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DNA-based digital comparator systems
constructed by multifunctional nanoswitchesf

*a,C

Hongmei Geng,®® Chunyang Zhou*? and Chunlei Guo

In this paper, we propose a strategy involving coupling DNA structural nanoswitches with toehold
mediated strand displacement for constructing novel DNA-based digital comparator (DC) logic systems,
which are a basic part of traditional electronic computers and can compare whether two or more input
numbers are equal. However, when the number of DC inputs is increased to a certain level, the speed and
quality of the computing circuit can be affected because of the limitations of conventional electronic
computers when it comes to handling large-scale quantities of data. To solve this problem, in this work,
we introduce a multi-input to multi-output DNA switch-based platform that can enable complex DC
logical comparison. These multifunctional DNA-based switches, each including two hairpin-shaped
molecular beacons and a G4/NMM complex, were used as platforms for the step-by-step realization of
2-3 DC, 3-3 DC, and 4-3 DC logic operations. Also, experiments were designed to further verify the
excellent selectivity, achieving single-base mismatch operations with the digital comparator. Based on
our design, comparators (">", “<" and “=") can be realized. Our prototype can inspire new designs and
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1. Introduction

Modern electronic microprocessors usually use semiconductor
logic gates assembled on a silicon chip to enable efficient
inter-gate communication." Logic gates are devices that can
recognize one or more input signals and process them
through a certain input-output signal correlation pattern, pro-
ducing a single binary output signal that can be defined as
either low or high: a digital 0 or 1, respectively.” In electronic
computing, higher-ordered logic circuits implement infor-
mation processing and other complex functions at varying
degrees of complexity through the wiring together of multiple
requisite electronic logic devices, which is a significant chal-
lenge on a molecular scale.® Also, upon increasing the number
of input signals to a certain level, a greater number of transis-
tors and more complicated circuit connections will be needed,
dramatically increasing the design complexity and manufactur-
ing cost of electronic circuits. Other than that, the processing
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have intelligent digital comparator and in-field applications.

speed and quality of the circuits will be affected because the
abilities of electronic computers to process such large
amounts of data are limited. To solve these problems, logic
operations based on DNA reactions come into play. Thanks to
its amazing parallel computation abilities, predictable con-
figuration and programmable sequences, DNA has been con-
ceived as one of the most promising “intelligent nano-
materials”, owing to the well-established base-pairings of A-T
and G-C allowing the construction of DNA-based logic
circuits.*™” To date, various well-designed DNA logic circuits
have been realized to implement versatile functions, from data
to information processing, based on different strategies,
including DNA hybridization,'®* the use of functional DNA
structures*>** and enzyme-catalyzed reactions.>>® In 2006,
Winfree and coworkers first reported the design and experi-
mental implementation of DNA logic circuits based on DNA
hybridization, with functionality including AND, OR, and NOT
gates, signal restoration, amplification, feedback, and cascad-
ing.*” Tan and coworkers have constructed 3D DNA nano-
structures as logic nanomachines to target overexpressed
cancer cell biomarkers with bispecific recognition.”® Zhang
and coworkers have utilized DNAzymes and DNA catalysts to
construct a series of logic gates, including YES, OR, and AND
gates. In addition, a two-layer cascading circuit and a feedback
self-catalysis circuit were also established in their work.>
However, these logic operations based on the different reaction
strategies mentioned above are all designed to implement a
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variety of basic or advanced logic functions; very few works
have implemented logic computing systems based on specific
functions that are expected to allow the realization of large-
scale digital signal input.

In the last few decades, DNA has gained increasing reco-
gnition as a versatile and powerful building block for the fabri-
cation of self-assembly nanostructures,®® including the gene-
ration of hairpin structures via self-complementarity, guano-
sine (G)-rich sequences self-assembling in the presence of K"
or NH*" ions into G-quadruplex nanostructures, and cytosine
(C)-rich strands assembling under appropriate pH conditions
into i-motif structures that can be adapted as DNA switches.?"
The DNA switches are “responsive” DNA structures that can
undergo structural or physical property changes in the pres-
ence of specific external stimuli. A number of DNA switches,
such as aptamers, DNAzymes, molecular beacons and
G-quadruplexes, have been shown to respond to a variety of
stimuli, including proteins, ions and oligonucleotides.>*™” In
this work, through utilizing different designed DNA strands
that use stimuli as input signals, some DNA switches have
been adapted to a reaction platform to realize a DNA-based
digital comparator system for the first time.

