools
all change the traditional toehold-mediated reaction frame-
work to some extent. For example, the remote toehold
method (22) adds a spacer region near the toe region. The
allosteric toehold (23) introduces a regulator, which splits
the strand displacement reaction into a branch migration
and a strand displacement reaction. The introduction of
clips (25) requires changing the sequence and length of the
toe region. CBM methods (26) introduce unpaired domains
and Helper strands. Thus, the aforementioned regulation
tools for toehold-mediated strand displacement reaction all
inevitably alter the original sequence of reactants. Such al-
terations not only bring more complexity and less com-
patibility to the sequence and structural design, but, most
importantly, they completely block the possibility of post-
modification of DNA nanodevices that have been built or
packaged. The booming development of DNA nanotech-
nology will soon promote the production of integrated,
packaged and batched devices or circuits with specified
functions. Regarding standardized packaged DNA nanode-
vices, access to personalized post-modification will be of
tremendous help to users, whereas none of the current regu-
latory tools can provide such access, which has greatly con-
strained DNA nanodevices from becoming more powerful
and practical.

Herein, we designed a novel regulation tool based on
four-way strand displacement. On the basis of a conven-
tional toehold-mediated reaction, a single-stranded regula-
tion tool, called ‘Cap’, is introduced (Figure 1). The Cap

strand was designed to be complementary to the invading
strand, and according to the sequence relationship in the in-
put strand (denoted as I-strand), template strand (denoted
as T-strand) and output strand (denoted as O-strand), the
Cap strand would also be complementary to the output
strand. Consequently, during the strand displacement pro-
cess, the Cap strand would dissociate from the I-strand
and immediately hybridize with the O-strand, forming a
four-way strand displacement. The regulatory functions of
the Cap strand originate from the much slower kinetics
of the four-way strand displacement process than the con-
ventional three-strand toehold-mediated reaction. As was
demonstrated in previous literature (13), the Cap strand
should be able to regulate the strand displacement rate by
adjusting its length: the longer of the Cap strand, the slower
the reaction rate. However, such regulation was very rough:
the reaction rate dropped sharply when the Cap strand was
lengthened by only ~5 nt. Therefore, here in this work, we
wanted to establish a much more subtle regulation tool. To-
ward a fixed length of Cap, we came up with incorporat-
ing bulges to change the stability of the Cap/input duplex.
The mechanism by which the bulge would affect the stabil-
ity or thermodynamics of the Cap/input duplex was that
the bulge could change the sequence and spatial structure
of the duplex. Since the bulge does not alter the number of
paired bases of the Cap/input duplex, we assume its influ-
ence on the reaction rate would be mild and subtle. Over-
all, the proposed Cap was a multilevel regulation tool for
DNA strand displacement. In brief, we could quickly ad-
just the reaction rate to a certain range by changing the
length of the Cap and then subtly tune the rate close to the
desired value by changing the bulge. We also could adjust
the concentration of the Cap to change the degree of re-
action. Moreover, a few additional nucleotides can be de-
signed at the end of the Cap so that it is able to be retrieved
by adding complementary (c-Cap) strands and thereby exe-
cute erasability. Furthermore, taking advantages of the wide
range of reaction rates and erasability, the Cap tool pos-
sesses more advanced regulation functions such as subtle
distribution of reaction paths, selective activation and a slid-
ing rheostat. Most importantly, all of the regulatory func-
tions can be accomplished by the Cap strand alone, without
changing the sequence and structure of the original toehold-
mediated reaction at all, making the Cap strand a perfect
and powerful tool for realizing personalized tailor-made
post-modification on packaged and batched DNA nanode-
vices.

MATERIALS AND METHODS
Materials

ThermoPol reaction buffer was purchased from New
England Biolabs (Ipswich, MA, USA). DNA strands
were synthesized and purified by high-performance liquid
chromatography (HPLC; Sangon Biotech Co., Shanghai,
China). The sequences of all the probes and targets that
used in this work are summarized in Supplementary Ta-
bles S1-S9.



