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D
NA logic gates with Boolean func-
tions have been realized by means
of DNA and are able to process

information and perform arithmetic opera-
tions.1�4 Because of the molecular recogni-
tion ability of DNA, DNA logic gates have
found applications in biosensing and
diagnostics.5�8 A key to realize the DNA
logic-gate-based biosensing is that logic
gates can respond smartly to analyte at
very low concentration so that a sensitive
biosensor can be fabricated. Although en-
couraging progress has been made in this
field, to make simple, sensitive, and selec-
tive DNA logic-gate-based biosensors is still
a great challenge. Aptamers are artificially
selected functional DNA or RNA oligonu-
cleotides that possess highly specific and
precise molecular recognition capabilities
that can be evolved through genetic en-
gineering.9�12 Aptamers exhibit many un-
precedented advantages compared with
antibodies or other biomimetic receptors:
aptamers can be selected to bind essentially
anymolecule of choice, have comparable or
even better target affinity, easy and cost-
effective synthesis with high reproducibility
and purity, and simple and straightforward
chemical modification.13�17 Thus, aptamers
can be considered as a potential alternative
to antibodies or other biomimetic receptors
for the development of biotechnology, di-
agnostics, and therapy.18�24 For the DNA
logic gates, in vitro-selected aptamers pre-
sent an opportunity to design these logic
gates which can exploit any targetmolecule
of choice as an input chemical.21,25

Graphene is a one-atom-thick 2D nano-
material with extraordinary electronic, ther-
mal, and mechanical properties.26�30 Gra-
phene, along with graphene oxide (GO),
could serve as good support for biomole-
cules due to its large surface area (theo-
retical limitation: 2630 m2 g�1), flat surface,
and rich π-conjugation structure.31�33 GO

could bind and quench a dye-labeled
single-stranded DNA probe. In the case of
the target present, the specific binding
between the dye-labeled probe with its
target molecule occurs, which alters the
conformation of the probe, disturbs the
interaction between the probe and GO,
and restores the fluorescence of the dye,
and the specific GO/DNA interaction has
found important application in the devel-
opment of biosensing.18,34�36

In this work, by taking advantage of the
unique GO/aptamer interaction and high
binding specificity of aptamers, we devel-
oped a new platform to construct logic
gates (OR and INHIBIT logic gates) whose
states could be controlled in response
to complex chemical environments. 6-Car-
boxyfluorescein (FAM)-labeled adenosine
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ABSTRACT In this work, a GO/apta-

mer system was constructed to create

multiplex logic operations and enable

sensing of multiplex targets. 6-Carboxy-

fluorescein (FAM)-labeled adenosine tri-

phosphate binding aptamer (ABA) and

FAM-labeled thrombin binding aptamer

(TBA) were first adsorbed onto graphene

oxide (GO) to form a GO/aptamer complex, leading to the quenching of the fluorescence of

FAM. We demonstrated that the unique GO/aptamer interaction and the specific apta-

mer�target recognition in the target/GO/aptamer system were programmable and could be

utilized to regulate the fluorescence of FAM via OR and INHIBIT logic gates. The fluorescence

changed according to different input combinations, and the integration of OR and INHIBIT logic

gates provided an interesting approach for logic sensing applications where multiple target

molecules were present. High-throughput fluorescence imagings that enabled the simulta-

neous processing of many samples by using the combinatorial logic gates were realized. The

developed logic gates may find applications in further development of DNA circuits and

advanced sensors for the identification of multiple targets in complex chemical environments.