A molecular beacon (MB), or stem-loop folded hairpin deox-
yribonucleic acid probe with a fluorophore and a quencher in
close proximity at the two ends of the probe, shows decreased
fluorescence emission due to fluorescence resonance energy
transfer (FRET) between the labels at the two ends.’” When
binding to its complementary sequence or target, the stem-loop
structure will be disrupted and induce increasing fluorescence
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related to the separation distance between the dual labels. As a
kind of signal transducer, MBs present many advantages over
quantum dots and nanoclusters, as MBs can not only shorten
the reaction time through avoiding nanomaterial interactions
capable of quenching fluorescence, but they are also easier to
introduce into a DNA logic system via a toehold-mediated DNA
strand displacement strategy. G-quadruplexes (G4s), which are
guanine-rich DNA sequences that involve the enthalpically favor-
able reorganization of guanines to form planar structures
through hydrogen bonding,®® can generate a significantly
enhanced fluorescence response when binding with some fluo-
rescent dyes, such as N-methylmesoporphyrin IX (NMM) and
protoporphyrin IX (PPIX). These intrinsic properties make MBs
and G4s great DNA switch candidates with promising appli-
cations in the development of logic biocomputing.

Here, through the rational design of a series of nanos-
witches using DNA structures including MBs and G4s as the
reaction platform, which are allosterically controlled using
specific DNA inputs with the corresponding fluorescence
signals output in a controlled fashion, we have successfully
realized a DNA-based digital comparator (DC) logic system.
The DC logic operation is a basic unit in traditional electronic
computers that can compare input numbers to see if they are
equal. As shown in Fig. 1, the multifunctional DNA switch-
based platform that we designed could also perform the func-
tion of comparing the input binary numbers shown in the
equivalent traditional circuit diagrams. However, in traditional
logic circuits, upon increasing the input binary numbers to a
certain level, it is difficult to fulfill the DC function and
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Fig. 1 A comparative description of digital comparators based on different reaction mechanisms, including a DNA-based platform and traditional

electronic circuits.
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achieve large-scale integration, since this greatly increases the
design complexity and manufacturing cost of the integrated
circuit.>® To solve this problem, in this work, the DNA-based
switches were integrated as a multifunctional platform for the
step-by-step realization of 2-3 DC, 3-3 DC and 4-3 DC logic
operations. What is important is that such a DNA-based DC
system is expected to be able solve big data problems through
hybridization reactions based on the Watson-Crick base-
pairing principle, avoiding the issues of integrated circuit
design complexity and manufacturing costs that are present in
traditional computing.

Aside from the construction of a DNA-based DC system, the
realization of DNA logic gates is of scientific interest for intelli-
gent biosensing and diagnosis.*®™** Sensitivity and specificity
are significant in biosensing and can be realized through a
multiple cascade strategy.*> With two disease-related genes as
inputs, in this work, the 2-3 DC was demonstrated for the first
time to act as an intelligent biosensor to realize digital com-
parator functionality and achieve selectivity in gene detection
with three output responses under logic circuit control.

2. Experimental section

2.1. Materials and apparatus

In this work, all DNA strands (HPLC) were bought from
Sangon Biotechnology Company (Shanghai, China), and the
DNA sequences are listed in the ESI (Table S17). Acrylamide,
tris(hydroxymethyl)Jaminomethane, ammonium persulfate,
boric acid, and N,N-methylenebisacrylamide were purchased
from Aladdin Biochemical Technology Co. Ltd. EDTA was pur-
chased from Sangon Biotechnology Company. N-Methyl meso-
porphyrin IX was purchased from J&K Scientific Ltd. All chemi-
cals were analytical reagents and used without further purifi-
cation. The concentrations of the DNA sequences were quanti-
fied using NanoDrop One from Thermo with the following
extinction coefficients (ex60 nm, M™' cm™'): A = 15400; T =
8700; G = 11500; and C = 7400. All solutions were prepared
using ultrapure water (18.2 MQ cm) obtained from a Milli-Q
purification system.

The fluorescence emission spectra were collected using a
Cary Eclipse fluorescence spectrophotometer purchased from
Agilent Technologies in Tris-HCl buffer (20 mM Tris-HCI,
10 mM MgCl,, 200 mM KCl, pH 8.0) at room temperature
(Fig. S2t). The excitations of FAM, NMM, and Cy5 were per-
formed at 494, 399, and 632 nm, respectively. The emissions of
FAM, NMM, and Cy5 were recorded at 517, 609 and 663 nm.
Native polyacrylamide gel electrophoresis experiments were
conducted with an electrophoresis tank from Bio Rad. The gel
images were obtained using a BioDoc-It2 imager from UVP.

2.2. Statistical analysis

Before the implementation of all the logic circuits, including
2-3 DC, 3-3 DC and 4-3 DC, optimization experiments were
done during the hybridization of the DNA strands. First of all,
for the 2-3 DC logic operation, the concentrations of the DNA

