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ABSTRACT

Molecular logic gates play an important role in many fields and DNA-based logic gates are the basis of DNA
computers. A dynamically NAND gate system on the DNA origami template is established in this paper.
Naturally, the system is stable in solution without any reaction. Different logical values are mapped into different
DNA input strands. When logical values are entered into the system, the corresponding DNA input strands
undergo a directed hybridization chain reaction (HCR) at corresponding positions on the DNA origami template.
The operation results are identified by disassembly between the nanogold particles (AuNPs) and DNA origami
template. The nanogold particles remain on the DNA origami template, indicating that the result is true; The
nanogold particles are dynamically separated from the DNA origami template, indicating that the result is false.
The simulation of the system through Visual DSD shows that the reaction strictly followed the designed direc-
tion, and no error products are generated during the reaction. These simulation results show that the system has
the advantages of feasibility, stability and intelligence.

1. Introduction

Since Adleman solved the Hamiltonian path problem of directed
graphs with DNA coding for the first time [1], DNA computing has
attracted the attention of many scholars. In recent years, the researches
of DNA computing have been fruitful. We have reasons to believe that
DNA computers will lead us to a new era of computing in the near
future. In 2004, Dirks proposed the hybridization chain reaction (HCR),
which used DNA hybridization to expand DNA strands for signal am-
plification [2]. In the reaction, two kinds of hairpin-shaped DNA oli-
gonucleotides coexist stably without a kind of linear DNA oligonu-
cleotide, called the initiator. When the initiator is poured into the test
tube containing two hairpins, the hybridization chain reaction is in-
duced. The hairpins are opened alternately, and hybridize with one
another to form a nicked double-stranded DNA polymer. The hy-
bridization chain reaction is widely used in combinatorial optimization,
analytical chemistry, biosensors and medical signal detection [3-5]. In
2006, DNA origami was first proposed by Rothemund [6]. In the same
year, Qian and coworkers established an asymmetric simulated Chinese
map by using DNA origami [7]. The successful construction of this map
demonstrated the ability of DNA origami to construct asymmetric pat-
terns. Compared with traditional self-assembly methods, DNA origami
can self-assemble precisely more complex structures on nanometer
scale [8,9]. These advantages enable DNA origami to be utilized as a
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basic template for assembling functional AuNPs, carbon nanotubes and
proteins into sophisticated structures. In 2010, Gu designed a ‘three-
handed, four-legged' DNA walker based on DNA origami. The ‘foot’ can
rotate clockwisely by 120° on the DNA origami template. The ‘hand’ can
receive AuNPs modified on the DNA origami template during the ro-
tational walking. The construction of this DNA walker provided ideas
for the design of medical carriers [10]. In 2012, Pei and coworkers
completed the logic operation by reconfiguring the tetrahedral DNA
nanostructures [11]. In 2013, biped DNA walkers took a critical step in
DNA origami orbits [12]. In 2014, DNA origami robots were used for
routine computing [13]. In the same year, Wang proposed molecular
logic gates on the DNA origami nanostructures for microRNA diag-
nostics [14]. Koirala and coworkers built mechanochemical sensors
based on DNA origami nanostructures [15]. In 2016, Yang and cow-
orkers developed a strategy based on DNA strand displacement to
control the release of AuNPs on the DNA origami template [16]. Yang
solved the operation problems of OR gate, AND gate and three-input
majority gate based on this strategy. Experimental results showed that
this strategy proposed was feasible. Zhang and coworkers used a series
of DNAzyme-based logic gates to control DNA tile self-assembly onto a
prescribed DNA origami frame [17]. Tikhomirov and coworkers pro-
posed a method of fractal assembly of micron-scale DNA origami arrays
with arbitrary patterns [18]. In that paper, a square DNA origami tile
with a pattern on the surface was used as a basic building unit, and
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patterns such as Mona Lisa and rooster were constructed. The con-
struction and successful implementation of this assembly method illu-
strated the advantages of DNA origami spatial addressability. In 2019,
Chao and coworkers used the single-molecule DNA navigator to solve
the maze problem on a DNA origami template. This single-molecule
navigator can search all the paths of the maze, and finally only the
correct paths were preserved [19]. Tang constructed and optimized the
aptamer-enabled DNA boxes [20]. In addition, Wang and coworkers
built the intelligent molecular logic circuits based on well-designed H-
shaped DNA nanostructures [21]. Recently, DNA origami nanos-
tructures have also been widely used in the fields of bioanalysis and
drug delivery. Zhang constructed a poly-aptamer-drug system for drug
delivery [22]. Ouyang constructed the drug delivery nanocarriers [23].
The nanocarriers were assembled based on the rolling ring amplifica-
tion (RCA). In 2019, Rozita selectively reviewed the recent advances in
DNA-based biosensors. These biosensors were used to detect cancer
microRNA, toxic metal ion and infectious microbes based on various
signal amplification strategies [24]. The DNA nanostructure is a good
drug carrier and has unique advantages in cancer therapy. In 2017, Wu
described these different types of DNA nanostructure-based drug de-
livery nanosystems and introduced the advantages of these systems in
medical applications [25]. In 2018, Mason described the principles of
common DNA walkers and the applications of DNA walkers in bioa-
nalysis [26].