KEYWORDS: logic gates . graphene . aptamer . multiplex detection . ATP .
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triphosphate binding aptamer (ABA) and FAM-labeled
thrombin binding aptamer (TBA) were first adsorbed
onto GO to form a GO/ABA/TBA complex, leading to
the quenching of the fluorescence of FAM. In the
presence of adenosine triphosphate (ATP) or thrombin,
the fluorescence was recovered when ABA or TBA
formed a duplex with its target, and the OR logic gate
operation could be built by using the restored fluores-
cence as the reporter for signal output. When ATP and
its FAM-free binding aptamer served as two inputs,
INHIBIT logic gate was realized by using the induced
fluorescence signal as output. Another INHIBIT logic
gate in the similar way as the previous INHIBIT logic
gate was also realized by using thrombin and its FAM-
free binding aptamer as inputs. Meanwhile, the inte-
gration of OR and INHIBIT logic gates provided an
interesting approach for logic sensing applications
where multiple target molecules were present. This
proof of concept might provide a new approach for
multiplex analysis and nanobiomedical devices re-
sponding to multiple input chemicals.

RESULTS AND DISCUSSION

Well-dispersed GO, prepared according to the
literature,37 was used throughout the experiments. As
shown in Figure 1, atomic force microscopy (AFM)
study reveals that the thickness of GO is about
1.05 nm, characteristic of a fully exfoliated GO sheet.38

GO is functionalized with negatively charged oxygen
moieties. The oxygen/carbon atomic ratio (O/C) of GO
is 38% (from XPS data), and there are still many
π-conjugated domains present on GO. Also, GO has a
high specific surface area. These afford the good
loading capacity of GO for ssDNA via π�π interaction.
The principle of the GO/aptamer system to perform

an OR logic gate was schemed in Figure 2A. FAM-
labeled ATP binding aptamer (ABA, 50-FAM-ACCTGG-
GGGAGTATTGCGGAGGAAGGT-30 (FAM = 6-carboxy-
fluorescein)) and thrombin binding aptamer (TBA,
50-FAM-AGTCCGTGGTAGGGCAGGTTGGGGTGACT-30)
were utilized as our models. ABA and TBA were first
mixed with GO solution to form the GO/ABA/TBA
complex, in which the fluorescence of FAM was quen-
ched via energy transfer from FAM to GO (Figure S1,
Supporting Information). Figure 2B shows the fluores-
cence spectra of the GO/ABA/TBA complex at different
conditions. When neither ATP nor thrombin was pres-
ent, there was almost no fluorescence due to the
strong adsorption of the aptamers on GO and the high

fluorescence quenching efficiency of GO. However,
upon addition of ATP or thrombin, the GO/ABA/TBA
complex had significant fluorescence enhancement
due to the specific ABA�ATP recognition or TBA�
thrombin recognition, respectively. In the presence of
both ATP and thrombin, the signal resulted from
ABA�ATP recognition and TBA�thrombin recogni-
tion; therefore, higher fluorescence was obtained.
The restoring of the fluorescence of the GO/ABA/TBA
complex by ATP or thrombin could be used to develop
anOR logic gate.Wedefined a fluorescence intensity of
130 000 as the threshold value. Fluorescence intensi-
ties higher and lower than 130 000 were defined as
output 1 and output 0, respectively. The truth table
of the resulting “OR” logic gate is given in the inset of
Figure 2B.
Aptamers have high binding specificity, and our

results show that the GO/ABA/TBA complex main-
tained this advantage. As shown in Figure S2 (Sup-
porting Information), when tested with bovine serum

Figure 1. AFM image of GO sheets deposited on a mica
substrate.