Methods

Subtle regulation of the toehold-mediated reaction rate.
The reaction system consists of associated DNA
strands, ddH,O and ThermoPol reaction buffer, and
the total volume was 50 pl. For detailed manual pro-
cedures: firstly, the T-strand and O-strand were heated
at 85°C for 1 min, lowered to 55°C for 1 min and then
incubated at 37°C for 30 min to form a complementary
double-stranded structure. Then, the I-strand and Cap
were added to the system. The concentrations of I-strand,
Cap, T-strand and O-strand were all 100 nM. The fluo-
rescence was measured in a microplate reader (BioTek,
USA). Instrument parameters are set as follows: excitation
wavelength, 485 nm; emission wavelength, 528 nm; gain
level, 90; detection time, 2 h.

Erasability. The preparation of solutions and measure-
ment procedures are the same as described above before the
c-Cap strand was added. For erasability of Cap, 100 nM
of c-Cap was added at timepoint of 40 min and the fluores-
cence was contineously measured for 2h.

Subtle distribution of reaction pathways. The reaction sys-
tem consists of appropriate amount of associated DNA
strands, ddH,O and ThermoPol reaction buffer, and total
volume was 50 wl. For detailed manual procedures: firstly,
M1 and Template 1, M2 and Template 2, Y1 and Template
3, Y2 and Template 4 were heated at 85°C for 1 min, low-
ered 55°C for 1 min and then incubated at 37°C for 30 min
to form complementary double-stranded structures, sepa-
rately and respectively. Then, those formed duplexes, X and
Cap 1/Cap 2 were added to the system. The concentrations
of all the DNA strands in the reaction system were 100
nM. The fluorescence was measured in a microplate reader
(BioTek, USA). Instrument parameters are set as follows:
excitation wavelength of FAM, 485 nm; emission wave-
length of FAM, 528 nm; excitation wavelength of HEX, 535
nm; emission wavelength of HEX, 556 nm; gain level, 90;
detection time, 2 h.

Selective activation. The reaction system consists of ap-
propriate amount of associated DNA strands, ddH,O and
ThermoPol reaction buffer, and the total volume was 50
wl. For detailed manual procedures: firstly, c-Cap 3A, c-
Cap 3B, c-Cap 3C, Template 3A, Template 3B, Template
3C, Output 3A, Output 3B and Output 3C were added.
Then, Input 3A and Cap 3A, Input 3B and Cap 3B, In-
put 3C and Cap 3C, Output 3A and Template 3A, Out-
put 3B and Template 3B, Output 3C and Template 3C
were heated at 85°C for 1 min, lowered to 55°C for 1 min
and then incubated at 37°C for 30 min to form comple-
mentary double-stranded structures, separately and respec-
tively. Finally, those formed Input 3A/Cap 3A duplex, In-
put 3B/Cap 3B duplex, and Input 3C/Cap 3C duplex were
added to the system at timepoint of 9, 66 and 101 min, re-
spectively and sequentially. The concentrations of all the
DNA strands in the reaction system were 100 nM. The flu-
orescence was measured in a microplate reader (BioTek,
USA). Instrument parameters are set as follows: excitation
wavelength, 485 nm; emission wavelength, 528 nm; gain
level, 90; and detection time, 2 h and 40 min.
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Slide rheostat. The reaction system consists of appropri-
ate amounts of associated DNA strands, ddH,O and Ther-
moPol reaction buffer, and the total volume was 50 p.l. For
detailed manual procedures: firstly, Input M-2 and Tem-
plate M-1, Input M-3 and Template M-2, Output and Tem-
plate M-3, Input S-2 and Template S-1, Cap 4C and Tem-
plate S-2 were heated at 85°C for 1 min, lowered to 55°C
for 1 min and then incubated at 37°C for 30 min to form
complementary double-stranded structures, separately and
respectively. Then, those formed duplexes were mixed to-
gether. Finally, Input M-1, Input S-1, Cap 3A and Cap 3B
were added to the system. The concentrations of all the
DNA strands excluding the Cap 3A in the reaction system
were 200 nM. The concentration of the Cap 3A can be 50,
100, 150 or 200 nM according to the design of different ex-
periments. The fluorescence was measured in a microplate
reader (BioTek, USA). Instrument parameters are set as fol-
lows: excitation wavelength, 485 nm; emission wavelength,
528 nm; gain level, 90; detection time, 33 min.

