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An electronic integrated circuit system is composed of
elementary logic gates, which are capable of performing
Boolean logic by receiving Boolean inputs representing true
(1, high voltage) or false (0, low voltage) values and
generating the appropriate Boolean output.[1] Analogously,
molecular computation, a term that includes a number of
distinct bottom-up approaches toward the design of molec-
ular-scale electronics, that is, chemical and biological com-
puters, has become an alternative approach to computing
technologies.[2] In recent decades, considerable efforts have
been dedicated to problems in Boolean logic at the molecular
scale in order to identify ideal candidates that satisfy logic
operations. To this end, a variety of molecular Boolean logic
gates based on supramolecular complexes and small mole-
cules, enzymatic biochemical networks, biopolymer-ligand,
and photonic interactions, and other systems have been
devised.[3] However, most of these logic gates function by
fluorescence detection, which often suffers from complex
handling procedures and a lack of portability. In an alter-
native approach, homogeneous colorimetric detection meth-
ods based on the high extinction coefficients and strongly
distance-dependent optical properties of Au nanoparticles
(AuNPs) have become more and more attractive. These
methods may minimize or even eliminate complex analysis
procedures that involve expensive instrumentation, and hold
great promise for low-cost, low-volume, and rapid readout of
the analyte, and more convenient management for on-site
detection.[4]

Metal ions play an important role for the environment and
human health. For example, the Pb2+ ion is a common
environmental pollutant that can lead to a number of adverse
health effects at low-level exposure, especially in children.[5]

Mg2+ ions act as an enzyme activator and are essential for
neuromuscular excitability and cell permeability, and Mg2+

ion deficiency may increase the risk of artery spasm. The
presence of Mg2+ ions in drinking water can be critical for

Mg2+ ion content in the body.[6] Thus, rapid and sensitive
monitoring methods for different ions in water or food
resources are of great importance.

In recent years, DNAzymes have become attractive
molecules for metal-ion sensing based on metal-dependent
activities of specific DNAzymes, which can be easily isolated
by systematic evolution of ligands by exponential enrichment
(SELEX) or in vitro selection.[7] So far, DNAzymes that are
specific for various metal ions such as Pb2+,[8] Mg2+,[9]

UO2
2+[10] , and Cu2+[11] have been obtained. The cofactor-

dependent activity of catalytic nucleic acids has enabled them
to act as reporter molecules for biosensing applications, and
several such biosensors have been reported for the analysis of
different metal ions.[12] To explore the new dimensions of this
interesting research area, we developed a system of logic
gates (OR, AND, and INHIBIT) based entirely on colori-
metric outputs. The system is obtained by using a series of
supramolecular circular structures with different repeat units
based on ion-dependent DNAzymes, in which the DNAzyme
cofactors, that is Pb2+ and Mg2+ ions, are used as inputs for the
activation of the respective scission DNAzymes. Upon
cleavage, the substrates yield overhung segments for the
attachment of single DNA–AuNP probes as output. The
colorimetric signals can be read out in the presence of the
appropriate inputs. In addition, based on the principles of
DNA hybridization and strand displacement,[13] an XOR logic
gate operation is achieved. Moreover, by employing binary
DNA–AuNP probes as colorimetric signal output, a NOR
gate was designed, and XNOR and NAND gates are
demonstrated on the basis of XOR and AND gates,
respectively. To the best of our knowledge, the application
of colorimetric detection for logic gate operations based on
DNAzyme-catalyzed DNA cleavage has not been reported to
date.

Figure 1 shows the construction of the OR gate. The Mg2+-
dependent DNAzyme 1 and the Pb2+-dependent DNAzyme 2
hybridize with the circular substrate 3. The OR gate consists
of a supramolecular structure I, and single DNAa-b–AuNP
probes that are complementary to the sequence of A–B in I.
The circular substrate 3 with four repeated A–B sequence
units (B-A/rA/A-B/B-A/rA/A-B) includes two ribonucleo-
bases (rAs) as cleavable sites for Mg2+- and Pb2+-dependent
DNAzymes, respectively.

