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ABSTRACT: This paper describes an AND logic operation with ampliﬁcation and
transcription from DNA to RNA, using T7 RNA polymerase. All four operations,
(0 0) to (1 1), with an enzyme reaction can be performed simultaneously, using fourdroplet devices that are directly connected to a patch-clamp ampliﬁer. The output RNA
molecule is detected using a biological nanopore with single-molecule translocation.
Channel current recordings can be obtained using the enzyme solution. The integration of DNA logic gates into electrochemical devices is necessary to obtain output
information in a human-recognizable form. Our method will be useful for rapid and
conﬁned DNA computing applications, including the development of programmable
diagnostic devices.
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that enables rapid detection (∼10 min).8 However, this process
has two issues. First, it is limited by the “one-to-one” reaction:
the DNA hybridization or chain displacement reaction involves
the same number of input and output molecules. The ampliﬁcation of output molecules is imperative to construct a highly
sensitive chip-based detection method. While PCR is broadly
used for DNA ampliﬁcation, it requires temperature cycling
and accordingly, is not well suited for small chip operations.
Another issue is that the input molecule and output molecule
are of the same type; when DNA molecules are used as inputs,
they are also the output in the system. The transcription function from DNA to RNA is useful for diagnosis or other medical
applications, but it cannot be achieved in the conventional
system.
To integrate ampliﬁcation and transcription functions into
the droplet system, we used a bacteriophage T7 RNA polymerase (T7RP) to construct a signal-ampliﬁed AND gate with
DNA as the input and RNA as the output.12 This ampliﬁcation
reaction can be performed in isothermal conditions and is
suitable for integration into small chip operations. In this paper,
we report that T7RP can be synthesized from input DNA to
output RNA, using the AND operation, as shown in Figure 1.
In addition, we were able to amplify the input DNA, resulting
in a high concentration of output molecules; the output RNA
molecules can be rapidly electrically detected using αHL nanopores.

ucleic acids have become important materials for the construction of programmable nanomaterials and medical
systems in DNA computing.1,2 Initially, DNA computing based
on logic operations was expected to outstrip electrical computing in terms of parallel processing ability. Recently, DNA
computing has been applied to biological systems owing to its
biocompatibility and programmability.3 Extensive studies have
examined its applications to life systems, such as cellular circuits4 and medical diagnostics.5 With respect to diagnostics,
mRNA and microRNA markers have been developed for the
diagnosis of various cancers.6,7 Unlike typical diagnostic devices
such as small glucose sensors, conventional DNA computing
is operated in a nonintegrated system. In conventional logic
operations, calculations are obtained by a three-step procedure,
as follows: (1) DNA or RNA molecules are used as inputs in a
solution and handled by pipetting, (2) enzyme reactions or
chain displacement reactions occur in plastic tubes, and (3)
output molecules and a human-recognizable readout are generated. To recognize output signals in conventional systems,
multistep procedures such as ﬂuorescent labeling, PCR (polymerase chain reaction), and gel electrophoresis are required.
These procedures are not suitable for practical diagnostic
applications.
We recently developed a method for the rapid and label-free
detection of output DNA, using α-hemolysin (αHL) nanopores
in microdroplet devices.8 DNA translocation through a nanopore can be detected electrically by the blocking of the channel
current signal at the single-molecule level.9−11 Using this system, we previously constructed a NAND gate in a droplet device
© XXXX American Chemical Society