21858 | Nanoscale, 2019, 11, 21856-21866

View Article Online

Nanoscale

switches P1,3, P2, ; and P3,.; were confirmed as 100 nM, 100
nM and 100 nM, respectively. The optimized concentrations of
the inputs (A1 and B1) for the 2-3 digital comparator system
were determined, based on the fluorescence intensities of FAM
and Cy5, as 350 nM and 350 nM, respectively (Fig. S37).
Secondly, in the 3-3 DC logic operation, the concentrations of
the DNA switches P1;3, P2;; and P33 ; were confirmed as 100
nM, 100 nM and 100 nM, respectively. The optimized concen-
trations of the inputs (A2, B2 and C2) for the 3-3 DC system
were determined, based on the fluorescence intensities of FAM
and Cy5, as 300 nM, 300 nM and 300 nM, respectively
(Fig. S77). Thirdly, in the 4-3 DC logic operation, the concen-
trations of the DNA switches P1,3, P2,; and P3,; were con-
firmed as 100 nM, 100 nM and 100 nM, respectively. The opti-
mized concentrations of the inputs (A3, B3, C3 and D3) in the
operation of the 4-3 DC system were determined, based on the
fluorescence intensities of FAM and Cy5, as 350 nM, 300 nM,
300 nM and 350 nM, respectively (Fig. S107).

2.3. Logic circuit operation

All the DNA sequences were dissolved in deionized water to
certain concentrations as stock solutions, and then diluted in
Tris-HCI buffer for the hybridization reactions in the logic
operations. The DNA-based switches (MBs and G4/NMM) were
used as the platform for all the logic operations developed in
this investigation, including 2-3 DC, 3-3 DC and 4-3 DC. The
required input strands with the corresponding platform were
added into the logic system according to the logic operation.
The mixture was then annealed under reaction conditions of
90 °C for 10 min and cooled down to room temperature.
Subsequently, the optimized concentrations of inputs and
certain concentrations of DNA switches were mixed to a final
volume of 400 pL, and this was incubated at room temperature
for 2 h. The concentration of NMM used in this work was 500
nM for the implementation of digital comparator systems.

2.4. Native polyacrylamide gel electrophoresis (PAGE)

The solutions of DNA strands used in this work were diluted to
2 pM using Tris-HCI buffer solution before the experiments
and denatured via heating at 90 °C for 10 min. When the solu-
tions had slowly cooled down to room temperature, the
desired volumes of the DNA switches in the platform and the
corresponding inputs were mixed together and incubated in
solution for 30 min. After the preparation of the DNA solution,
electrophoresis experiments were carried out in 1x TBE (2 mM
EDTA, 17.8 mM Tris, 17.8 mM boric acid, pH 8.0) using 15%
native polyacrylamide gel and at a constant voltage of 100 V for
about 2 h. Finally, the resulting gels were studied using a UV
transilluminator.

3. Results and discussion

The proposed DNA switches were designed as a universal plat-
form for the construction of DNA-based digital comparator
systems. In this DC system, 2-3, 3-3 and 4-3 DCs have been suc-
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cessfully realized based on the designed platform of DNA
switches. The platform consists of two hairpin-shaped MBs
(P1 and P3) and a G4/NMM complex (P2) (Fig. 1). P1 was modi-
fied with a 6-carboxyfluorescein (FAM, emission max at
517 nm) fluorophore and its corresponding quencher at the
two ends of the probe. P3 was modified with Cy5 (emission
max at 663 nm) and its corresponding quencher at the two
ends. The fluorescence of N-methyl mesoporphyrin IX (NMM,
emission max at 609 nm) increased obviously when it con-
nected with G4 and formed the resulting G4/NMM complex.
The corresponding dim fluorescence of P1 and P3 could be
increased when they hybridized with their complementary
strands, and the increased P2 NMM fluorescence could
decrease when the structure of G4 was destroyed by cytosine-
rich (C-rich) inputs (Fig. S11). The DC logic systems required
different numbers of inputs (two inputs, A1 and B1, for 2-3
DC; three inputs, A2, B2, and C2, for 3-3 DC; and four inputs,
A3, B3, C3, and D3, for 4-3 DC), with three fluorescence
signals as outputs: FAM; NMM; and Cy5.

3.1. The operation of the 2-3 digital comparator

The reaction principle of the DNA switch-based operation for
the 2-3 DC is presented in Fig. 2A. In order to explore the
optimal experimental conditions, the pH value and buffer con-
centration used in the experiment were optimized for the suc-
operation of the DC logic system (Fig. S27).
Furthermore, in the 2-3 DC circuit, different input concen-