In order to avoid the cross-reactions of DNAzymes that
result from the repeat units of the circular substrate, addi-
tional sequences are designed for the respective rAs (black
strands for Mg2+-dependent DNAzymes; light blue strands
for Pb2+-dependent DNAzymes in Figure 1), which should
ensure that Mg2+- and Pb2+-dependent DNAzymes recognize
specific regions of the circular substrate and form the
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anticipated supramolecular structure of the OR and other
logic gates. The additional specific recognition sequences are
designed as substrate strands for Mg2+- and Pb2+-dependent
DNAzymes, respectively.[6,7] In addition, the construction of
the supramolecular structure I, which is obtained by hybrid-
izing 3 with the arms of the two DNAzymes, prohibits it from
being hybridized with single DNAa-b–AuNP probes before the
gate is triggered. That is, in the absence of Mg2+ and Pb2+ ions,
the color of the DNA–AuNPs solution is red (output 0).
However, in the presence of either Mg2+ ions (pathway a) or
Pb2+ ions (pathway b), the reaction of the supramolecular
complex with either input results in the cleavage of the
substrate 3 at the respective rA. Either of the scission
processes yields a nucleic acid fragment including the A-B/B-
A/rA/A-B/B-A output strand. Thus, single DNAa-b–AuNP
probes are hybridized with the two overhangs of the fragment,
and result in the aggregation of AuNPs that leads to the
characteristic color change from red to purple (output 1),
which characterizes the OR logic gate. When both inputs are
present (pathway c), the two rAs in the circular substrate 3
are cleaved simultaneously, which results in the instability of
the duplex structure between the two ion-dependent DNA-
zymes and the fragments of the substrate. The circular
substrate 3 separates into the output A-B/B-A strands since
it possesses two A-B/B-A units when the two rAs are cleaved
simultaneously. Thus, a color change of AuNPs is obtained
when the system is subjected to one ion input, Mg2+ (1,0),
Pb2+ (0,1) or two ion inputs (1,1). In addition, the gel
electrophoresis images obtained upon Mg2+- or Pb2+-induced
cleavage of substrate 3 by the ion-dependent DNAzymes 1

and 2 confirm that the stability of the duplexes of the
DNAzyme units hybridized with the circle domains is very
similar before and after cleavage by the DNAzyme (Figure S2
in the Supporting Information).

After optimizing the amount of single DNAa-b–AuNP
probes used in OR logic gates (see the Supporting Informa-
tion for details), Figure 2 shows the results of colorimetric

experiments carried out by activating I. We also investigated
the system by using UV/Vis spectroscopy. While the absorp-
tion maximum is located at 526 nm in the absence of any ion
input (0,0), the activation of the system with either Mg2+ or
Pb2+ ions leads to a shift of the peak to approximately 530 nm,
which results from the aggregation of AuNPs. Also, when the
system is subjected to both inputs, the purple curve, which is a
“true” output, is obtained (the truth table is shown in
Figure 2).

In addition, because OR logic is represented by the
situation where the output of an OR gate is true if either
inputs is true, we employed the OR logic gate to perform
control experiments in order to demonstrate the selectivities
of the system. The logic gates demonstrate good selectivities
for Mg2+ and Pb2+ ion inputs compared with other divalent
metal ions (see Figure S4 in the Supporting Information).
Together, these results validate the use of supramolecular
structures of specific ion-dependent DNAzymes for the
fabrication of metal-ion colorimetric logic gates. Moreover,
the activity of DNAzymes and cross-talk between Mg2+ and
Pb2+ ions have also been investigated (see the Supporting
Information).

The ion-dependent DNAzyme sequences 4 and 5 were
used to construct the AND gate. The AND logic is
represented by the situation where the output of an AND
gate is true only if both inputs are true. Figure 3a shows the
functional principle of the AND gate construction. The two
DNAzyme sequences 4 and 5 are hybridized with the circular
substrate 6, resulting in a supramolecular structure II. The
circular substrate 6 consists of the specific sequence (D-C/rA/
A-B/B-A/rA/C-D) including two rAs as cleavable sites for
each of the DNAzymes. In the presence of either Mg2+ or Pb2+

ions, only one rA specific to Mg2+ or Pb2+ ions is cleaved and
the structure of substrate 6 is opened from circular to strand
form (A-B/B-A/rA/C-D/D-C), with a duplex structure in the
middle region. In this case, single DNAa-b–AuNP probes can
only hybridize with one end of the opened circular substrate

Figure 2. The results of each path of the OR gate are characterized by
colorimetric and UV/Vis detection. The average diameter of AuNPs is
ca. 42 nm.