Personalized, tailor-made post-modification on packaged,
pre-fabricated DNA circuits. The reaction system consists
of appropriate amount of associated DNA strands, ddH,O
and ThermoPol reaction buffer, and the total volume up
was 50 wl. For detailed manual procedures: firstly, Input 1-
2 and Template 1-1, Input 1-3 and Template 1-2, Output 1
and Template 1-3, Input 2-3a and Template 2-2a, Input 2-
3b and Template 2-2b, Output 2 and Template 2-3a, Out-
put 3 and Template 2-3b, Template 2-1, Input M and Input
2-2 were heated at 85°C for 1 min, lowered to 55°C for 1
min and then incubated at 37°C for 30 min to form com-
plementary double-stranded or triple-stranded structures,
separately and respectively. Then, those formed duplexes
and triplexes were mixed together. Cap 5A, Cap 5B, Cap
5C and Cap 5D were added to the system, and their con-
centrations vary from 20 to 200 nM according to the pur-
pose of post-modification. Finally, Input 1-1a, Input 1-1b,
Input 2-1a, Input 2-1b, Cap I1 and Cap 12 were added to the
system to initiate the circuit. The concentrations of all the
DNA strands excluding Cap 5A, Cap 5B, Cap 5C and Cap
5D in the reaction system were 200 nM. The fluorescence
was measured in a microplate reader (BioTek, American).
Instrument parameters are set as follows: excitation wave-
length, 485 nm; emission wavelength, 528 nm; gain level,
90; detection time, 99 min.

RESULTS AND DISCUSSION
Subtle regulation of the toehold-mediated reaction rate

We firstly investigated the regulation capability of Cap to-
ward the toehold-mediated reaction rate. As illustrated in
Figure 1A, we designed and synthesized Input (denoted
as I-strand), Template (denoted as T-strand), Output (de-
noted as O-strand) and various Caps. Using the incorpo-
rated bulge as the marker, a Cap strand could be divided
into domains X, Y and Z. Domain X and domain Z were de-
signed to be complementary to the I-strand. We then could
use a set of variables (X, Y, Z) to denote the Cap, where
X is the number of bases spaced from the 3’ end of the
Cap to the 3’ end of the bulge, Y is the number of bases
in the bulge and Z is the number of bases spaced from
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Figure 1. (A) Schematic illustration of Cap and the four-way strand displacement process. (B) Kinetic constants of the reactions of the 100 nM I-strand
invading the 100 nM T-strand/O-strand duplex under the regulation of the 100 nM Cap. For each reaction, different Caps were used, in which Z could be
6,16 or 11, and Y varied from 1 to 8. (C) The fluorescent curves of reactions of the 100 nM I-strand invading the 100 nM T-strand/O-strand duplex under
the regulation of 100 nM different Caps. (D) Schematic illustration of the secondary translator circuit in which the reaction rate of the first-layer translator
is controlled by the Cap strand. (E) The fluorescent curves of the secondary translator circuit under the regulation of different Caps. The strands used in
the experiment were all fixed at 100 nM. (F) A Cap, namely +3 nt Cap, that contains a 10 nt extra sequence and its complementary region with the input
strand, covers the whole branch migration domain and three nucleotides of the toehold domain. The toehold-mediated reaction rate controlled by +3 nt
Cap is similar to that of the negative control. (G) Erasability of the Cap. c-Cap was added at 40 min. Reaction set up: all strands were fixed at 100 nM.