Figure 2. (A) Schematic representation of the OR logic gate.
(B) Fluorescence emission of the OR logic gate. (a) GO/ABA/
TBA complex; (b) GO/ABA/TBA complex treated with ATP
(2mM); (c) GO/ABA/TBA complex treatedwith thrombin (30
nM); (d) GO/ABA/TBA complex treated with ATP (2 mM) and
thrombin (30 nM). The inset of panel B is the truth table of
the OR logic gate.
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albumin (BSA), lysozyme, cytidine triphosphate (CTP),
thymidine triphosphate (TTP), and guanosine tripho-
sphate (GTP), the GO/ABA/TBA complex exhibits a
much lower fluorescence. Figure 3A,B illustrates the
fluorescence intensity changes (F/F0) of the GO/ABA/
TBA complex upon addition of different concentra-
tions of ATP and thrombin, respectively. By analyzing
the change of fluorescence with the concentrations of
ATP, we obtain a linear relationship between the fluo-
rescence and the concentrations of ATP over a range of
500 nM to 50 μM (inset of Figure 3A) and a linear
relationship between the fluorescence and the con-
centrations of thrombin over a range of 0.04�10 nM
(inset of Figure 3B). The detection limits of ATP and
thrombin are 500 and 0.04 nM, respectively, which can
be compared with most existent aptasensors for ATP
and thrombin detection.39�47 The binding affinity
between TBA and thrombin is much higher than that
between ABA and ATP, Kd(thrombin) = 0.5 nM and
Kd(ATP) = 6 ( 3 μM.48,49 Such a large difference
(104 times) in Kd might result in 104-fold difference in
signal sensitivities toward thrombin and ATP in their
detections. Circular dichroism (CD) measurements
were utilized to monitor the conformation change of

the GO/ABA/TBA complex during the binding events;
as shown in Figure S3 (Supporting Information), the
formation of quadruplex structures of ABA and TBA
was induced by ATP and thrombin, respectively.
Fluorescence intensity of 130 000was defined as the

threshold value, which was dependent on the fluores-
cence signal corresponding to the detection limits of
the two targets, and the fluorescence intensity higher
or lower than 130 000 was defined as output 1 or 0,
respectively. On the basis of the above definition and
the restored fluorescence intensities of the GO/ABA/
TBA complex in the presence of a wide range of inputs,
the truth table for digital logic was obvious in a certain
range of target molecules. Output was 1 in the pres-
ence of ATP (g2 μM) or thrombin (g0.04 nM). When
neither ATP (g2 μM) nor thrombin (g0.04 nM) was
present, the output was 0. The threshold value corre-
spondedto thefluorescencesignalof2μMATP(or0.04nM
thrombin), which was in the linear range of the sensor
(insets of Figure 3). Certainly, the inputs “1” and “0” for
ATP and thrombin were also precisely defined. Two
micromolar was the boundary between input 1 and 0
for ATP (0.04 nM was the boundary between input 1
and 0 for thrombin). For example, 0 in the input
columns of thrombin means it was absent or its con-
centration was under 0.04 nM. Also, this feature led to
the fact that the GO/aptamer systems could be used for
the sensitive biosensing (Figure 3) and the following
high-throughput analysis of samples (Figure 4). This
has obvious advantages, compared to DNA logic sys-
tems which use chemicals without biosensing rele-
vance or use high concentrations of chemical as inputs.
The GO/ABA/TBA complex was also applied for high-

throughput analysis of ATP and thrombin. The fluores-
cence images of the assays with different concentra-
tions of ATP are given in Figure 4A, from which the
color change is evident with the concentration varia-
tion of ATP. With the increase of the concentration of
ATP, the fluorescence intensity is enhanced. The fluo-
rescence begins to saturate when the concentration
of ATP is above 500 μM. Figure 4B gives the fluores-
cence screenwith different levels of thrombin; with the

Figure 3. (A) Relative fluorescence changes of GO/ABA/TBA
complex via the concentrations of ATP. (B) Relative fluores-
cence changes of GO/ABA/TBA complex via the concentra-
tions of thrombin. F0 and F are the fluorescence intensity
without and with the target, respectively.