cessful

trations were optimized using the DNA switch-based platform
(Fig. S371). The resulting truth table (Fig. S4%) clearly shows
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that the 2-3 logic system executed the binary comparison oper-
ations of A1>B1(1>0),A1=B1(0=0or1=1)and A1 <B1 (0
< 1), with the corresponding output results of Y1,;, Y2,.; and
Y3,.3 (with high fluorescence intensity from FAM, NMM and
Cy5 defined as “1”). For the inputs, the absence of any input
was set as “0”, however, inputs were set as “1” when they
appeared. As shown in Fig. 2A, the DNA switch-based platform
contained two MBs (P1,; and P3,;) that were modified at
both ends with different fluorescence dyes and their corres-
ponding quenchers, and a G4/NMM complex. Thus, in the
initial state of the reaction platform, both P1,; (4*-3*-4) and
P3,; (1-5*-1*) maintained their original hairpin structures and
emitted dim fluorescence signals via FRET in the absence of
the two inputs of A1 (1-2-3-4) and B1 (4*-2-5-1*) (Fig. 2B, curve
a and curve i, respectively). Such dim fluorescence outputs
from FAM and Cy5 were defined as “0” in the truth table. At
the same time, the G4/NMM complex (P2,;) remained the
same and exhibited high fluorescence, defined as “1” in the
truth table, representing the output result of A1 = B1 (0 = 0)
with the corresponding fluorescence output signal of “010”
(Fig. 2B, curve e). In this DC system, the changes in the struc-
tures and fluorescence signals of the three DNA switches,
P1,3, P2,; and P3,3, were reversible. When any input was
introduced into the platform, it could bind to the toehold
region of P1,.; (3*) or P3,.; (5%) to initiate a toehold-mediated
strand displacement reaction, resulting in the unfolding of
P1,; or P3,; and recovering the fluorescence dyes (FAM or
Cy5) via FRET. Not only that, the input could also break the
structure of G4, resulting in relatively low fluorescence from
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Fig. 2 (A) The operation principle of the 2-3 DC. (B) The intensities of the three output signals (FAM, NMM and Cy5) from the 2-3 DC triggered by
the various inputs. (C) A corresponding histogram of the normalized fluorescence responses. (D) PAGE analysis of the 2-3 digital comparator.
Different DNA samples were added into lanes 1-8: lane 1: P1,_3; lane 2: P2;_3; lane 3: P3,_3; lane 4: Al; lane 5: B1; lane 6: P1,.35 + P2,.5 + P3,.3 + Al;

lane 7: P1,.3 + P2,_5 + P3,_3 + B1; lane 8: P1,_3 + P2,_5 + P3,_3 + Al + B1.
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NMM. Therefore, when A1 was added to the DNA switch-based
platform, it could bind to the toehold region (3*) of P1,; to
initiate a toehold-mediated strand displacement reaction,
resulting in the unfolding of P1,_; and the recovery of the fluo-
rescence of FAM emission at 517 nm (Fig. 2B, curve b). At the
same time, A1 could also hybridize with P2, 3, breaking the G4
structure and decreasing the fluorescence of NMM (Fig. 2B,
curve f). In this case, the high fluorescence of P1,; was
defined as “1” and the relatively low fluorescence of NMM was
defined as “0” in the truth table, representing the output
result of A1 > B1 (1 > 0), with the corresponding fluorescence
output expressed as “100”. When B1 was input into the plat-
form, it could bind to the toehold region (5%) of P3,; and
unfold its hairpin structure, leading to the recovery of the fluo-
rescence of Cy5 emission at 663 nm (Fig. 2B, curve k). Such
high fluorescence of Cy5 was defined as “1”, representing the
output result of A1 < B1 (0 < 1). B1 could also hybridize with
the platform of P2, 3, breaking the G4 structure and decreasing
the fluorescence of NMM (Fig. 2B, curve g), which was defined
as “0”. The addition of B1 into the platform presented the fluo-
rescence output “001”. When Al and B1 were both introduced
into the platform, they reacted with each other and formed a
duplex strand of A1 and B1, leaving P1,; and P3,; alone and
resulting in low fluorescence of FAM and Cy5 (Fig. 2B, curve d
and curve 1), and NMM was also neglected and demonstrated
high fluorescence (Fig. 2B, curve h); this generated the result
A1 =B1 (1 = 1) and an output fluorescence signal of “010”. To
implement the function of 2-3 DC, the normalized fluo-
rescence intensities of the three outputs at the peak maxima,
Y15 3max(ram)y Y22-3maxemn) and Y35 3max(cys), Were plotted as a
function of the input combinations (Fig. 2C). Similar to the
approach applied in electronic circuits, when the normalized
intensity of the fluorescence signal was higher than 0.45, the
output was defined as “1”. However, when the normalized
intensity of the fluorescence signal was lower than 0.4, the
output was defined as “0”. This definition method was applied
to all logic operations in this work.

Native polyacrylamide gel electrophoresis (PAGE) experi-
ments were implemented to demonstrate the hybridization
reactions between the inputs and the platform during the 2-3
DC operation (Fig. 2D). All DNA sequences mentioned in this
2-3 logic operation that present in different bands have been
determined. From lane 1 to lane 5, the bands presented the
DNA switches of P1,3, P2,3, and P3,3, as well as the single
DNA input strands of A1 and B1, and all single-stranded DNAs
appeared at different positions. When A1 was added into the
DNA switch-based platform, two new bands appeared in lane
6. The upper one was proved to be from a duplex of A1/P1,3/
P2, ; and the lower one was shown to be from a duplex of A1/
P1,; (see the illustration in Fig. S51). Upon the addition of B1
into the platform, two new bands appeared, showing the
hybridization reactions of B1 with both P2, ; and P3,; in lane
7. However, with the concurrent addition of A1 and B1 into the
platform, a new band appeared, which meant that
A1 hybridized with B1 as a priority and formed the duplex
strand A1/B1, not reacting with the platform at its initial posi-
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tion in lane 8. The PAGE results validated that the DNA reac-
tions of the 2-3 DC logic circuit occurred as expected, consist-
ent with the fluorescence results in Fig. 2B.

