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In this paper, a logic computing model was constructed using a DNA nanoparticle, combined with color change technology of
DNA/Au nanoparticle conjugates, and DNA computing. Several important technologies are utilized in this molecular computing
model: DNA self-assembly, DNA/Au nanoparticle conjugation, and the color change resulting from Au nanoparticle aggregation.
The simple logic computing model was realized by a color change, resulting from changing of DNA self-assembly. Based on this
computing model, a set of operations computing model was also established, by which a simple logic problem was solved. To
enlarge the applications of this logic nanocomputing system, a molecular detection method was developed for HIN1 virus gene

detection.
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In the area of computing research, molecular computing has
gradually grown from pure theory to experimental realiza-
tion. In particular, DNA computing has become a leader in
molecular computing, because of its advantages in nano-
technology operations. At the beginning of DNA computing,
scientists attempted to solve certain difficult mathematical
problems, such as the satisfiability problem, the graph col-
oring problem, the maximal clique problem, and the maxi-
mum independent set problem [1-4]. Despite the difficulty
in comparing DNA computing, with traditional electronic
computing, its potential in huge parallel computing remains
an attractive focus.

In the area of information science, logic computing is a
basic unit of computing. Thus, it is important to utilize
molecules to implement logic computing, in which the
molecules play a significant role. Many kinds of materials
could be used to construct to logic gates, such as nucleic
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acids, and enzymes [5-11]. Logic systems based on DNA
have attracted the most attention [12-15]. Recently, the
combination of DNA self-assembly and nanoparticles has
become a research hot spot [16-19]. A nanoparticle is a
type of tiny particle at the nanometers scale. Commonly
used nanoparticles are Au, Ag, and semi-conductor quan-
tum dots. Importantly, the most widely used is the gold na-
noparticle (AuNP), which is stable, uniform, and has strong
chemical binding ability.

In this paper, a logic computing model was constructed
using DNA nanoparticles, combined with the color change
technology of the DNA/Au nanoparticle conjugates and DNA
computing. The simple logic computing is realized by a
color change, resulting from a change in DNA self-assembly.
Meanwhile, a set operation computing model was also es-
tablished, by which a simple logic problem was solved. To
enlarge the applications of this logic nanocomputing system,
a molecular detection method was developed for HIN1 vi-
rus gene detection. Importantly, several critical technologies
are utilized in this molecular computing model: DNA
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self-assembly, DNA/Au nanoparticle conjugation and color
changing by Au nanoparticle aggregation.

1 Background introduction

1.1 Logic computing based on DNA

With the development of nanotechnology of electronics and
molecular information processing, DNA logic computing
has attracted more attention. Not only has it been applied to
gene engineering and disease diagnosis, DNA logic compu-
ting also has applications in parallel computing, nanoinfor-
mation processing, and molecular cryptography. In 2000,
Mao first reported a simple DNA logic machine using DNA
self-assembly in the journal Nature [20]. In 2003, Stoja-
novic constructed DNA logic computing models using
DNAase [21]. Later, in 2006, another DNA logic computing
system was reported in Science by a research group from
the California Institute of Technology [22]. In 2010, Itamar
Willner’s research group established the molecular compu-
ting models utilizing DNAzymes, and this work was as-
sessed as an innovative and systematic research [23]. All
these studies provide directions of future efforts. However,
most of the research has used DNA or enzymes, and thus
the unit structures are rather simple. In addition, the detec-
tion methods can be somewhat complicated. Indeed, tradi-
tional detection methods have certain drawbacks, such as a
multiplicity of procedures, long-term costs and the reliabil-
ity of large equipment [24-26]. Therefore, there remain
certain aspects that can be improved in DNA logic compu-
ting models.

1.2 Color changes during self-assembly of DNA/AuNP
conjugates

The precise control of the formation of DNA nanomolecules
has always been a research goal. To this end, the method of
color change by DNA/AuNP conjugation has developed
rapidly. The principle is that a random nanoparticle system
is precisely controlled by DNA/AuNP self-assembly. For
AuNP (quantum size, nanosurface), as the distance between
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nanoparticles changes, the absorption of the whole system
will change accordingly. Therefore, at the macroscopic lev-
el, the reaction system will change color (Figure 1), and tiny
difference in molecules can be observed as obvious color
changes. The characteristics of the color changing reaction
are stable. In addition, the time and steps needed for detec-
tion are much fewer and, because the results can be detected
by the naked eye, large equipment is unnecessary.

In 1996, Mirkin et al. [27] reported the first self-assem-
bly DNA/AuNP color change system in Nature. Thereafter,
more research was performed in the areas of multiple mo-
lecular signal detection, molecular computing, nanochip,
nanoelectronics, and gene engineering. To date, the research
has become multidisciplinary in focus, including molecular
information processing, molecular computing, and nano-
technology.