In this paper, we construct a dynamically NAND gate system based
on the hybridization chain reaction to solve the NAND gate operation
problem. HCR and DNA origami structures have proven to be very
suitable for this type of application [27-34]. The system consists of two
parts: a constructed origami template and four kinds of auxiliary
strands. The sequence layout of the DNA strands in the system are
carefully designed to ensure that the system is stable in solution without
any reaction.

During the operation, the input values of the NAND gate are
mapped into DNA strands of different sequence layout. Once there is a
value input, the corresponding DNA strand enters the system, and it
performs a hybridization chain reaction on a specific path. Finally, The
operation results are identified by disassembly between the AuNPs and
DNA origami template. If two AuNPs remain on the DNA origami
template, then the result is true. If two AuNPs are dynamically sepa-
rated from the DNA origami template, then the result is false. The si-
mulation of the dynamically NAND gate system by Visual DSD (a design
and analysis tool for DNA strand displacement systems) proves that the
system has good feasibility, stability and intelligence.

2. NAND gate and hybridization chain reaction
2.1. NAND gate

Logic gates play an important role in various fields. For example,
molecular logic gates are the basis of DNA computers, and intracellular
molecular logic gates have a great significance for medical treatment.
An ideal DNA logic gate system for medical purposes would have high
cell permeability. Common logic gates include OR gates, AND gates,
NOT gates, NAND gates and NOR gates.

The NAND gate refers to the superposition of the AND gate and the
NOT gate. The AND gate operation is performed first and then the NOT
gate is performed. See 2.1 for the NAND gate logic expression and
Table 1 for the truth table.

F=(AB) =)+ B) 2.1
The NAND gate only has a false result when the input values are all

true, otherwise, the result is true.

2.2. Hybridization chain reaction

In 2004, Dirks first proposed the HCR [2]. The principle of HCR is to
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Table 1

NAND truth table.
A B F
0 0 1
0 1 1
1 0 1
1 1 0

induce hybridization of two different types of DNA molecules with
hairpin structure by using an initial strand and alternately opening the
hairpin structure to form a double-stranded DNA polymer with a nick.
The formation of the DNA polymer can be carried out at room tem-
perature without the temperature changes and enzymes. The reaction
principle is shown in Fig. 1. The two DNA strands 7 and T, coexist
stably in solution without any hybridization reaction. 7, DNA strands
have a common sequence layout of the structure 5'-toehold-stem-loop-
stem*-3'(5 —a — b —c — b x — 3'); correspondingly, the 7, DNA
strands, freely diffusing in solution, have a common sequence layout of
the structure 5'-toehold-stem-loop-stem*-3'(5" — ¢* — b — a* — b* — 3'),
as shown in Fig. la. Initiator strands I have a sequence layout of
5 — b* — a* — 3’. When the initiation strands I are added, the a * — bx
of initiation strand I is complementary to the toehold a and stem b of T,
and the hairpin of T is opened, exposing ¢ — b* (see Fig. 1b). The ex-
posed ¢ — b* of DNA strand 7; and c¢* — b of DNA strand T, are com-
plementary by base pairing, and the hairpin of T, is opened, exposing
a* — b* (see Fig. 1c). The exposed a* — b* of DNA strand T, continues to
react with the next DNA strand T;, opening the hairpin structure and
cycling in sequence. Eventually, alternate hybridization results in a
long, nicked double-stranded DNA polymer (see Fig. 1d).