3.2. The operation of the 3-3 digital comparator

Further, we explored the versatility of the DNA switch-based
platform through designing a 3-3 DC logic circuit, which was
an extension of the 2-3 DC and could further contrast a larger
range of binary numbers. As shown in the truth table of the 3-
3 DC logic circuit (Fig. S67), a third input, C2 (3*-4-1*-3, also
named N for convenience), was introduced into the operation;
its function was to be compared with A2 (1-2-3) and B2 (3*-1-2-
3), where the inputs of A2 and B2 were converted to a two-bit
binary number that was named M for convenience. The result-
ing truth table (Fig. S61) clearly shows that the 3-3 DC logic
system could execute the binary comparison operations of M =
N, M > N and M < N (including the comparisons 00 = 0, 01 = 1,
01>0,10>0,11>0,10 > 1, 11 > 1 and 00 < 1). Before logic
operations with the 3-3 DC, the corresponding concentrations
of all inputs were optimized based on the DNA switch platform
(Fig. S77). Based on a platform of three DNA switches (P13,
P2;; and P3;;), the 3-3 DC was realized (Fig. 3A). Firstly, in
the case of M = N, with the fluorescent output of “010” when
there was no input into the platform, both P1;; and P3;;
maintained their original hairpin structures and emitted dim
fluorescence signals via FRET (Fig. 3B, curve a and curve g,
respectively). At the same time, the G4/NMM complex (P25.3)
demonstrated high fluorescence, which was defined as “1”,
representing the logic result A2B2 = C2 (00 = 0) (Fig. 3B, curve
i). When B2 and C2 were added into the platform, they reacted
with each other as a priority, leaving P1;.; and P3;_; unaltered
and resulting in low fluorescence from FAM and Cy5 (Fig. 3B,
curve g and curve w); the G4/NMM complex retained its orig-
inal structure and demonstrated high fluorescence (Fig. 3B,
curve o), with the result A2B2 = C2 (01 = 1). Secondly, in the
case of M > N, with the fluorescent signal output “100”, when
A2 or B2 was added to the platform, each of them could bind
to the toehold region (2*) of P15 ; and unfold the hairpin struc-
ture, recovering the FAM fluorescence (Fig. 3B, curve b and
curve c). Not only that, A2 and B2 could also hybridize with the
G4 structure of P2;;, decreasing the NMM fluorescence
(Fig. 3B, curve g and curve k). In this case, the high fluo-
rescence of P15 ; was defined as “1” and the relative low fluo-
rescence of P2;; was defined as “0” in the truth table, repre-
senting the output result A2B2 > C2 (01 > 0 or 10 > 0). Similar
to the reaction mechanism described above, the coexistence of
A2 and B2 output the same result, A2B2 > C2 (11 > 0) (Fig. 3B,
curve e, curve m and curve u). When the two strands A2 and
C2 were input to the platform, A2 was designed to hybridize
with not only C2 (1* and 3*) but also P1; ; and P23 3, showing
high FAM fluorescence, defined as “1”, and low NMM fluo-
rescence, defined as “0” (Fig. 3B, curve f and curve n), repre-
senting the output result A2B2 > C2 (10 > 1). When A2, B2 and
C2 were all introduced into the platform, B2 hybridized with
C2 as a priority, inhibiting the chances of C2 to hybridize with
P3;;. At the same time, A2 could hybridize with both P15 ; and
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P2;;, showing high FAM fluorescence and low NMM fluo-
rescence, with the output A2B2 > C2 (11 > 1) (Fig. 3B, curve h
and curve p). Thirdly, in the case of M < N, with the fluo-
rescent output signal “001” when only C2 was input into the
platform, C2 could hybridize with P2;; and bind to the
toehold region (5) of P33, resulting in high Cy5 fluorescence
and relatively low NMM fluorescence (Fig. 3B, curve t and
curve 1), representing the output result A2B2 < C2 (00 < 1).

To utilize the functionality of the 3-3 DC, the normalized
fluorescence intensities of the three outputs at the peak
maxima, Y133max(Fam)y Y23-3max(Nmm) and Y33.3max(cys), were
plotted as a function of the input combinations (Fig. 3C). The
threshold value for the output was defined as “1” when the
normalized intensity of the fluorescence signal was higher
than 0.45. However, when the normalized intensity of the fluo-
rescence signal was less than 0.4, the threshold value for the
output could be defined as “0”. PAGE experiments were per-
formed to further identify the hybridization between the
inputs and the platform during the 3-3 DC operations
(Fig. S8t). These experimental results have fully proven the
feasibility of our strategy for the operation of the 3-3 DC logic
circuit, and were consistent with the fluorescence results
shown Fig. 3B.