Figure 4. (A) Fluorescence images for the detection of
different concentrations of ATP. The concentration of ATP
from 1 to 11 is 0, 1, 2, 5, 10, 20, 50, 100, 500, 1000, and
2000 μM, respectively. (B) Fluorescence images for the detec-
tion of different concentrations of thrombin. The concentra-
tion of thrombin from 1 to 11 is 0, 0.1, 0.2, 0.5, 2, 5, 10, 20, 50,
100, and 200 nM, respectively.
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increase of the concentration of thrombin, the fluores-
cence intensity is increased and the fluorescence
begins to saturatewhen the concentration of thrombin
is above 20 nM. In addition, the used GO/ABA/TBA
system in aqueous solution was heated and then
centrifuged to separate ATP and thrombin from the
solution. After that, ABA and TBA were added to the
solution to form the GO/ABA/TBA complex, which
could be used for the detecting ATP and thrombin
again (Figure S4, Supporting Information).
The OR logic gate is also a potential sensor for the

detection of multiple analytes because it can respond
to several inputs at the same time. However, it is
difficult to figure out which analyte induces the signal.
To promote the application of the GO/aptamer system
in complex bioanalysis, we designed two INHIBIT logic
gates based on the GO/ABA/TBA complex to construct
a new sensing platform.
First, we realized the INHIBIT logic gate for ATP using

ATP and its FAM-free aptamer (PDNA1) as inputs,
which is expressed in Figure 5A. FAM-labeled ABA

and TBA were first mixed with GO solution to form a
GO/ABA/TBA complex, in which the fluorescence of
FAM was quenched. In case desorption of dye-labeled
ssDNA fromGO occurs, the fluorescence of the dye will
be recovered.31,35 Figure 5B shows the fluorescence
emission spectra of the GO/ABA/TBA complex at dif-
ferent conditions. The GO/ABA/TBA complex had sig-
nificant fluorescence enhancement upon addition of
ATP. The fluorescence of the GO/ABA/TBA complex
was scarcely influenced by the addition of PDNA1 (CD
spectra indicated that PDNA1 could be not adsorbed
on the GO/ABA/TBA complex, Figure S5B, Supporting
Information). However, when the mixture of ATP and
PDNA1 was added, the fluorescence was almost not
influenced because PDNA1 bound with two ATP mol-
ecules to form a stable helix and successfully sup-
pressed the ATP-induced fluorescence recovery of
FAM, indicating that PDNA1 prevented the desorption
of ABA from GO. The results were in accord with the
truth table of the INHIBIT logic gate.
Subsequently, we designed another INHIBIT logic

gate for thrombin in the similar way as the previous

Figure 5. (A) Schematic representation of the INHIBT logic
gate based on GO/ABA/TBA complex. (B) Fluorescence
emission of the INHIBT logic gate. (a) GO/ABA/TBA complex;
(b) GO/ABA/TBA complex treatedwith ATP (500 μM); (c) GO/
ABA/TBA complex treated with PDNA1 (300 μM); (d) GO/
ABA/TBA complex treated with ATP (500 μM) and PDNA1
(300 μM). The inset of panel B is the truth table of the INHIBT
logic gate.

Figure 6. (A) Schematic representation of the INHIBT logic
gate based on GO/ABA/TBA complex. (B) Fluorescence
emission of the INHIBT logic gate. (a) GO/ABA/TBA complex;
(b) GO/ABA/TBA complex treatedwith thrombin (30 nM); (c)
GO/ABA/TBA treated with PDNA2 (30 nM); (d) GO/ABA/TBA
complex treated with thrombin (30 nM) and PDNA2 (30 nM).
The inset of panel B is the truth table of the INHIBT logic gate.
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INHIBIT logic gate (shown in Figure 6A) by using
thrombin and its FAM-free aptamer (PDNA2) as inputs.
Figure 6B shows the fluorescence emission spectra of
the GO/ABA/TBA complex at different conditions. The
fluorescence of FAM-labeled TBA was restored after
the addition of thrombin, which bound with the FAM-
labeled TBA and induced the recovery of the fluores-
cence of FAM. The fluorescence of the GO/ABA/TBA
complex was not influenced by the addition of PDNA2
(CD spectra indicated that PDNA2 could not be ad-
sorbed on GO/ABA/TBA complex, Figure S5B, Support-
ing Information). When the mixture of PDNA2 and
thrombin was added, the quenched fluorescence was
stable because PDNA2 bound with thrombin strongly
and successfully inhibited the thrombin-induced fluo-
rescence recovery of FAM. The results were also in
accord with the truth table of the INHIBIT logic gate
(Figure 6B, inset).
The combinatorial logic gates (OR and INHIBIT) were