3. Dynamically NAND gate system on DNA origami template
3.1. The composition of the system

The dynamically NAND gate system on the DNA origami template is
mainly composed of two parts: a constructed origami template and four
kinds of auxiliary strands. In this system, the four kinds of auxiliary
strands exist in large quantities and do not react with the stable coex-
istence of the constructed DNA origami template. The following de-
scribes the composition of the system.

The circular genomic DNA from the virus M13mp18 [6] is folded
into a two-dimensional rectangle origami template using staples, as
shown in Fig. 2a. Two rows of DNA strands arranged in a straight line
are anchored on a DNA origami template, as shown in Fig. 2d. In this
system, there are four entries on the DNA origami template,
Hpoent, Hatent> Hpoenr @and Hpyepg, Which correspond to four input values,
A=0,A=1,B=0,B=1, respectively. When an input value enters
the system, a directed hybridization chain reaction begins at the cor-
responding entry, with the AuNPs N1 and N2 as the cut-off points, the
T, - N1« T
— — —
L2y - N2 « L2;, respectively. The reaction direction of path L1, is
from left to right, arranged in the order
Hyoent = Hp1 — --=Hpy = Hpgend. Haoene is called the entrance strand
and has a sequence layout of the structure 5'-h,;-toehold-stem-loop-
stem*-3’ (5" — hyy — A0 — by — ¢; — by — 3'); h,y; and the sticky end h;,;
extending from the DNA origami template are complementary by base
pairing, and thus, the strand Hyoe, is anchored on the origami template.
The strands H;; are arranged in a straight line on the DNA origami
template (In the original design, the strands Hr, in the four paths are the
same; unfortunately, in the reaction, the reaction direction cannot be
completely directed according to the designed straight line, and an
intersection phenomenon occurs. Thus, for path L_l(;, (L_ll, the design of
the strand Hj, is the same. For the path L_Z(; E, we design a different
strand, Hj,; this difference can avoid the intersection in the reaction).

reaction directions are recorded as and
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Fig. 1. Basic reaction process of HCR.
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Fig. 2. (a) Rectangular DNA origami template. (b) Four kinds of auxiliary DNA strands aux;;, aux;,auXyi, auxy,. (¢) AuNPs, N1 and N2. (d) The constructed origami

template.
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Fig. 3. The schematic diagram of I, I41, Ipo and Ip;.

The strands Hi; have a common sequence layout of the structure
5'-h,y;-toehold-stem-loop-stem*-3'(5" — hy; — dy — by — ¢; — by — 3").

Hpoeng is called the end strand and has a sequence layout of
5" — hop — dy — by — 3'; by of Hygeng and by of AuNP N1 (see Fig. 2¢) are
complementary by base pairing such that the AuNP N1 can be attached
to the strand Hageng. The reaction direction of path H is from right to
left, arranged in the order Hpyeng < Hpy < --<Hp < Haten. Harent 1S
called the entrance strand and has a sequence layout of 5'-h,,;-toehold-
stem-loop-stem*-3’ (5" — hoy — Al — by— ¢;— b — 3"). Hayenq is called
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the end strand and is designed like Hyg,nq. The reaction direction of path