3.3. The operation of the 4-3 digital comparator

The basic principle of DNA-based logic operation design is to
engineer operation information into the DNA sequences
through programming complementarity between the inputs
and the reaction platform. In order to continue to expand the
range of DNA-based DC operation systems, more DNA input
signals were programmed and designed. In this work, a 4-3 DC
was conceptually implemented, with a fourth input (D3)
added into the platform (Fig. 4A). The corresponding truth

This journal is © The Royal Society of Chemistry 2019

table (Fig. S91) shows that the 4-3 DC logic circuit executed the
binary comparison operations of X > Y, X =Y and X <Y, where
X represents the combination of the A3 (1-1*-2-3-1-4) and B3
(3*-2-1*-1) inputs as a two-bit binary number and Y represents
the combination of the C3 (3*-2*-1-1*-4-2*-3) and D3 (4*-1*-1-
2*-3*) inputs as a two-bit binary number for convenience.
Before logic operations with the 4-3 DC, the corresponding
input concentrations were optimized with the DNA switch-
based platform (Fig. S10t). The operation of the 4-3 DC was
carried out based on a platform that consisted of three DNA
switches (P1,.3, P2,3 and P3,3) (Fig. 4A). Firstly, in the case of
X =Y, with the corresponding fluorescent signal output of
“010” when no inputs were introduced into the platform, both
P1,; and P3,; maintained their hairpin structures and
emitted dim fluorescence signals via FRET (Fig. 4B, curve al
and curve i1, respectively). Also, the G4/NMM complex (P2,.3)
remained the same and demonstrated high fluorescence,
defined as “1”, representing the output result A3B3 = C3D3 (00
= 00) (Fig. 4B, curve el). When A3 and C3 coexisted, they pre-
ferred to hybridize with each other, while they did not hybri-
dize with the DNA-based switches; this resulted in low FAM
and Cy5 fluorescence, defined as “0” (Fig. 4B, curve b1l and
curve j1), and high NMM fluorescence, defined as “1” (Fig. 4B,
curve f1). Such performance showed the logic operation result
A3B3 = C3D3 (10 = 10). When B3 and D3 coexisted, they also
preferred to hybridize with each other and showed low FAM
and Cy5 fluorescence, defined as “0” (Fig. 4B, curve c1 and
curve k1), and high NMM fluorescence, defined as “1” (Fig. 4B,
curve g1), representing the logic result A3B3 = C3D3 (01 = 01).
Similar to the reaction mechanism described above, when all
the inputs, A3, B3, C3 and D3, were input into the platform,
they had a preference for hybridization with each other; this
also resulted in low FAM and Cy5 fluorescence, defined as “0”
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Fig. 4 (A) The operation principle of the 4-3 DC. (B) The intensities of the three output signals (FAM, NMM and Cy5) from the 4-3 DC triggered by
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(Fig. 4B, curve d1 and curve 11), and high NMM fluorescence,
defined as “1” (Fig. 4B, curve h1), representing the logic result
A3B3 = C3D3 (11 = 11). Secondly, in the case of X > Y with the
corresponding fluorescence output signal of “100”, when A3 or
B3 was added to the platform, each of them could break the