the 5 end of the CAP to the 5 end of the bulge. There-
fore, the Cap strand depicted in Figure 1A should be de-
noted as (11, 4, 11). We then investigated the effect of dif-
ferent Caps on the toehold-mediated reaction rate. Figure
1B and Supplementary Figure S1 are the comparison of
the kinetic constants of experimental groups in which the
value of Z or Y is the same; the corresponding reaction
curves and the calculation of kinetic constants can be seen
in the Supplementary Data (2.1 and 2.2). From the above
results, we could deduce the empirical rules regarding the
influence of the location and size of the bulge on the reac-
tion rate: (i) when the size of the bulge (Y) was fixed, the
reaction rate with Caps where X = 11 was faster than those
with Caps where X = 6 or X = 16, which indicates that
the bulge located in the middle of the Cap would make a
weaker difference to the reaction rate; and (ii) when the lo-
cation of the bulge (X and Z) was fixed, the larger the bulge,
the faster the reaction rate, which matched the expectation
that the Cap/Input duplex was more unstable with a larger
bulge.

After determining the basic rules, subtle regulation of the
strand displacement reaction rate could be achieved by con-
tinuously adjusting the values of X, Y and Z. As shown
in Figure 1C and Supplementary Figure S2a, the toehold-
mediated reaction rate could be regulated at full range, from
0% to ~100%. Furthermore, we randomly designed another
set of toehold strands and tested the regulation function
of the Cap strand. As shown in Supplementary Figure S3,
the Cap strand also finely and subtly regulated the reac-
tion rates, demonstrating the generality of the subtle reg-
ulation function of the Cap strand (Supplementary Figure
S3). We also designed a secondary translator circuit and,
by using the Cap strand to control the reaction rate of the
first-layer translator, we successfully subtly regulated the re-
action rate of the whole secondary circuit (Figure 1D, E;
Supplementary Figure S2b), demonstrating the functional-
ity of the Cap strand in multilayer circuits.

We would also like to emphasize that the regulation ca-
pability of our proposed Cap toward the toehold-mediated
reaction rate is comparable with previously reported regula-
tion tools, but Cap has a distinct and unique advantage over
others: the regulation was accomplished only by adding a
CAP strand, without changing the structure and sequence
of the original toehold-mediated reaction at all. To the best
of our knowledge, our proposed Cap has the highest sim-
plicity and convenience among all reported strategies.

Erasability

We then introduced a few additional nucleotides to the end
of the Cap strand, and these extra sequences could serve as a
toehold region for the complementary c-Cap strand to erase
the Cap strand, thereby restoring the reaction to the conven-
tional strand displacement mode. As shown in Figure 1F,
we designed a Cap (+3 nt Cap) that contained a 10 nt extra
sequence and its region complementary to the Input strand
covered the whole branch migration domain and 3 nt of the
tochold domain. More experimental results can be seen in
Supplementary Figure S4. As expected, the Cap strand al-
most blocked the strand displacement process, rendering a
very low fluorescent signal (the red curve in Figure 1G). We
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then added c-Cap (+3 nt c-Cap) to erase the Cap strand,
and the toehold-mediated reaction was released, producing
a strong signal (the green curve in Figure 1G).

Overall, we have demonstrated two basic functions of
Cap: subtle regulation of the reaction rate and erasability.
We then endeavored to integrate the basic functions of Cap
and developed three advanced functions with specific util-
ity: (i) subtle distribution of reaction pathways; (ii) selective
activation; and (iii) a slide rheostat.