used to make high-throughput judgment about what
targets were present in the input samples (Figure 7 and
Figure S6) according to the output results, and the logic
operations and diagnosis are summarized in Table 1.
The green fluorescence observed was defined as out-
put “1”. On the basis of the outputs, we could logically

make judgment whether ATP (g3 μM) or thrombin
(g0.1 nM) was present or not.
As shown in Figure 7, we input sample 1 to a1 cell to

interact with the GO/ABA/TBA complex (input 100, in
the first column in Table 1) like the condition in the OR
logic gate. There was no fluorescence observed
(output 0), so we could draw a conclusion that there
was “no target” (neither ATP (g3 μM) nor thrombin
(g0.1 nM) was present), and we did not need to do
other tests (the symbol “\”was used to represent these
conditions in Table 1). When we input sample 2 to a2
cell (input 100, in the first column in Table 1), the
fluorescence was high (output 1). We had to figure
out which target was present in sample 2 to induce
the restoration of fluorescence. The INHIBT logic
gate could help us at this time. We input PDNA1 and
sample 2 simultaneously into the system (input 110, in
the second column in Table 1). The fluorescence was
low (output 0) because the input ATP was blocked by
the other input PDNA1 like the condition in the INHIBIT
logic gate, which meant sample 2 contained ATP
(g3 μM) but not thrombin (g0.1 nM). Other tests could
be neglected. For sample 3, when we added sample 3
to a3, b3, and c3 cells, a3 and b3 cells showed high
fluorescence (output 1), while c3 cell in which PDNA2
and sample 3 were simultaneously input (input 101 in
the third column in Table 1) showed low fluorescence
(output 0); this meant that it was thrombin (g0.1 nM)
which caused the high fluorescence in the input state
100 and 110, and no ATP (g3 μM) was contained. For
sample 4, when we added sample 4 to a4, b4, c4, and
d4 cells, high fluorescence was observed in a4, b4, and
c4 cells, but d4 cell gave out a low fluorescence (input
111 in the fourth column in Table 1, output 0) because
the two targets were blocked by their aptamers,
respectively. We could be sure both ATP (g3 μM) and
thrombin (g0.1 nM) were in sample 4. We have to pay
attention that when the output is diagnosed as “0”, two
conditions, the target is absent or under its detection
limit, are both possible. Upon the above analysis, we
can see that high-throughput fluorescence imaging
systems based on combinatorial logic gates are power-
ful for the detection of multiple analytes. We could
analyze sampleswith different targets at the same time
as long as we have enough aptamers and diagnose the
samples with the help of combinatorial logic gates. The
concept may find important applications in DNA logic,
biosensors, and bioimaging. Besides aptamers, other
functional DNA, such as DNAzyme, RNA aptamer, or
motif that might be used to realize similar regulations,
deserves to be researched in the future.

CONCLUSIONS

Wehave demonstrated that the GO/aptamer system
could be programmed to perform relatively compli-
cated OR and INHIBIT logic gates by taking advantage

Figure 7. Fluorescence images of GO/ABA/TBA systems
before (A) and after reacted with four samples according
to the input order in Table 1 (B). Sample 1, no target; sample
2, 100 μM ATP; sample 3, 100 nM thrombin; sample 4, both
100 μM ATP and 100 nM thrombin. The red lines on the
images were added in order to distinguish different sample
cells.