Received: March 28, 2017
Published: April 17, 2017
A

DOI: 10.1021/acssynbio.7b00101
ACS Synth. Biol. XXXX, XXX, XXX−XXX

Research Article

ACS Synthetic Biology

DNAs containing part of the T7RP promoter region, as shown
in Figure 2. For cases in which two input DNAs exist, deﬁned
as input (1 1), two input DNAs form a duplex and the duplex
hybridizes with the template DNA. The T7RP polymerase
binds to the promoter region and synthesizes a large amount
of RNA as output 1 (Figure 2d). In other cases, inputs (0 0),
(0 1), and (1 0), the input DNA cannot hybridize to the template DNA, resulting in output 0 (Figure 2a to 2c).
Design of the DNA for the AND Operation, Using a
Thermodynamic Simulation. We designed the sequence of
the input and template DNA molecules for the AND operation
(Table 1) using a thermodynamic simulation. The design
requisites were as follows: (i) the template DNA had the T7RP
promoter region, which appeared only when both input DNAs
exist at the same time, and (ii) one of the input DNAs did not
bind to the promoter region of the template DNA in the (1 0)
and (0 1) systems. The template DNA had a partial doublestranded region, although most of the T7RP promoter region
remained single-stranded, as described in a previous report.12
To ensure hybridization between the template and two input
DNAs and a lack of hybridization for the single input DNA,
we designed Input B such that it formed a hairpin structure;
the double-stranded structure only formed in the presence of
Input A. This dsDNA was able to bind to the template DNA
and the enzyme reaction proceeded (Figure 2).
These DNAs were designed using thermodynamic simulations, and the base sequence and ΔG of each DNA system
are listed in Tables 1 and 2. The ΔG of the hybridized structure
of Inputs A and B was −30.08 kJ mol−1, indicating that
the double-stranded structure was much more stable than the
single-stranded structures (0 kJ mol−1). The hybridized DNA
could bind to the template DNAs to form the complete DNA
structure containing Input A, Input B, and template DNAs.
The calculated ΔG showed the largest stabilization energy, i.e.,
−99.66 kJ mol−1, in this case. In contrast, when there was only
one input DNA, template DNA binding did not occur based on
the NUPACK simulation.
Veriﬁcation of the AND Operation by Gel Electrophoresis. To conﬁrm the AND operation using the designed

Figure 1. A schematic view of the AND gate with enzymatic reactions.
When two types of inputs exist, RNA is synthesized by the T7 RNA
polymerase. After RNA synthesis, these output molecules pass through
α-hemolysin nanopores for detection.

The four individual calculations from (0 0) to (1 1) can be
operated simultaneously using four-microdroplet devices.

■

RESULTS AND DISCUSSION
Principle of the AND Operation Using Biological
Nanopores. To construct the AND gate with the reverse transcription enzyme, we used two input DNAs and template

Figure 2. Reaction scheme for each input. (a−c) Output 0; Input DNA does not bind to the template DNA. Output RNA is not synthesized by
T7RP because the enzyme cannot recognize the template DNA. (d) Output 1; Input DNA A and B can hybridize to each other. Subsequently, the
input DNA binds to the template DNA. Finally, output RNA is synthesized by T7RP because the enzyme can recognize the input and template
DNA complex.
B
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Table 1. DNA Sequence for the AND Operationa
Input DNA A 5′-CGAAGCAGCAGAAT
CCGTAATA-3′

22 mer

Input DNA A 5′-CGAAGCAGCAGAATCCGTAATA-3′

Input DNA B

45 mer

Input DNA B

a

5′-GTGAGTCGTATT
ACGGATTCTGCT
GCTTCGTAATACGACTCACTA-3′

22 mer

5′-GTGAGTCGTATT45 mer
ACGGATTCTGC
TGCTTCGTAATACGACTCACTA-3′

Input DNA A 5′-CGAAGCAGCAGAATCCGTAATA-3′
Input DNA B

5′-GTGAGTCGTATTACGGATTCTGCT
GCTTCGTAATACGACTCACTA-3′

The four individual calculations from (0 0) to (1 1) can be operated simultaneously using four-microdroplet devices.

Table 2. Gibbs Free Energy of DNA Combinations According to NUPACK Simulations
name

Input DNA A

Input DNA B

Input DNA A and B

temp. DNA 1

temp. DNA 2

temp. DNA 1 and 2

(1 1)

ΔG (kJ/mol)