Subtle distribution of reaction paths

We firstly developed the function of selecting and distribut-
ing reaction pathways for the Cap. As shown in Figure 2A,
we designed two parallel secondary strand displacement
pathways. According to the sequence design, input X was
able to enter both ways. When entering pathway 1 (invad-
ing Template 1), the output M1 strand would invade fluo-
rescently FAM-labeled Template 3 and emit green fluores-
cent signals. On the other hand, when entering pathway 2
(invading Template 2), the output M2 strand would invade
HEX-labeled Template 4, emitting red fluorescent signals
at another wavelength. We then designed two Caps. Cap 1
was complementary to the tail domain (colored in yellow)
of M1, while Cap 2 was complementary to the tail domain
(colored in green) of M2. As shown in Figure 2B, we could
use Caps to select and distribute reaction pathways. If we
only add along Cap 1, the process of M1 invading Template
3 would be blocked. Since the reactions of input X invading
Template 1/2 were reversible (the length of the toehold do-
main was identical to that of the dissociation domain), the
input X that had entered pathway 1 but was blocked at the
second step would be retrieved and enter pathway 2 follow-
ing Le Chatelier’s principle. Likewise, if we only add long
Cap 2, the whole reaction would be pushed into pathway 1.
Furthermore, we could change the length of the added Caps
or incorporate bulges into the Caps to subtly control the
distribution of the two pathways. We then synthesized Cap
1-L/Cap 2-L with large bulges (8 nt), Cap 1-M/Cap 2-M
with medium bulges (4 nt) and Cap 1-S/Cap 2-S with small
bulges (2 nt), and used these Caps to control the reaction
pathways. It was worth noting that the lengths of domains X
and Z were fixed at 7 nt and 8 nt, and the concentration was
fixed at 100 nM for all Caps. As shown in Figure 2C and E,
when no Caps were added, input X would evenly enter two
pathways, producing a median fluorescent signal between
the positive control and negative control. When adding Cap
1 strands, the green signal became weaker and the red signal
became stronger as the bulges of Cap 1 shrunk, indicating
that input X entered less into pathway 1 but more into path-
way 2. In contrast, when adding Cap 2 strands, the green
signal became stronger and the red signal became weaker
as the length of Cap 2 increased, indicating that input X en-
tered more into pathway 1 and less into pathway 2. Compar-
ing the plateaued fluorescence intensities, we could calculate
the percentage of input X entering pathway 1 and pathway
2. As shown in Figure 2D and F, the calculated percent-
ages varied gradually and mildly from nearly 0% to 100%,
demonstrating that the Cap tool was able to subtly con-
trol the distribution of reaction pathways. Moreover, such
control was extremely convenient, just adding an additional
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all strands were fixed at 100 nM.

strand and without changing the sequence or concentration

of the original strands at all.

Selective activation

We then tried to develop the function of selective activa-
tion for the Cap tool. As shown in Figure 1D, the reaction

rate of a toehold strand displacement process could be ad-
justed from very fast to almost zero simply by using dif-
ferent Cap strands, and such a transition of reaction rate
resembled the on and off state of a switch. Taking advan-
tage of the erasability of Cap, we could achieve switching
of the on and off state in a multiplexed mode, namely selec-
tive activation. Here in the experiment, we designed three



sets of toehold-mediated reaction species, each of which in-
cluded input (Input 3A-3C), template (Template 3A-3C),
output (Output 3A-3C), Cap (Cap 3A-3C) and reporters
(RF labeled with FAM and RB labeled with HEX). All
of the strands were added into one tube to form a triplex
reaction system. Since the Caps were designed to be long
enough, the toehold-mediated reactions were all blocked at
the initial stage. We then could add different c-Caps (c-Cap
3A, c-Cap 3B abdc-Cap 3C) to selectively activate the cor-
responding toehold-mediated reaction. As shown in Figure
3A, to each tube, we added three sets of templates and out-
puts. Then, to those tubes, we added eight combinations
of c-Caps that covered all possible situations to potentially
activate different toehold-mediated reactions. As a result,
when Input-Cap dsDNA 3A, 3B and 3C were sequentially
added, the fluorescence curves in Figure 3B presented dif-
ferent shapes as we expected, demonstrating the function-
ality of selective activation. We would also like to note that
from the perspective of biosensing or nucleic acid analysis,
the selective activation could also be utilized for multiplexed
detection. For instance, in the above experiment, the c-Caps
could be regarded as analytes and, according to the shapes
of the fluorescence curves, we could determine the compo-
sitions of the analytes, which is exactly the meaning of mul-
tiplexed detection.