21862 | Nanoscale, 2019, 11, 21856-21866

G4 structure of P2, and bind to the toehold region (2*) of
P1,3, resulting in high FAM fluorescence (Fig. 4B, curve a2
and curve b2) and relatively low NMM fluorescence (Fig. 4B,
curve g2 and curve h2). In this case, the high fluorescence of
P1,; was defined as “1” and the relative low fluorescence of
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P2,.; was defined as “0”, representing the output result A3B3 >
C3D3 (10 > 00 or 01 > 00). Similar to the reaction mechanism
described above, the coexistence of A3 and B3 generated the
same result: A3B3 > C3D3 (11 > 00) (Fig. 4B, curve c2, curve i2
and curve 02). With the addition of A3 and D3 to the platform,
A3 was designed to hybridize with not only D3 (1, 1* and 4*)
but also P1,3 (2*) and P2,3, showing high FAM fluorescence,
defined as “1”, and low NMM fluorescence, defined as “0”
(Fig. 4B, curve d2 and curve j2), representing the output result
A3B3 > C3D3 (10 > 01). When A3, B3 and C3 were introduced
into the platform, A3 hybridized with C3 as a priority, and B3
could hybridize with P2,; and bind to the toehold region of
(2%) of P1,.3, resulting in high FAM fluorescence and low NMM
fluorescence with the output A3B3 > C3D3 (11 > 01) (Fig. 4B,
curve e2 and curve k2). When strands of A3, B3 and D3 were
input into the platform, B3 preferentially reacted with D3, and
A3 could hybridize with P2, ; and bind to the toehold region
of (2%) of P1,; this resulted in high FAM fluorescence and low
NMM fluorescence, with the output A3B3 > C3D3 (11 > 10)
(Fig. 4B, curve f2 and curve 12). Thirdly, in the case of X <Y
with the corresponding fluorescence output signal of “001”,
when C3 or D3 was added to the platform, each of them could
break the G4 structure of P2,; and bind to the toehold region
(1) of P3,3, resulting in high Cy5 fluorescence (Fig. 4B, curve
m3 and curve n3) and relatively low NMM fluorescence
(Fig. 4B, curve g3 and curve h3). Under these conditions, the
high P3,; fluorescence was defined as “1” and the relatively
low P2,; fluorescence was defined as “0”, representing the
output result A3B3 < C3D3 (00 < 10 or 00 < 01). Similar to the
reaction mechanism described above, the coexistence of C3
and D3 generated the same result: A3B3 < C3D3 (00 < 11)
(Fig. 4B, curve c3, curve i3 and curve 03). With the addition of
B3 and C3 to the platform, C3 was designed to hybridize with
not only B3 but also P2,; and P3,.3; this resulted in high Cy5
fluorescence, defined as “1”, and low NMM fluorescence,
defined as “0” (Fig. 4B, curve p3 and curve j3), representing
the output result A3B3 < C3D3 (01 < 10). When A3, C3 and D3
were introduced into the platform, C3 would preferentially
hybridize with A3, and D3 could hybridize with P2, ; and bind
to the toehold region (1) of P33, resulting in high Cy5 fluo-
rescence and low NMM fluorescence, with the output A3B3 <
C3D3 (10 < 11) (Fig. 4B, curve g3 and curve k3). Upon
the addition of B3, C3 and D3 to the platform, D3 preferred
to react with B3, and C3 could hybridize with P2,; and
P3,.3, resulting in high Cy5 fluorescence and low NMM fluo-
rescence, with the output A3B3 < C3D3 (01 < 11) (Fig. 4B, curve
r3 and curve 13). The normalized fluorescence intensities
of the three outputs at the peak maxima, Y1,jmaxram)
Y24 3max(vmm) aNd Y34 3max(cys), were plotted for the 4-3 DC as a
function of the input combinations (Fig. 4C). The output
threshold value was defined as “1” when the normalized fluo-
rescence intensity was higher than 0.45. On the contrary, the
output threshold value could be defined as “0” when the nor-
malized fluorescence intensity was lower than 0.4. The
DNA interactions were validated through PAGE experiments

(Fig. S117).

This journal is © The Royal Society of Chemistry 2019
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3.4. Operations to further verify the DNA selectivity

Logic operations have introduced a new concept into analyti-
cal chemical and biomedicine for multi-target detection.***>
To demonstrate the multifunctionality of the DNA switch-
based platform, this DNA logic system was further explored in
an intelligent biosensor to implement selective detection for
the first time. Acquired immune deficiency syndrome (AIDS)
is a serious infectious disease induced by human immunode-
ficiency virus (HIV), which can attack and destroy the host
immune system, leading to death due to a lack of resistance
to many diseases.*® In addition, it has been reported that
about one third of HIV patients are co-infected with hepatitis
C virus (HCV), since HCV and HIV share a common trans-
mission path.*” Thus, it is critical to detect HIV and HCV at
an early stage to improve the accuracy of diagnosis and the
probability of a cure. In this work, synthetic oligonucleotide
sequences from HIV and HCV gene segments were used as
the model targets to validate logic-controlled selective detec-
tion via 2-3 DC logic operations. To realize 2-3 DC-based gene
selective detection, two hairpin-shaped MBs (P01 and P03)
and a G4/NMM complex (P02) were used as the platform
(Fig. 5A). To further realize one-base mismatched sensitivity,
different input concentrations were optimized using the DNA
switch-based platform (Fig. S121). As shown in Fig. 5(A), the
input sequence A0 (1-2-3-4-5-1*) was designed to contain an
oligonucleotide sequence from the HIV gene (4-5). When A0
(containing the HIV gene sequence) was added to the system,
A0 could hybridize with both P01 and P02. At this time, the
intensity of FAM fluorescence increased and the intensity of
NMM fluorescence decreased. BO (1-4*-3*-2*-1*) was designed
to contain a sequence from the HCV gene (3*-2*). When B0
(containing the HCV gene sequence) was added to the
system, BO could hybridize with both P03 and P02. At this
time, the intensity of Cy5 fluorescence increased and the
intensity of NMM fluorescence decreased. Based on the
above-described input sequence encoding and the corres-
ponding changes in dual fluorescence output, the HIV and
HCV genes were successfully detected based on the 2-3 logic
system. In the initial state of the 2-3 DC logic system, the plat-
form emitted dim FAM and Cy5 fluorescence signals and
high NMM fluorescence when no target genes were intro-
duced, expressing the binary comparison operation A0 = BO
and the output signal “010” (Fig. 5B, curve e). In the presence
of A0, which contains the HIV gene sequence, A0 could bind
to the toehold region of P01 (4*) and destroy the G4 structure
of P02, resulting in high FAM fluorescence (Fig. 5B, curve b)
and relatively low NMM fluorescence (Fig. 5B, curve f).
Therefore, an input of only A0 expressed the comparison A0 >
B0 (10) and the output result “100” from the logic operation.
In the presence of B0, the HCV gene, BO could bind to the
toehold region of P03 (3) and destroy the G4 structure of P02,
which significantly enhanced the Cy5 fluorescence (Fig. 5B,
curve k) and inhibited the NMM fluorescence (Fig. 5B, curve
g). Therefore, the BO input expressed the comparison A0 < BO
(01) and the output result “001”. When A0 and B0 coexisted,
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they preferred to hybridize with each other, which main-
tained high NMM fluorescence (Fig. 5B, curve h) and had no
influence on FAM and Cy5 fluorescence (Fig. 5B, curve d and
curve 1). When A0 and BO were concurrently added into the
platform, the comparison A0 = BO (11) was implemented and
the corresponding output result was expressed as “010”. The