0

−15.19

−30.08

−0.67

0

−44.58

−92.66

system clearly exhibited the greatest RNA generation compared
with other cases. In addition, this reaction diﬀered between a
conventional plastic tube and the droplet with a surrounding
lipid layer (Figure S5). Therefore, we improved the droplet
device by minimizing width to enhance heat transfer. We concluded that this system was suﬃcient for the AND operation
by establishing an appropriate threshold (see Channel Current
Measurements and Data Analysis).
Asymmetric Solution Conditions for Nanopore Measurement in a Two-Droplet System. We fabricated fourdroplet contact devices to operate the four logic calculations
simultaneously (Figure 4a). The devices can be dismounted
from a breadboard, which was used as a platform for the electrical connection, and placed in a thermal cycler during the
enzyme reaction.13 To prevent droplet fusion and the mixture
of the solutions before nanopore measurements, we prepared a
separator that closes the aperture between each droplet chamber during the enzyme reaction (Figure 4b). In our two-droplet
devices, one of the droplets was used as the logic operation
(enzyme reaction) droplet and the other was the electrolyte
solution, as shown in Figure 4c. Traditionally, nanopore measurements are performed using a symmetrical KCl solution to
obtain appropriate channel current conductance. However, the
enzyme activity of T7RP decreases in solutions with high KCl
concentrations.14 Therefore, we used 0.2 M KCl for the enzyme
solution. This concentration has two problems: a decreased
the translocation event frequency15 and channel conductance.
To address these problems, we used asymmetric electrolyte
conditions (1 M KCl/0.2 M KCl).16 This asymmetric condition
resulted in an 8-fold higher translocation frequency and 1.7-fold
higher conductance than those of the symmetrical condition of
(0.2 M KCl/0.2 M KCl).
AND Operation with Nanopore Measurements in
Four Operation Devices. For the AND operation with nanopore measurements, the ﬂowchart of the calculation protocol
was conﬁgured as shown in Figure S2. (i) After nanopore
opening, the blocking of current signals shorter than 500 ms
and current blockage of less than 60% are measured for 5 s.
(ii) Procedure (i) is repeated 3 times and the mean event frequency is determined. (iii) If the mean event frequency is larger
than an established threshold value, the output is 1; otherwise,
the output is 0.
Using this protocol, the AND logic operation was performed
with the enzyme reaction and the output RNA was detected
using nanopores. Figure 5a shows the typical current and time
traces for all inputs, (0 0) to (1 1). In the case of (0 0), the
blocking of current signals greater than 60% was not observed,
but short current blocking events were detected. These short
currents might indicate partial blocking events17 of template

DNAs, we conducted the four calculations from input (0 0) to
(1 1) in tubes, and the reaction results were examined by gel
electrophoresis, as shown in Figure 3a. In the case of (1 1), a

Figure 3. (a) Gel electrophoresis for the operation of RNA synthesis;
1 μM each DNA with the control was applied in lanes 2, 3, and 4.
(b) Relative ﬂuorescence of output RNA without DNase. Error bars
represent standard deviations (n = 3).

concentrated band was observed at around 35-mer DNA,
comparable to the length of synthesized RNA. To verify RNA
generation, we added DNase to degrade the DNAs. As a result,
an unexpected band, consistent with RNA generation in the
(0 1) system, was detected, suggesting that there were some
errors. Although Input B formed a hairpin structure to prevent
unexpected binding to the template DNA, this hairpin structure
may dissociate, enabling the binding of the T7RP promoter
region to the template DNA. As shown in Figure 3b, the (1 1)
C
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Figure 4. (a) The measurement system for electrical measurement. This system can measure each input solution simultaneously. (b) Image of the
measurement multichannel device. Scale bar is 1 mm. (c) A schematic view of the experimental methods. Enzymatic reaction indicates activity for a
droplet in the measurement device.

■

METHODS
Reagents and Chemicals. The following reagents were
used: 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC;
Avanti Polar Lipids, Alabaster, AL, USA), n-decane (Wako
Pure Chemical Industries, Ltd., Osaka, Japan), Tris(hydroxymethyl)aminomethane (Tris; Nacalai Tesque, Kyoto, Japan),
magnesium chloride (MgCl2; Nacalai Tesque), potassium
chloride (KCl; Nacalai Tesque), urea (Wako Pure Chemical
Industries, Ltd.), Ribonucleoside Triphosphate mixture (NTP
mixture, F. Hoﬀmann-La Roche, Ltd., Basel, Switzerland), 10×
Transcription Buﬀer (500 mM sodium chloride, 80 mM magnesium chloride, 50 mM dithiothreitol, and 400 mM Tris-HCl,
pH 8.0; TOYOBO Co., Ltd., Osaka, Japan), Thermo T7RP
(TOYOBO), Ribonuclease inhibitor (RNase inhibitor, TOYOBO
Co., Ltd.), deoxyribonuclease (DNase; Takara Bio, Inc., Shiga,
Japan), ethylenediaminetetraacetic acid (EDTA; Nacalai Tesque),
bromophenol blue (BPB, Wako), glycerol (Wako), Tris-BorateEDTA buﬀer (TBE buﬀer; Takara Bio), ammonium persulfate
(Wako), and 40% (w/v) Acrylamide/Bis Mixed Solution
(Nacalai Tesque). Buﬀered electrolyte solutions were prepared
from ultrapure water, which was obtained from a Milli-Q
system (Millipore, Billerica, MA, USA). αHL (Sigma-Aldrich,
St. Louis, MO, USA) was obtained as a monomer protein
isolated from Staphylococcus aureus in the form of a powder,
dissolved at a concentration of 1 mg/mL in ultrapure water,
and stored at −80 °C. For use, samples were diluted to 0.3 μM
using a buﬀered electrolyte solution and stored at 4 °C. This
concentration was suitable for the single nanopore state, and
the single pore cannot be perfectly controlled. Each DNA
(FASMAC Co., Ltd., Kanagawa, Japan) was obtained from
DNA synthesis in the form of a powder, dissolved at a concentration of 100 μM in ultrapure water, and stored at −20 °C.
Design and Formation of Input and Template DNA.
The free energy of Input DNA A, Input DNA B, and template
DNA was calculated by thermodynamic simulations using Nucleic
Acid Package (NUPACK) (http://www.nupack.org/).22 Annealing of the folded strands was conducted by heating each DNA
sample for 5 min at 100 μM in ultrapure water to 95 °C,
followed by rapid cooling to 4 °C.