Slide rheostat

Additionally, we could evolve the Cap tool for a more ad-
vanced and powerful function: regulating as a slide rheo-
stat. We used the term‘slide rheostat’ as a vivid analogy to
show that the Cap can provide convenient and ‘smooth’ reg-
ulation to the process and the output yield of reactions. As
illustrated in Figure 4A, the main reaction pathway was a
tertiary strand displacement process (Supplementary Fig-
ures S5 and S6 show the basic functionality of the main re-
action pathway). Toward the second toehold-mediated re-
action, we designed a Cap (Cap 4A) to hybridize with In-
put M-2 and thereby subtly regulated its proportion of en-
tering the third layer of the circuit. Analogously speaking,
Cap 4A played the role of a slide rheostat in the electronic
circuit: longer or higher concentration of Cap 4A could im-
pose greater resistance to the reaction pathway and ren-
dered a lower ‘current’ of the whole circuit. More impor-
tantly, the Cap-based slide rheostat could be further scaled
up. As shown in Figure 4A, apart from the main reaction
pathway, we designed a side reaction pathway consisting of
two layers of the strand displacement process. The final out-
put of the side reaction pathway was Cap 4C, which was
long enough to block Input M-3 from initiating the third
toehold-mediated reaction of the main pathway. Also, in the
side reaction pathway, a Cap 4B strand was loaded on Input
S-2, and thereby the output (Cap 4C) concentration of the
whole two-layer side reaction pathway could be subtly con-
trolled by a Cap (Cap 4B). Collectively, Cap 4B determined
the amplitude of resistance imposed on the main reaction
and thereby further determined the overall output signal.
Since the length and bulge of the Cap 4B strand could be
flexibly adjusted, the side reaction pathway as a whole func-
tioned as a slide rheostat, and Cap 4B was the slider. Experi-
mental results shown in Figure 4B demonstrated our design:
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when no Cap 4B strand was added, the main reaction path-
way was largely blocked, exhibiting low fluorescence signal.
When different Caps were added, the output signal was in-
creased by different amounts, demonstrating that the side
reaction as a whole could perform as the slide rheostat to
adjust the main reaction pathway. Furthermore, we could
simultaneously adjust the simple and scalable slide rheo-
stat to achieve more powerful control of the DNA circuit.
As was shown in Figure 4C-F, by using different combina-
tions of Cap 4A and Cap 4B, the normalized yield of output
varied from 0 to 1 subtly. It is worth noting that the func-
tion of a slide rheostat also revealed that the Cap strand
could provide a convenient way for constructing cross-talk
among different pathways or circuits. Collectively, we have
integrated the fine rate-regulating capability of Cap into a
more complexed DNA circuit and constructed a DNA slide
rheostat at both a simple and a scalable level. We would also
like to point out that the function of a slide rheostat revealed
that the Cap strand could provide a convenient way for con-
structing cross-talk among different pathways or circuits.

Personalized, tailor-made post-modification on packaged,
pre-fabricated DNA circuits

Overall, we have demonstrated two basic functions of Cap
(subtle regulation of the reaction rate and erasability) and
three advanced functions with specific utility (subtle distri-
bution of reaction pathways, selective activation and slide
rheostat). Based on the exceptional property of function-
ing independently of the Cap, all of the above functions
could be imposed on a DNA circuit at any time, whether at
the design step or post-modification on an existing circuit,
without changing the sequence and structure of the origi-
nal circuit at all. As shown in Figure 5A, toward a pack-
aged large-scale DNA circuit, we could select any site of
interest and apply Cap strands to reorganize the reaction
pathway and, finally, the pre-fabricated DNA circuit could
be post-modified and transformed into executing personal-
ized tailor-made functions.