—_—
L2, is from left to right, arranged in the order
Hggent = Hyy — --*—=H;y; — Hpoend. Hpoene 1S called the entrance strand

and has a sequence layout of 5'-h,,-toehold-stem-loop-stem*-
3'(5" — hyyy — BO — by — ¢; — by — 3'). The strands H;, have a common
sequence layout of 5'-hy;-toehold-stem-loop-stem*-

3'(5" = hoyy — Al — by— c1— by — 3'). Hpgeng is called the end strand and
has a sequence layout of 5’ — h,; — d — b, — 3'; b, of Hpgeng and by of
AuNP N2 (see Fig. 2c) are complementary by base pairing such that the
AuNP N2 can be attached to the strandHp,,q. The reaction direction of
path (E is from right to left, arranged in the order
Hgiend < Hy <« +--<H; < Hgen. Hpens is called the entrance strand and
has a sequence layout of 5'-h,,-toehold-stem-loop-stem*-3’
(5" — hori — Al — by— c1— by — 3'). Hpieng is called the end strand and is
designed like Hpgeng-

In the dynamically NAND gate system, four kinds of auxiliary
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Fig. 4. (a) The schematic diagram of combining I, and Hygens and combining Ipy and Hpoene. (b) The schematic diagram of combining Hugens and aux;; and combining
Hpoene and auxz,. (¢) The schematic diagram of combining aux;; and Hy; and combining aux;, and Hj,. (d) The reaction is completed, and the AuNPs N1 and N2
remain on the origami template, indicating that the result is true.
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1S

Fig. 5. (a) The left end of the AuNP N1 and the right end of the AuNP N2 are separated. (b) The reaction is completed, and the N1 and N2 remain on the origami

template, indicating that the result is true.

strands are required, which are called auxp;, aux;,, auxy; and auxy,,
respectively, as shown in Fig. 2b. These auxiliary strands do not need to
be anchored on the DNA origami template, but they are stored in large
quantities in the test tube solution. The strands aux;; and aux;, are used
. . . . —_— —_—
to assist the directional reaction on L1y, L1; and L2y, L2,, respec-
tively, while auxy; and auxy, are used to assist in the disassembly be-
tween the AuNPs and DNA origami template. The strands aux;; have a
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common sequence layout of 5'-toehold-stem-loop-stem*-3’
(5" —¢f = by — di — by — 3'); the strands aux;, have a common se-
quence layout of 5'-toehold-stem-loop-stem*-3’ (5 —c¢j — b, —
dy — by — 3’); the strands auxy; have a common sequence layout of
5'-toehold-stem-loop-stem*-3’ (5" — e* — by — b, — by — 3’); and the
strands auxy, have a common sequence layout of 5'-toehold-stem-loop-
stem*-3' (5" — f* — b, — by — by — 3).
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L1,

L2,

Fig. 6. The reaction is completed, and N1 and N2 remain on the origami
template, indicating that the result is true.

3.2. The implementation of the NAND gate

3.2.1. The design of the input strands

Enter a representative strand of A = 0 called I,,, with a sequence
layout of 5" — b — A0* — 3’; enter a representative strand of A =1
called I4;, with a sequence layout of 5 — b — Al* — 3’; enter a re-
presentative strand of B = 0 called Ipy,, with a sequence layout of
5" — by — B0* — 3’; and enter a representative strand of B = 1 called I,
with a sequence layout of 5 — b5 — BI* — 3’, as shown in Fig. 3.