DNAs. In the cases of (1 0) and (0 1), large blocking signals
were rarely observed, implying that unexpected RNA generation
occurred, as mentioned above. In the case of (1 1), frequent
blocking signals were observed. The mean event frequencies
for each system are shown in Figure 5b. Setting the threshold
to 0.702 s−1 based on the observed standard error and
event frequency (see Channel Current Measurements and Data
Analysis), we precisely deﬁned the output signals in our
droplet-nanopore system. All four-logic operations, (0 0) to
(1 1), were carried out for 90 min, including 60 min of enzyme
reaction. In addition, DNase can eﬀectively reduce undesired
translocation by the template or input DNAs (Figure S6).
Combined with nanopore detection, the operation time can be
much shorter than that of the conventional DNA logic operation (which can take several hours).18,19

■

CONCLUSIONS
In summary, the signal-ampliﬁed AND operation with DNA-toRNA transcription can be achieved using bacteriophage T7RP.
Output RNA molecules were detected by αHL nanopores with
the single-molecule translocation, and the system was labelfree. The four diﬀerent operations from (0 0) to (1 1) were
successfully conducted simultaneously using the microdroplet
devices. Using this method, the DNA/RNA transcription AND
operation was performed over a short time period, using a timeconsuming enzyme reaction. The enzyme reaction required
ca. 60 min and was the rate-limiting process in the operation.
To construct a rapid operation, other methods, such as toehold
reactions, should be considered.
Highly complex operations, such as NAND or XOR with
enzyme reactions, can be readily performed using our system.
In addition, the integration of DNA logic gates into electrochemical devices is important to ensure that molecules containing output information, such as diagnostic results, can be
processed as human-recognizable information.20 In our system,
the output molecules can be observed as nanopore current
signals in microdroplet devices. This property is imperative for
the practical usage in DNA computing, e.g., microRNA21 or
mRNA detection for cancer diagnosis.
D
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each device were attached to a solderless breadboard (E-Call
Enterprise Co., Ltd., Taipei City, Taiwan), which was connected
to a Jet patch-clamp ampliﬁer (Tecella, Foothill Ranch, CA,
USA) using a jumper wire.
Gel Electrophoresis and Analysis of Fluorescence
Intensity. Products of output RNA ampliﬁcation were analyzed by 10% denaturing polyacrylamide gel electrophoresis
(containing 19/1 acrylamide/bis (w/w)) in 1× TBE buﬀer
(89 mM Tris-Borate, 2 mM EDTA, pH 8.3) at a 7.5 W constant power for 45 min at 22 ± 2 °C. The gel was made in our
laboratory. After electrophoresis, the gel was stained with
diluted SYBR Gold (Thermo Fisher Scientiﬁc, Waltham, MA,
USA) solution for 30 min. Images were obtained under blue
LED radiation using a digital camera. The ﬂuorescent intensity
was analyzed using ImageJ 1.50 (National Institutes of Health,
Bethesda, MD, USA).
Enzymatic Reaction in Droplets, Preparation of Bilayer
Lipid Membranes, and Reconstitution of α-Hemolysin.
Bilayer lipid membranes (BLMs) were prepared using an
arrayed device with four chambers on the breadboard. Four
individual BLMs can be simultaneously formed in this device.
First, the DPhPC (lipids/n-decane, 10 mg/mL) solution
(2.3 μL) was added to all chambers. Next, the buﬀer solution
(4.0 μL) without αHL, DNA, or proteins was poured into each
recording chamber. The enzyme solution (4.7 μL) with αHL
(ﬁnal concentration 1 to 5 nM) and each DNA (ﬁnal concentration 0.1 μM) was added to each ground chamber. In this
study, the enzyme solution (200 mM KCl, 20 units of RNase
inhibitor, 50 units of T7RP, 2 mM NTP mixture, 1× Transcription Buﬀer pH 8.0) was used for the ground chamber, and the
buﬀer solution (1 M KCl, 1× Transcription Buﬀer pH 8.0) was
used for the recording chamber. The devices were set in a
thermal cycler during the enzyme reaction for 60 min at 37 °C.
They were then mounted on a breadboard platform, and the
separator was opened (Figure 4b). A few minutes after applying
the sliding separator, the two lipid monolayers connected and
formed BLMs, and αHL formed nanopores by reconstitution in
the BLMs.
Channel Current Measurements and Data Analysis.
Channel current was monitored using a Jet patch-clamp ampliﬁer connected to each chamber. Ag/AgCl electrodes were
already present in each droplet when the solution was added to
the chambers. A constant voltage of +120 mV was applied to
the recording chamber, and the ground chamber was grounded.
Reconstituted αHL in BLMs allowed ions to pass through a
nanopore under the voltage gradient, and channel current
signals were obtained. When output RNA was present in the
ground chamber, the RNA passed through the nanopore and
channel current blockage was observed. Spike signals of RNA
translocation were obtained, and the processes of electric
current change were deﬁned as a translocating event. When the
BLMs ruptured, BLMs were reformed with the separator gate
using tweezers. The signals were detected using a 4 kHz lowpass ﬁlter at a sampling frequency of 20 kHz. Analyses of
channel current signals and duration were performed using
pCLAMP ver. 10.6 (Molecular Devices, Sunnyvale, CA, USA)
and Excel2013 (Microsoft, Redmond, WA, USA). RNA
translocation events were obtained from more than 60% of
the current blockades from an open current level in a single
nanopore. Channel current measurements were conducted at
22 ± 2 °C. The detailed protocol of the AND operation
described in Figure S2 as the ﬂowchart. All operations were
conducted from 5 to 16 times (5 < n < 16) in the nanopore