To comprehensively exhibit this powerful capability of
the Cap tool, a relatively complex DNA circuit was designed
and pre-fabricated, and, by adding different Cap/c-Cap
strands, all three advanced regulatory functions were im-
posed on the pre-fabricated circuit, endowing it with com-
pletely different computation modes. As shown in Figure
5B, the circuit designed by us has three tertiary reactions.
The first layer of the reaction pathway 1 was an OR gate,
and its final output was Output 1 which was labeled by
FAM. Reaction pathways 2 and 3 shared the same first layer
which was an AND gate. The Input 2-2 produced by the
first layer of pathway 2 had an equal chance of entering the
second layers of pathways 2 and 3. The final output of path-
way 2 was Output 2, which was designed to be the Cap of
the input strand (Input 1-3) for the third layer of pathway
1; therefore, it could inhibit the third-layer reaction and the
final output signal of pathway 1. The final output of path-
way 3 was Output 3, which was labeled by HEX. In addition
to the basic reaction framework, we also designed Cap 11
to inhibit Input 1-1a and Input 1-1b, and Cap 12 to inhibit
Input 2-1a so that the initial leakage of the pre-fabricated
DNA circuit was silenced. Taking advantage of the selective



36 Nucleic Acids Research, 2023, Vol. 51, No. 1

A

| Selective Activation |

Add sequentially

Input-Cap 3A  Input-Cap 3B Input-Cap 3C
—, l . Cap 3A Cap 3B Cap 3C
| o, ——_Seeees -
Input 3A Input 3B Input 3C
b 1 b } v )
“eCap 3’ “eCap 3B wlapse’  anatiees SSDNAto be detected \
[- [ | c-Cap 3A c-Cap3B» c-Cap3Cxr |

Output
ZOutput accumulation

Signal reporting

Output 3A

Output 3B

Output 3C

........
Template 3A  Template 3B Template 3C
e FAM
RB ~ BHQ1

Medium

Low mmgh

Fluorescence
intensity

P =

B
x10%

14 c-Cap
3212 _ |3A 3B 3C
= AlO O O
§ 10 BI1O O x
£ ClO x O
§ 8 Dlx O O
3 E[x O x
S 6 FI1O x x
u_g_ G|l x x O

4 Hfx x x

N

0 60 120
Time(min)

-
oo}
o
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sequentially. Reaction set up: all strands were fixed at 100 nM.

activation property of the Cap tool, c-Cap I1 and c-Cap 12
could be added at any time to initiate the operation of the
whole circuit. Comprehensively, we actually built a DNA
circuit that mixed a digital logic circuit and an analog cir-
cuit. The first-layer OR gate and AND gate for Input 1-1
and Input 2-1 at the beginning determined whether there
would be an output signal. The second and third layers of
the circuit were actually analog circuits which tuned the am-
plitude of the output signal. The powerful capability of the
Cap allows it not only to selectively activate the logic cir-
cuit but also to reprogram the analog circuit for outputting
signals with different amplitudes.