TABLE 1. Truth Table of Combinatorial Logic Gates for the

Detection of ATP and Thrombin in the Samplesa

input
sample 1 1 1 1

diagnosisPDNA1 0 1 0 1
PDNA2 0 0 1 1

output 0 \ \ \ no target
1 0 \ \ contain ATP
1 1 0 \ contain thrombin
1 1 1 0 contain ATP and thrombin

a The diagnosis is limited to a certain concentration range. “no target”: neither ATP
(g3 μM) nor thrombin (g0.1 nM) was present; “contain ATP”: ATP (g3 μM) but
not thrombin (g0.1 nM) was present; “contain thrombin”: thrombin (g0.1 nM)
but not ATP (g3 μM) was present; “contain ATP and thrombin”: both ATP
(g3 μM) and thrombin (g0.1 nM) were present. The “\” symbol means that the
corresponding condition can be omitted.
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of the unique GO/aptamer interaction and the specific
aptamer�target recognition. Multiple targets regu-
lated the fluorescence intensities, and OR and INHIBIT
logic gates were operated by the different fluores-
cence intensities at the same wavelength upon differ-
ent inputs and then combined to be the combinatorial
logic gates. The combinatorial logic gates enabled
high-throughput diagnosis by using fluorescence ima-
ging. On the basis of the outputs of the combinatorial
logic gates, we could figure out whether ATP (g3 μM)

or thrombin (g0.1 nM)was present or not. This proof of
concept might provide a new approach for multiplex
analysis and also a connection between the GO/apta-
mer interaction, the molecular recognition abilities of
aptamers, the design of molecular mimics of logic
elements, and the multiplex biosensing. Because apta-
mers can be selected to bind theoretically any mole-
cule of choice, logic gates based on the GO/aptamer
system might be used for detecting other anaytes by
using the corresponding aptamers.

EXPERIMENTAL SECTION

Materials. Graphene oxide (GO) was synthesized from nat-
ural graphite powder by a modified Hummers method.37 ABA:
50 FAM-ACCTGGGGGAGTATTGCGGAGGAAGGT-30 ; TBA: 50-FAM-
AGTCCGTGGTAGGGCAGGTTGGGGTGACT-30 ; PDNA1: 50 ACCT-
GGGGGAGTATTGCGGAGGAAGGT-30 ; PDNA2: 50 AGTCCGTGG-
TAGGGCAGGTTGGGGTGACT-30 . DNA oligonucleotides were
synthesized by Shanghai Sangon Biotechnology Co. DNA oli-
gonucleotide stock solutions were preparedwith Tris-HCl buffer
(25 mM Tris-HCl, 140 mM NaCl, 5 mM KCl, pH 7.0) and kept
frozen. Bovine serum albumin (BSA), lysozyme, adenosine
triphosphate (ATP), thrombin, cytidine triphosphate (CTP),
thymidine triphosphate (TTP), and guanosine triphosphate
(GTP), purchased from Sigma, were prepared in the Tris-HCl
buffer (20 mM Tris-HCl, 140 mM NaCl, 5 mM KCl, pH 7.4).
Graphite powder was purchased from China National Phar-
maceutical Group Corporation (Shanghai, China). All other
chemicals not mentioned here were of analytical reagent
grade and used as received. Double distilled water was used
throughout.