Normalized intensity(a.u.)

HIV HIV-s1 HIV-s2 HIV-s3 HIV-s4 HIV-s5

results demonstrated that the 2-3 DC could report a high
FAM output signal of “1” in the presence of the HIV gene and
a high Cy5 output signal of “1” in the presence of the HCV
gene. Through plotting the normalized fluorescence of FAM,
NMM and Cy5 against various input combinations (Fig. 5C),
the 2-3 DC logic operation could transfer the state of the HIV

Normalized intensity(a.u.)

HCV HCV-s1 HCV-s2 HCV-s3 HCV-s4 HCV-s5

Fig. 6 (A) An illustration of the selectivity of the proposed strategy for DNA detection based on output signals (FAM) for the target HIV DNA against
single-base (HIV-sl), two-base (HIV-s2 and HIV-s3), and three-base (HIV-s4 and HIV-s5) mismatched DNA. (B) An investigation of the selectivity of
the proposed strategy for DNA detection based on output signals (Cy5) for the target HCV DNA against single-base (HCV-sl), two-base (HCV-s2

and HCV-s3), and three-base (HCV-s4 and HCV-s5) mismatched DNA.
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gene into the specific output channel Y01 and could transmit
the state of the HCV gene into the specific output channel
Y03 based on the platform of DNA switches.

Selectivity is significant for DNA biosensors, and our devel-
oped DC logic system has been further proved to present excel-
lent selectivity for the detection of HIV and HCV. As shown in
Fig. 6, the system exhibited different fluorescence intensities
in the presence of the target genes and different corres-
ponding base mismatched DNA samples. In Fig. 6A, the fluo-
rescence signals caused by one-base mismatched DNA (HIV-
s1), two-base mismatched DNA (HIV-s2 and HIV-s3), and
three-base mismatched DNA (HIV-s4 and HIV-s5) were 24%,
56%, 29%, 54%, and 16% of that caused by the target DNA,
HIV, respectively. In Fig. 6B, the fluorescence signals generated
by one-base mismatched DNA (HCV-s1), two-base mismatched
DNA (HCV-s2 and HCV-s3), and three-base mismatched DNA
(HCV-s4 and HCV-s5) were 46%, 24%, 11%, 11%, an 11% of
that caused by the target DNA of HCV. As expected, the 2-3 DC
logic-based system showed obvious responses to HIV and HCV
through corresponding fluorescence signals, while negligible
responses were observed for all other mismatched DNA
strands, indicating that the proposed target-driven DNA
switch-based platform could distinguish single-base mutations
and exhibit excellent selectivity for both HIV and HCV detec-
tion. PAGE experiments were performed, and they fully proved
the occurrence of the reactions between the platform and
inputs (Fig. S137).

4. Conclusions

In conclusion, this work has successfully demonstrated the
design of a novel strategy for the wireless operation of DNA-
based digital comparator systems based on a simple and uni-
versal DNA switch-based platform. To the best of our knowl-
edge, this is the first time that a library of digital comparators
(2-3 DC, 3-3 DC and 4-3 DC) with three outputs has been con-
structed using a multifunctional DNA switch-based platform
to implement operations that compare whether two or more
input binary codes are equal. Through the step-by-step realiz-
ation of DC logic operations with different input signals, such
DC logic systems lay the foundation for the development of DC
systems that show functionality involving large-scale input
signals based on powerful DNA hybridization, as well as
solving the problems of design complexity and manufacturing
cost related to the integrated circuits used in traditional com-
puting. In this study, apart from a futuristic vision for DNA-
based digital comparator systems, we also introduced the
selective detection of HIV and HCV genes at the single-base
mismatch level under 2-3 DC logic control. The proposed strat-
egy was expanded to logic operation design applications, and
exhibited high performance not only for molecular computing
applications but also for DNA selective analysis, providing a
promising method for the integration of complex DNA devices
and selective detection.

This journal is © The Royal Society of Chemistry 2019
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