Figure 1. OR logic gate system that is activated by Mg2+ and Pb2+ ions
as inputs and connected to single DNAa-b–AuNP probes as colorimet-
ric outputs. Circuits are operated as described in the main text. AuNPs
are represented by red spheres and AuNP aggregates are represented
by purple spheres.
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(A-B); this hybridization leads to a red solution and thus the
output 0. In turn, treatment of structure II with both Pb2+ and
Mg2+ ions, results in the cleavage of substrate 6 at the two rAs
into two DNA strands (A-B/B-A and C-D/D-C). Thus, the
single DNAa-b–AuNPs can be assembled on the A-B/B-A
strand in a “tail-to-tail” manner to form purple aggregates,
which are considered as output 1 (see Figure S5 in the
Supporting Information for the colorimetric and UV/Vis
results). In addition, these phenomena are consistent with the
assumption that the aggregates of AuNPs in this study are
actually assembled by the DNA linkers, and leads to a red
shift in the surface plasmon resonance (see AND gate in
Supporting Information). It is noteworthy that because DNA
hybridization at AuNP surfaces does not significantly affect
the optical properties and cannot account for the surface
plasmon band changes associated with AuNP aggregation.[14]

Thus, there is no significant surface plasmon band changes
observed for the outputs of (1,0)
and (0,1) compared to that of
(0,0).

An INHIBIT gate, which
consisted of two DNAzymes 1
and 7, and a circular substrate 8
(B-A/rA/A-B/C-D/rA/D-C) was
also designed (Figure 3 b). When
only Mg2+ ions were added, the
output was 1, otherwise it was 0
(Figure S6 in the Supporting

Information). These results indicate that Mg2+ and Pb2+

DNAzymes really function as a two-input INHIBIT logic
gate (see Figure S 6 in the Supporting Information for the
truth table).

As described above, the circular substrate, which is the
core component of the three logic gates (OR, AND, and
INHIBIT), can be divided into four units, such as four A–B
units for the OR gate, and two A–B units and two C–D units
for AND and INHIBIT gates. A smaller circular substrate 11,
which also contained two rAs but only two A–B regions (A-B/
rA/B-A/rA) was designed to achieve an XOR gate operation
based on the principles of DNA hybridization and strand
displacement (Figure 3c).[13] Unlike the other gates, in which
each arm of the DNAzyme is hybridized completely with one
unit of circular substrate, each arm is only hybridized with half
of the A-B unit in the XOR gate. Thus, in the presence of
either Mg2+ or Pb2+ ions, only half of the A–B sequence at the
two ends of the substrate is overhung. However, upon
addition of single DNAa-b–AuNP probes, the full-length
complementary DNAa-b strand (12-mer) at the AuNP surface
is hybridized with the overhung segment (half A-B sequence,
6-mer), which is known as a “toehold” and proceeds to invade
and displace the previously hybridized sequences by a
principle termed “toehold exchange” (the detailed steps are
illustrated in Figure 4).[13a]

This phenomenon eventually results in the assembly of
AuNPs at both ends of the cleaved substrate, and gives rise to
the output of 1, although the displacement reaction may not
proceed to completion, which can be attributed to a limited
number of bases in the DNAa-b strand. Interestingly, in this
logic operation, the purple aggregates are formed by aligning
the nanoparticles in a “tail-to-tail” manner (pathway a in
Figure 4) and a “head-to-head” manner (pathway b in
Figure 4), respectively. However, when both inputs are
present, the circular substrate is cleaved into two single
strands that contain only one A–B region. As described
above, there is no significant difference between the UV/Vis
spectra of the single- and double-DNA-modified AuNPs.
Thus, after the single DNAa-b-AuNP probes are hybridized
with the cleaved single-stranded DNA, no color- and surface
plasmon band change is observed, and the output is 0 (see
Figure S7 in the Supporting Information).

For the above logic gate operations, all the outputs of the
ground state (0,0) are false (0). However, in electronic
Boolean logic gates, it is also necessary to achieve a true value
of the (0,0) state to meet the requirements of other logic gate
operations. Inspired by the above DNA hybridization and
displacement mechanism, a binary DNA–AuNP probe was

Figure 3. AND, INHIBIT, and XOR logic gates connected to single
DNAa-b–AuNP probes as colorimetric outputs. Each path is character-
ized by colorimetric and UV/Vis detection. The detailed schematic
illustrations and results are given in the Supporting Information.