Figure 5. (a) Typical current traces of each input at +120 mV for 0.2
M KCl on the trans side, 1 M KCl on the cis side. (b) The event
frequency for each input. Error bars indicate three times the standard
error (3σ).

Preparation of the Multichannel Device. The multichannel device23,24 was fabricated by machining a 6.0 mm-thick,
10 × 10 mm poly(methyl methacrylate) (PMMA) plate
(Mitsubishi Rayon, Tokyo, Japan), using computer-aided
design and a computer-aided manufacturing three-dimensional
modeling machine (MM-100; Modia Systems, Koshigaya,
Japan), as shown in Figure 4a. Two wells (2.0 mm diameter
and 5.0 mm depth) and a ditch between the wells were
manufactured on the PMMA plate. Each well had a throughhole in the bottom and Ag/AgCl electrodes were set in the
hole. A polymeric ﬁlm made of parylene C (polychloro-pxylylene) with a thickness of 5 μm was patterned with single
pores (100 μm diameter) using conventional photolithography
methods and then ﬁxed between PMMA ﬁlms (0.2 mm thick)
using an adhesive bond (Super X; Cemedine Co., Ltd., Tokyo,
Japan). The ﬁlms, including the parylene ﬁlm, were inserted
into the ditch to separate the wells. Ag/AgCl electrodes of
E
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Multi-level logic gate operation based on amplified aptasensor
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(21) Hiratani, M., Ohara, M., and Kawano, R. (2017) Amplification
and quantification of an antisense oligonucleotide from target
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Anal. Chem. 89 (4), 2312−2317.
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experiments. The threshold output for our AND gate was
deﬁned as follows:
y = max{x(0,0)
+ 3σ(0,0) , x(0,1)
+ 3σ(0,1) , x(1,0)
+ 3σ(1,0)}
̅
̅
̅
(1)

z=

− 3σ(1,1) + y
x(1,1)
̅
2

(2)

where x indicates the event frequency, y is a maximum of three
values, and z is the threshold value.
(i) The mean event frequency of three inputs (0 0), (1 0),
and (1 1) and three times the standard error (3σ) were
calculated. Each mean value and 3σ was added. The largest
value of the three input patterns was determined. (ii) The mean
event frequency of input (1 1) was determined by 3σ. (iii) The
mean value of (i) plus (ii) was deﬁned as the threshold.
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