2 Experimental methods

2.1 Logic algorithm, self-assembly structure, and DNA
sequence design

In traditional electronic computers, data is processed by bi-
nary system electronic or optical information, in which “0”
denotes a lower voltage and “1” denotes a higher voltage.
Basic logic computing includes three logic systems: AND,
OR, and YES. The YES gate is the simplest logic device. In
the YES gate system, the result value depends on the fol-
lowing relationship: input 1 produces output 1; input O pro-
duces output 0. In the OR logic system, the true result is
produced only if either or both of two input values are 1. In
the AND logic system, the true result is produced only
when both of the input values are 1. It is impossible to ful-
fill all logic computing just using these three logic gates;
therefore, more complicated logic gates have been estab-
lished, such as XOR and XNOR gates. Besides, set opera-
tion can also be implemented by logic computing. The set
means an assembly including something with the same
characteristics. In the end of the 19th century, German
mathematicians enlarged the concepts of the finite set into
the infinite set. After that, the set operation became a basic
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Figure 1 The principle of the aggregation of DNA/AuNP conjugates and the color change.
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branch in modern mathematics. The set operation plays an
important role in the areas of computing, information, and
cryptography.

In this experiment, the DNA self-assembly structures are
used as the basic computing models. The results are ob-
tained by DNA hybridization and DNA/AuNP color chang-
es. Based on the logic computing models, the simple set
operations are also carried out. The specific methods and
steps are as follows:

Step 1: Construction of DNA/AuUNP logic computing
models

In the course of establishing logic computing models,
there are two chief aspects: DNA sequence design and DNA/
AuNP self-assembly structure. First, the DNA/AuNP self-
assembly structures are established according to the compu-
ting principle. Second, the appropriate DNA sequences are
produced by various constraints. During DNA sequence
design, hairpin structures, polymers, and mismatches should
be avoided. To conveniently control hybridization, a length
of 10 bp is chosen for the hybridization sites. Then, the
length of the informative DNA is 20 bp (two sections, front
and back). Additionally, the length of DNA strand that di-
rectly links to the AuNP is set at 15 bp, including the “arm
region” consisting of a poly-T (5 bp) region. The DNA/
AuNP self-assembly structures used in this work are shown
in Figure 2. One is a double-stranded DNA with no missing
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structures, which can self-assemble and connect the AuNP
with each other, resulting in aggregation. The second struc-
ture has a missing of double-stranded DNA, and is not able
to form self-assembly structures or cause aggregation. The
DNA sequences used in this experiment are shown in Table 1.

Step 2: Add DNA strands containing different infor-
mation. According to the sequences of the specific DNA
strand, different hybridization structures and results are
produced.

Step 3: By detecting aggregation of DNA/AuNP conju-
gates, the computing results are output from the logic com-
puting models.

2.2 Conjugation of DNA and AuNP

The key method used in this work is conjugation of DNA
and AuNP. 15 nm AuNP and thiol-DNA strands were used
in the experiment. The specific steps were as follows:

(1) The thiol-DNA strands were activated by dithio-
threitol (DTT) and then extracted twice by ethyl acetate.

(2) The “activated” thiol-DNA samples were added to the
AuNP solution directly to the final concentration of 1 uM
(1 M=1 mol L ™), and incubated for 24 h.

(3) Then, an “Aging process” was carried out. Sodium
polyphosphate buffer (pH 7.0) was added to 0.01 M. Later,
NaCl was gradually added to a concentration to 0.2 M. The

With DNA double strand structure

Without DNA double strand structure
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Figure 2 DNA structures and resultant color changes (names of DNA occupying the position are divided by “/”).

Table 1 DNA sequences used in this study”

Name Sequence (5" to 3") Name Sequence (5' to 3)
Al TCTGGCACTATGACAAGCGA B-S1 TAGTGCCAGATTTTT-Sh?
A2 TCTGGCACTATCGCTTGTCA B1 CCCTGCTTCGTCGCTTGTCA
A3 TTCTGGCACTATTGACAAGCGA B2 TCTGGCACTACATACGCATT
A4 CGAAGCAGGGAATGCGTATG B3 TCTGGCACTACACAAGACAAGGTTT
AS TCTGGCACTAAAACCTTGTCT

a) SH: thiol-DNA.
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samples were then incubated for 40 h.

(4) Unbound DNA was removed by centrifugation at
13200 r min™' for 30 min.

(5) The obtained DNA/AuNP conjugates were redis-
solved in sodium polyphosphate buffer (pH 7.0), and stored
at 4°C.