When A = 0, B = 0 are entered, strand Iy and strand Iy, enter the
NAND gate system. HCR is performed on path fﬂ;; by — A0* of Iy, and
by — AO of Hy.n are complementary by base pairing, and the hairpin
structure of Hy,y, is opened, exposing c¢; — b;’, as shown in Fig. 4a. The
exposed c; — bof Hapens and c¢; — by of auxy; are complementary by
base pairing, and the hairpin structure of aux;; is opened, exposing
d; — by, as shown in Fig. 4b. The exposed d;" — b’ of aux;; and d; — b;
of Hy; are complementary by base pairing, and the hairpin structure of
Hy, is opened, exposing c¢; — by, as shown in Fig. 4c. The reaction
proceeds alternately from left to right until the di' — by of aux;,; is
complementary to the d; — b; of Hygenq, the DNA single strand to which
the AuNP N1 and Hyo.nq are attached is replaced, and the reaction ends.
At this time, the AuNP N1 is disconnected from Hyg.,q but is still con-
nected to Hyjeng and remains on the DNA origami template, as shown in
Fig. 4d. The hybridization chain reaction is performed on path L_Zo)
by — B0* of Iy, and b, — BO of Hpgy, are complementary by base
pairing, and the hairpin structure of Hpq.,, is opened, exposing ¢, — b5,
as shown in Fig. 4a. The exposed ¢, — by of Hpg,n; and ¢; — b, of auxg,
are complementary by base pairing, and the hairpin structure of aux;; is
opened, exposing d; — bJ, as shown in Fig. 4b. The exposed d; — b; of
auxr, and d, — b, of Hj, are complementary by base pairing, and the
hairpin structure of H;, is opened, exposing ¢, — b3, as shown in Fig. 4c.
The reaction proceeds alternately from left to right until the d5’ — b; of
auxy, is complementary to the d, — b, of Hpgeng, the DNA single strand
to which the AuNP N2 and Hgg.nq are attached is replaced, and the
reaction ends. At this time, the AuNP N2 is disconnected from Hgg,,q but
is still connected to Hgy.ng and remains on the DNA origami template, as
shown in Fig. 4d.

When A = 0, B =1 are entered, strand I, and strand I, enter the
NAND gate system. The hybridization chain reaction is performed on
path m in the same manner as described above, we will not repeat all
the details here. The AuNP N1 is disconnected from Hyg.,q but is still
connected to Hyeng and remains on the DNA origami template, as
shown in Fig. 5a. The hybridization chain reaction is performed on path
<L_Z;. The by — BY* of I and b, — Bl of Hp,, are complementary by
base pairing, the hairpin structure of Hpg., is opened, and the hy-
bridization chain reaction begins. The reaction proceeds alternately
from right to left until the d;’ — b; of aux;, is complementary to the
d, — by of Hpiend, and the DNA single strand to which the AuNP N2 and
Hpeng are attached is replaced, as shown in Fig. 5a. The difference in
this case is that the reaction has not completely ended. The f — by of N2
and the f* — b, of auxy, are complementary by base pairing, and the
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hairpin structure of auxy, is opened. The b; — b5 of auxy, and b;" — b, of
N1 are complementary by pairing, and AuNPs N1 and N2 are connected
together by the auxiliary strand auxy,, as shown in Fig. 5b. However,
N1 is still connected to Hyjeng, and N2 is still connected to Hggeng. N1
and N2 remain on the DNA origami template.

When A = 1, B = 0 are entered, strand I4; and strand I, enter the
NAND gate system. It is essentially the same as when A = 0, B =1 are
entered, so the schematic diagram of the entire reaction is not given
here, but a schematic diagram of the connection of the AuNPs on the
DNA origami template is given. The hybridization chain reaction is
performed on path H, and the DNA single strand to which the AuNP
N1 and Hyj.ng are attached is displaced. The hybridization chain reac-
tion is performed on path L_Zo), and the DNA single strand to which the
AuNP N2 and Hpy,,q are attached is displaced. AuNPs N1 and N2 are
connected together by the auxiliary strand auxy;, as shown in Fig. 6.
However, AuNP N1 is still connected to Hygeng, and AuNP N2 is still
connected to Hgjeng. N1 and N2 remain on the DNA origami template.