Based on the above reaction framework, we firstly veri-
fied the logical performance of this circuit, and the experi-
mental results were in accordance with the truth table (Sup-
plementary Figure S7). Then, we focused on applying post-
modification to the analog part of the pre-fabricated circuit
by adding Cap strands at four designated positions. In these
experiments, all four primary inputs (Input 1-1a, Input 1-
1b, Input 2-1a and Input 2-1b) were added and the logi-
cal outputs of the FAM channel and HEX channel should
both be ‘1’. However, we could add different Caps at various
positions to make the amplitudes of logical ‘1’ completely
different. As shown in Figure 5B, Cap 5A, Cap 5B, Cap
5C and Cap 5D were designed to be complementary to In-
put 2-3b, Input 2-3a, Input 2-2 and Input 1-2, respectively.
When different amounts of either Cap SA or Cap 5B were
added, the distribution of reaction pathways of Input 2-2
could be subtly controlled: when Cap 5A was added, path-
way 3 was inhibited and the HEX signal was reduced. Si-
multaneously, the output of pathway 2 was increased, which
led to a stronger inhibition of pathway 1 and, ultimately,
a simultaneous decrease in the FAM signal was observed.
The opposite variation occurred with the addition of Cap
5B, where the FAM and HEX signals increasing simulta-
neously. Further, since Cap 5A and 5B could act as a slid-
ing rheostat, the final signal range could be manipulated by
controlling the amount of these Caps added. For instance,
we could add an appropriate amount of Cap 5A and 5B to
make ‘Output 1 (FAM) = Output 3 (HEX)’ and their val-
ues ranged from 0 to 1 as regulated. Overall, through post-

modification by Cap 5A and Cap 5B, we have transformed
the original dual-output circuit into an equal-signal output
circuit with any adjustable intensity (Figure SC-E). On the
other hand, we could also transform the original circuit into
a signal-antagonist circuit: when Cap 5C was added, path-
ways 2 and 3 were both inhibited, and the circuit behaved as
an increase in the FAM signal and a decrease in the HEX
signal (Figure 5F). When Cap 5B and Cap 5D were added,
pathway 1 and pathway 2 were inhibited, and the circuit
showed a decrease in FAM signal and an increase in HEX
signal (Figure 5F). Under both antagonistic modes, the for-
mula ‘Output 1 (FAM) + Output 3 (HEX) = Constant’ ap-
plied (Figure 5G), and this constant value could also be ad-
justed to any number between 0 and 1. Further, when Cap
SA and Cap 5C, or Cap 5B and Cap 5C were added, paths
2 and 3 were inhibited to different extents (Figure 51, J),
and the circuit behaved as Output 1 (FAM) = k x Output
3 (HEX). This k value could be changed to any number (in
Figure 5K, k was set to be 2). Further, when Cap 5A and
Cap 5C or Cap 5B and Cap 5C were added, pathway 2 and
pathway 3 were inhibited to different degrees (Figure SH, I),
and the circuit behaved as Output 1 (FAM) = k x Output 3
(HEX), where the parameter k could be adjusted arbitrarily
(in Figure 5J, k was set to be 2).

In a word, we have achieved personalized and tailor-
made post-modification of pre-fabricated DNA circuits
simply by adding different kinds and concentrations of Cap
strands to the system, endowing the original DNA circuit
with completely new computation functions.

CONCLUSION

In conclusion, we have developed a novel tool for regulating
DNA strand displacement reactions: the Cap. By adjust-
ing the length of the Cap and the size and position of the
bulge incorporated within it, we could easily achieve subtle
regulation of the reaction rate. In addition, by designing a
few extra nucleotides at the end of the Cap, its erasability
was accomplished. Based on the above two basic proper-
ties of Cap, we further developed three advanced functions
with specified utility: subtle distribution of reaction path-
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ways, selective activation and sliding rheostat. More impor-
tantly, all of the basic properties and advanced functions
were fulfilled by the Cap strand alone, without changing
the sequence design and structure of the original toehold-
mediated reactions at all. Finally, combining all the regula-
tory functions of Cap and its distinct advantage of working
independently, we achieved personalized tailor-made post-
modification on packaged pre-fabricated DNA circuits. A
pre-fabricated dual-output DNA circuit was successfully
transformed to an equal-output circuit, a signal-antagonist
circuit and a covariant circuit according to our wishes.

Overall, the sequence design of our proposed Cap is very
simple and does not change the original sequences at all,
making the tool general for all strand displacement-based
DNA nanodevices. With the boom in development of pack-
aged and batched DNA nanodevices, we believe the pro-
posed Cap tool will be widely used in regulating reaction
networks and personalized tailor-made modification of pre-
fabricated DINA nanodevices.
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