The main materials are as follows: Disodium hydrogen
phosphate, sodium dihydrogen phosphate, NaCl, DTT, ethyl
acetate (All chemicals were of analytical grade); 15 nm
AuNP from Tedpella; All DNA samples were from Shang-
hai Sangon. The equipment: Alpha Imager, Anke TGL-16G
centrifuge, Bio photometer (eppendorf), ELGA Ultra-Pure
Water System, Sartorius electronic balance.

2.3 Computing model reaction conditions

In each reaction system, the volume of AuNP solution la-
beled by specific DNA strands was 100 pL. DNA samples
were added to a concentration of 1 uM, and NaCl was add-
ed to 0.2 M. The samples were then incubated at 80°C for
10 min before being gradually cooled to room temperature.
At the end of the reaction, the experimental results were
recorded (color change or no color change). All reactions
were performed in triplicate with independent samples.

3 Experimental results
3.1 Computing results of basic logic models

The logic computing models were constructed based on the
DNA self-assembly structures in Figure 2. Where the DNA
double strand structure was intact, the AuNPs were able to
be connected by them, and AuNP aggregates were formed.
This caused the absorption of the system to decrease, and
the color to change from red to purple. In contrast, when the
samples lacked certain components of the DNA double
strand structures, AuNPs could not be connected, and no
aggregation was produced. Under these conditions, the ab-
sorption of the system and the color showed no obvious
changes (Figure 3).

The “YES” gate is the simplest logic device, in which
there is only one information signal added. In the logic
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model, the result value depends on the following relation-
ship: input 1 produces output 1; input O produces output 0.
In this model, the component includes: DNA/AuNP conju-
gates (attached with DNA strand B-S1), and DNA strand
Al (Figure 3). In the course of operation, DNA strand A2
was added as the information signal. When the signal was
input (value 1 was added), the result was produced (color
change). By contrast, without input signal (value 0 was
added), no result was obtained (color did not change). From
the view of DNA/AuNP self-assembly structures, when no
signal was input, DNA strand Al was only able to connect
one end of AuNP, and produce no aggregation (Figure 2).
To make detecting convenient, the control group was estab-
lished with no DNA signals added.

In the “OR” logic system, the true result is produced only
if either or both of two input values are 1. In the experiment,
the model component includes: DNA/AuNP conjugates
(attached with DNA strand B-S1), and DNA strand A2
(Figure 3). The information signal DNA strands were Al
and A3. Adding DNA strands Al or A3 individually, the
results were both 1 (color changing). When adding DNA
strands Al and A3 at the same time, the computing results
were still 1 (color changing).

In the “AND” logic system, the true result is produced
only when both of the input values are 1. “AND” logic
model was operated in three ways. The model component
includes: DNA/AuNP conjugates (attached with DNA
strand B-S1, Figure 3). When signal DNA strands Al or A2
was added individually, there was no color changing pro-
duced (results output 0). However, when signal DNA
strands Al and A2 was added at the same time, the model
had color changing results (results output 1).

3.2 Simple set operation results

To test the potentiality and stability of the logic computing
models, the set operation models were established (Figure
4). The problem example is as follows: let (AUB)N(CN
D)=1, answer Xi(i=1, 2, 3, 4, 5, 6) in different conditions.

(1) A=X,, B=1, C=1, D=1;

(2) A=1, B=X,, C=1, D=1;

(3) A=1, B=0, C=X;, D=1;

“YES" logic computing model |

| “OR" logic computing model |

| “AND" logic computing model

Model control| DNA/AUNP Model control| DNA/AUNP Model control| DNA/AUNP
components DNA: A1 components DNA: A2 components

. Input signal Input signal
L L DNA: A1 0 o |1 DNA: A1 o | 1] o] 1
DNA: A2 0] 0|1 DNA: A3 o |o |1 |1 DNA: A2 o | o 1] 1
Output 0 0 1 Qutput 0 1 1 Qutput 0 0 0 1
results v ¥ y results v 0 ¥ results I ¥ U

Figure 3 Results of nanoparticle logic computing models.
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Set operation computing models

Model DNA/AUNP
component DNA: B1
(1) (2) (3) (4) (5) (6)

Input signals
DNAAT |1 0| 1 1 1 0o o0 0o 0 1 A
DNA: A3 1 1 |G ®| o 11 0o o0 1 1
DNA: A4 1 4 |4 4 K9 |4 4 |gn_gi|0 o
DNA: B2 1 4[4 4 1 G_w| 1 1 o
Computing 1 1 1 1 1 1 0 0 0 0 0
results bl j | H i

] H H

Uy U U\ sy §y ¥ ¥

Xi X1=1or0 X2=1or0 X3=1 X4=1 X5 no solution X6 no solution

Figure 4 Set operation computing models results. The values in red circles represent input Xi.