When A = 1, B = 1 are entered, strand I; and strand I, enter the
NAND gate system. The hybridization chain reaction is performed on
path H, and the DNA single strand to which the AuNP N1 and Hyjeng
are attached is displaced, as shown in Fig. 7a. The hybridization chain
reaction is performed on path (E—ZY, and the DNA single strand to which
the AuNP N2 andHg,.nq are attached is displaced, as shown in Fig. 7a.
Then, the e — b;" of N1 and the e* — b; of auxy; are complementary by
base pairing, and the hairpin structure of auxy; is opened. The b, — b/
of auxy; and by — b; of N2 are complementary by base pairing, and the
connection of the N2 to the strand Hpg,q is broken, as shown in Fig. 7b.
The f— b, of N2 and the f* — b, of auxy, are complementary by base
pairing, and the hairpin structure of auxy, is opened. The b, — b;of
auxy; and by — b, of N2 are complementary by base pairing, and the
connection of the N1 to the strand Hyg,pq is broken, as shown in Fig. 7b.
Thus, the AuNPs N1 and N2 are separated from the DNA origami
template by the auxiliary strands auxy; and auxy,.

4. Discussion

In this paper, we constructed a dynamically NAND gate system on
the DNA origami template. The operation results are identified by
disassembly between the AuNPs and DNA origami template. Fig. 8
depicts a graph of the feasibility data obtained by simulating the system
using Visual DSD. Fig. 8(a), (b), (¢), and (d) show the results of simu-
lations on the paths EZ, ZZ;, H and E, respectively. In Fig. 8,
inputAOQ, inputAl, inputB0, and inputB1 represented the input strands
and their concentration were set to 20 nM auxL1 and auxL2 represented
the auxiliary strands and their concentration were set to 50 nM or-
igamilLl and origamil2 represented the constructed DNA origami
template and their concentration were set to 10 nM. The reaction time
was set to 7000s. When the input strands entered the system, the
concentration of the initial material (input, aux, origami) decreased,
and the concentration of the intermediate product (sp4~spl3) in-
creased. After reaching the maximum peak value, the concentration of
the intermediate product gradually decreased, and their concentration
tended to OnM after the reaction was completed. The final product
(sp14) concentration increased and stabilized to 9.4 nM. The simulation
results show that the system is highly feasible.

In addition, the simulation results show that the entire system stably
coexists in the tube without any hybridization reaction. After the input
strands entered the system, the results of this simulation were con-
sistent with the expected results of the system and no error products
were generated during the reaction. These show that the system con-
structed in this paper has good stability. The key reason for the system
to have good stability is: the DNA strands in the system have a hairpin
structure, which can effectively avoid mismatches and ensures that the
reaction can proceed in the direction of the design. The reaction of the
whole system is based on the hybridization chain reaction. This process
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Fig. 7. (a) The right end of the AuNPs N1 and N2 are separated. (b) The reaction is completed, and the AuNPs N1 and N2 are separated from the DNA origami

template, indicating that the result is false.

does not require the participation of the enzyme and proceeds spon-
taneously until the end of the reaction. There are some models that are
too artificially involved, such as the need to manually separate and
merge test tubes in the reaction. Compared with these models, the only
steps involved in this paper are the addition of the input strands and the
detection of the results. This shows that the system has a certain degree
of intelligence.

The concentration curve of Fig. 8 contains all of the starting mate-
rials and products. Fig. 9 shows a schematic of the linkage of the final
product (spl4). As seen in Fig. 9, the upper reaction proceeds in the
direction of the directed path until the AuNPs are displaced and the
reaction is complete.
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5. Conclusion

The NAND gate is the basis of the combined logic gate, and its op-
eration provides a better idea for constructing more complex logic
gates. In this paper, we have successfully constructed a dynamic NAND
gate system that can selectively and dynamically control the release of
AuNPs on the DNA origami template. As the number of nanogold par-
ticles and the size of the system increase, the dynamic structural ar-
rangements of AuNPs/origami system should solve more complex logic
gate computing. Thus, the system has potential scalability. The main
advantage of biocomputing solutions over traditional electronic com-
puting solutions is that they can be directly linked to biological
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Fig. 9. Schematic diagram of the linkage of the final product on path.L_l(;

processes; moreover, DNA origami-based strategies can be used for the
assembly of large programmable structures. Therefore, we envisage
that the system will be used to some extent in the fields of biosensors
and drug delivery, which will be the focus of our upcoming work.
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