Figure 4. Representation of the DNA displacement principle applied in the XOR logic gate.
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designed to create a NOR logic gate. Briefly, a linker DNA
(12-mer) is designed to have two “sticky ends” (6-mer) that
are complementary to the tail sequence of DNAa-b in a single
DNAa-b–AuNP probe, thus resulting in a tail-to-tail binary
DNAa-b–AuNP probe. In this case, the aggregates of AuNPs
are formed and the output of 1 for the ground state (0,0) is
obtained.

In the NOR logic operation (Figure 5), a circular substrate
13 containing two rAs and four alternant units (D-C/rA/A-B/
d-C/rA/A-B) is hybridized with two DNAzyme sequences 4

and 12 to construct the supramolecular structure V. In the
presence of either Mg2+ or Pb2+ ions, the circular substrate is
cleaved by the ion-dependent DNAzyme at the respective rA
cleavage site. Since the stability of the 12-mer-long duplex is
greater than that of a 6-mer-long duplex, DNAa-b–AuNPs are
more favorably hybridized with the 12-mer A-B unit
sequence overhung at one end of the cleaved substrate that
is complementary to the DNAa-b sequence. This process
results in the dissociation of binary DNAa-b–AuNP probes
from a 6-mer duplex region. The feasibility of this process has
been proved by kinetic studies.[13c,15] In principle, this dis-
placement process should result in a dark-red solution, which
is nearly identical to that of single DNAa-b–AuNP probes.
However, only a reddish color could be observed for
pathway a and b, respectively, while the intensities of the
plasmon band are apparently increased (see Figure S8 in the
Supporting Information). Similarly, in the presence of both
Mg2+ and Pb2+ ions, the circular substrate is cleaved into two
strands containing only one A–B unit, which could also
displace the DNAa-b sequence of the binary DNA–AuNP
probes, hence resulting in an output of 0. In this case, if
observed carefully, the red color of pathway c is slightly
darker than that of pathway a or pathway b, which can be
attributed to the double amount of A–B units yielded in
pathway c. The results are consistent with those obtained by
UV/Vis detection (Figure S8 in the Supporting Information).

To demonstrate the flexibility of the logic gates, we used
the constructed XOR gate and AND gate as platforms to
design a NAND gate and a XNOR gate, respectively, by
employing binary DNAa-b–AuNP probes as colorimetric
output (Figure 6). In electronics, NAND logic is the result

of sending an AND gate through an inverter, which causes all
0 states to switch to 1 and vice versa, while XNOR logic is the
inverted result of an XOR gate. Thus, NAND logic has an
output of 1 for the inputs (0,0), (1,0), and (0,1). For the (1,1)
situation, the output now becomes 0 (Figure S9). XNOR logic
has an output 1 for (0,0) and (1,1), and 0 for (1,0) and (0,1)
(Figure S10 in the Supporting Information).

In order to demonstrate the performance of these novel
functions through rational gate networking, we connected the
AND and XOR gates into a multilevel circuit that enforced
an overall OR Boolean behavior (Figure 7; see Figure S11 in
the Supporting Information for colorimetric and UV/Vis
results).

Figure 7. Multilevel circuit built from an AND and a XOR gate
performs an overall OR analysis on the inputs. The function of the
circuit was assayed using the single DNAa-b probes as reporters.

Figure 5. NOR logic gate system connected to binary DNAa-b–AuNP
probes as colorimetric outputs. Circuits are operated as described in
the main text.

Figure 6. Representation of NAND and XNOR logic gates connected
to binary DNAa-b–AuNP probes as colorimetric outputs. Each path is
characterized by colorimetric and UV/Vis detection. The detailed
schematic illustrations and results are given in the Supporting
Information.
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In conclusion, by designing a series of circular substrates,
we have constructed a complete set of two-input logic gates
(OR, AND, INHIBIT, XOR, NOR, NAND, and XNOR)
based on the use of ion-dependent DNAzymes as functional
components and the respective cofactor-ions as inputs. The
outputs of the cleaved active sites of the gates perform the
gate functions by AuNP-based homogeneous colorimetric
detection. This simple and complete gate design could
become a general method for any metal ion of interest with
a specific DNAzyme and other targets, such as theophylline
and cyclic guanosine monophosphate (cGMP) based on
aptazymes. In the future, this logic system can be developed
into portable test kits or strips, which allows fast metal-ion
detection at ambient temperature and therefore shows great
promise for practical onsite applications.
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