(4) A=0, B=1, C=1, D=X4;

(5) A=0, B=0, C=X;, D=1;

(6) A=1, B=1, C=0, D=Xs.

Here take solving X; and X, for example, to show the
general set computing process. To solve X, first, added
given value DNA information signals A3, A4, B2. Then the
additions of X; (Al) were divided into two types: adding
DNA strand Al (X;=1) or not adding DNA strand A1 (X,=0)
(Figure 4 (1) red circle). From the point of DNA/AuNP
self-assembly, when DNA strand A3 was added, no matter
input DNA strand Al exists or not, the complete DNA
self-assembly structures were constructed all the same, and
AuNP were connected with each other (Figure 2). From the
experimental phenomenon, the reaction system color
changed from red to purple for AuNP aggregation. Base on
computing model outputs, when X;=1 or 0, the results of set
operation were 1 (Figure 4). Thus, the answers of X; are 1
or 0. In the course of solving X,, in the same way, added
given value DNA information signals Al, A3, A4. Then,
consider all possible answers of X, (B2). Different from
missing structure of DNA strand A1, the missing of DNA
strand B2 would directly lead the whole self-assembly
structure to dismiss, which served as arms to connected
AuNP (Figure 2). Similar to experiment designs, only when
X4=1, the reaction system color changed from red to purple.
That means, when X,=1, the value of set operation is 1
(Figure 4). In the same way, other solutions were able to be
obtained: X,=1 or 0; X3=1; X5 has no solution; X has no
solution.

3.3 The applications of molecular detecting

Based on the logic computing models above, a simple
method of molecular detection was developed using the
color change of DNA/AuNP conjugates. By loading a virus
gene sequence (HIN1 influenza, GenBank number: M76604)
into the detecting nanodevice, the specific HIN1 gene could

be detected. As shown in Figure 5, the detecting nanodevice
changes color in response to a specific HIN1 gene sequence.
By contrast, for control group DNA Al, there was no color
change.

4 Discussion

In this paper, logic computing models were established us-
ing the technology of DNA/AuNP conjugates color change
and DNA computing. Several abilities were demonstrated,
including logic computing, set operation, and molecular
detection. By adding specific information DNA strands,
different DNA self-assembly structures are formed. With
the change in DNA self-assembly structures, the color of the
system changes from red to purple. In particular, several
critical technologies are utilized in this molecular compu-
ting model: DNA self-assembly, DNA/AuNP conjugates
and the color change by AuNP aggregation.

Compared with previous studies, this experiment is a lit-
tle simple and still has some limitations. First, although the
DNA strands used in this work are all designed and tested
by software, some problems were also encountered, such as
DNA strand mismatch and cross hybridization. However,

H1M1 gene detecting model

Model control | DNAJAUNP
component DNA: B3
Input signal
H1N1 gene (A5) 0 1 0
DNA: A1 0 0 1
Results 0 1 0
i g
g v Y

Figure 5 HINI gene molecular detection model.
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these problems had no influence on the computing results,
which still demonstrated a strong dependence on well-de-
signed DNA sequence. Second, the DNA self-assembly
structures in this research are rather simple, and their com-
puting ability is weak. Therefore, a future aim is to improve
the complexity and ability of these logic computing models.

In this work, there are several major characteristics. First,
in the computing process, the operations of DNA self-assembly
are parallel large scale [28], and the accuracy and stability
of computing are based on the high specific hybridization.
Second, by the color change reaction, a tiny difference in
molecules could be transformed into an obvious color change.
The color change reaction is stable, and it is unnecessary to
use large equipment (detected by naked eyes). Third, there
is only one kind of DNA/AuNP conjugate used in this ex-
periment. This not only saved the time and cost, but also
reduced the complexity of DNA sequence design. Lastly,
combined with molecular detection and diagnostics, there
will be many potential applications of DNA/AuNP logic
models.

Using DNA/AuNP conjugates, nanoparticles enlarge the
abilities of DNA as an organic compound, and provide free
moving electrons. On the other hand, DNA provides the
chemically decorated sites and specific hybridization sites.
By the precise conjugation of DNA and nanoparticles, the
whole nanosystem is reconstructed step by step. In addition,
because the nanoparticle is of quantum size and has a
nanosurface, molecular computing and quantum computing
will develop together, and provide more possibilities for
future computing technology. With the development of mo-
lecular operations, DNA computing will have further appli-
cations in information processing, cryptography, intelligent
nanodevices, and nanoelectronics.
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