Instruments. Fluorescence measurements were carried out
on a Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon Inc.,
France). The unit of the fluorescence signal is cps (counts
per second). The light source is a 150W ozone-free xenon lamp.
The emission spectra were recorded in the wavelength range of
500�650 nm upon excitation at 492 nm. Excitation and emis-
sion slits were set at 5 and 5 nm, respectively. Increment of
1.0 nm and integration time of 0.1 s were used. Then the
fluorescence was also imaged byMaestro 500FL in vivo imaging
system from Cambridge Research & Instrumentation, Inc. (CRI),
USA. The imaging system used in this study consisted of a light-
tight box equipped with a 150 W halogen lamp and an excita-
tion filter system (500�555 nm) to excite FAM. Fluorescence
was detected by a CCD camera equipped with a C-mount lens
and an emission filter (580 nm long pass). The resulting data can
be used to identify, separate, and remove the contribution of
autofluorescence in analyzed images by a commercial software
(MaestroTM 2.4). For the comparison between different targets,
a microtiter plate was put on a nonfluorescent board; they were
imaged under the same excitation conditions. AFM was per-
formed on a SPI3800Nmicroscope instrument (Seiko Instruments,
Inc., Japan) in tapping-mode in air at ambient temperature. CD
spectra were collected by a JASCO J-810 spectropolarimeter
(Tokyo, Japan), of which the lamp was always kept under a
stable stream of dry purified nitrogen (99.99%) during experi-
ments. Three scans from 210 to 350 at 0.1 nm intervals were
accumulated and averaged.

OR Logic Gate Based on GO/ABA/TBA Complex. Preparation of GO/
ABA/TBA complex: GO solution (20 μg/mL), ABA (50 nM), and
TBA (50 nM)weremixed for 10min at room temperature to form
the GO/ABA/TBA complex. As shown in Figure S1, the fluores-
cence of ABA and TBA was quenched by GO.

Four Eppendorf tubes each contained 400 μL of the GO/
ABA/TBA complex and then were mixed with the four possible
input combinations for 30min (30min was enough to reach the
maximum fluorescence, as shown in Figure S7): (00) 400 μL of
Tris-HCl buffer; (10) 400 μL of ATP (2 mM); (01) 400 μL of

thrombin (30 nM); (11) 200 μL of ATP (2 mM) and 200 μL of
thrombin (30 nM). The contents of each tube were then
analyzed individually by excitation at 492 nm and recording
the fluorescence emission at 520 nm.

OR logic gate for the detection of ATP and thrombin: 400 μL
of GO/ABA/TBA complex was mixed with 400 μL of different
concentrations of ATP or thrombin, reacted for 0.5 h, then the
fluorescence spectra were recorded.

First INHIBIT Logic Gate Based on GO/ABA/TBA Complex. The princi-
ple of INHIBIT logic gate based on GO/ABA/TBA complex was
schemed in Figure 5A. Four Eppendorf tubes each contained
400 μL of the GO/ABA/TBA complex and then were mixed with
the four possible input combinations for 30 min (30 min was
enough to reach the maximum fluorescence, as shown in
Figure S8), then recorded the fluorescence spectra: (00) 400 μL
of Tris-HCl buffer; (10) 400 μL of ATP (500 μM); (01) 400 μL of
PDNA1 (300 μM); (11) 200 μL of ATP (500 μM) and 200 μL of
PDNA1 (300 μM). The contents of each tube were then analyzed
individually by excitation at 492 nm and recording the fluores-
cence emission at 520 nm.

Second INHIBIT Logic Gate Based on GO/ABA/TBA Complex. The
principle of INHIBIT logic gate based on GO/ABA/TBA complex
was schemed in Figure 6A. Four Eppendorf tubes each con-
tained 400 μL of the GO/ABA/TBA complex and then were
mixed with the four possible input combinations for 30 min
before the fluorescence spectrawere recorded (Figure S9 shows
the time-dependent fluorescence changes for the INHIBIT logic
gate upon four input combinations, 30 min was enough to
reach themaximum fluorescence): (00) 400 μL of Tris-HCl buffer;
(10) 400 μL of thrombin (30 nM); (01) GO/ABA/TBA complex
mixedwith 400 μL of PDNA2 (30 nM); (11) GO/ABA/TBA complex
mixed with 200 μL of thrombin (30 nM) and 200 μL of PDNA2
(30 nM). The contents of each tube were then analyzed indivi-
dually by excitation at 492 nm and recording the fluorescence
emission at 520 nm.
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