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Background: In this paper, a simple, enzyme-free, label-free fluorescence, high sensitivity logic gate hairpin
aptasensor was developed for adenosine triphosphate (ATP) detection based on graphene oxide (GO) and

Methods: Using single-strand deoxyribonucleic acid (DNA) and adenosine triphosphate (ATP) as input signal and
fluorescence signal as output signal, if single-strand DNA (DNA-L), single-strand DNA (DNA-S), and ATP were present
at the same time, one segment of DNA-L formed a hairpin ring with ATP, and the other segment of DNA-L formed
a completely complementary hairpin stem with DNA-S. The hairpin DNA was detached from the GO surface, and
PicoGreen dye was embedded into the hairpin stem, and the fluorescence signal was enhanced. The molecular
logic gate was constructed through the establishment of logic histogram, logic circuit, truth table, and logic
formula. The biosensor-related performances including sensitivity, selectivity, and linearity were investigated,

Results: We have successfully constructed a AND logic gate. The detection limit of ATP is 138.0 pmol/L (3o/slope)
with detection range of 50-500 nmol/L (R* = 0.98951), and its sensitivity is 4.748 x 10°~6.875 x 10° a.u. (mol/L)™".

Conclusions: The logic gate hairpin aptamer sensor has the advantages of high sensitivity, low detection limit, and
low cost, and can be successfully applied to the detection of adenosine triphosphate (ATP) in actual human urine
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Introduction

Adenosine triphosphate (ATP) is associated with
hypoglycemia, Parkinson’s disease, hypoxia, and ischemia
(Aw and Jones 1985; Agardh et al. 1978; Katsura et al.
1993). Consequently, the study of ATP detection method
has important clinical significance. With high selectivity
and sensitivity (Xiao et al. 2015), fluorescent biosensors
have been widely used in the detection of nucleic acids,
ions, proteins, and organic molecules (Li et al. 2017; Qiu
et al. 2013; Wang et al. 2015).
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The signal amplification and background signal sup-
pression are two main strategies for improving DNA
fluorescence sensors sensitivity. Common methods
based on signal amplification can effectively increase
sensor sensitivity, including rolling circle replication
(RCR) (Zhou et al. 2015), strand displacement ampli-
fication (SDA) (Chen et al. 2016; Wang et al. 2013;
Wei et al. 2016; Wang et al. 2017), and DNA en-
zymes (Zeng et al. 2015; Lu et al. 2010; He et al
2017; Ning et al. 2017), etc. But the strategy used in
these literatures requires DNA enzymes. The price of
DNA enzyme is relatively high in practical applica-
tion, and it is easily affected by pH and reaction
temperature.
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Compared with signal amplification strategies used
in above literatures, suppressing the background sig-
nal strategies can design sensor with a simpler struc-
ture and needs a shorter reaction time (Liu et al.
2015; Lv et al. 2015). The quencher, such as gold
nanoparticles (Jin et al. 2009; Yin et al. 2010), gra-
phene oxide (GO) (Liu et al. 2015; Lv et al. 2015;
Luo et al. 2018), metal-organic frameworks (Hai et al.
2018), and magnetic nanoparticles (Saberi et al. 2018),
can inhibit the background signal to increases sensor
sensitivity. But these approaches usually involve
fluorescence-labeled probe, resulting in relatively high
cost of detection. Therefore, label-free fluorescence
strategies are favored by scholars. Fluorescent dye
probes, such as these based on dyes thiazole orange
(TO) (Kang et al. 2016), PicoGreen (Dragan et al.
2010; Lv et al. 2013) and SYBR Green I (Pu et al.
2012), and Thioflavin T (Liu et al. 2017; Song et al.
2017), have proved to be effective label-free fluores-
cence methods. However, neither signal suppression
nor signal amplification was applied in most of these
label-free fluorescence methods. In this work, we in-
vestigated the use of GO and PicoGreen dye to con-
struct a biosensor for ATP based on enzyme-free and
label-free fluorescence.

Molecular computer is of substantial significance
in nanotechnology, medicine, and biotechnology.
DNA logic gates can perform Boolean operations
and are the hardware basis of DNA computers.
Till now, many DNA logic gates, such as INH +
NINH, INHIBIT, AND-NOT-AND-OR, and AND
(Lv et al. 2015; Voelcker et al. 2008; Zhang et al.
2018a; Li et al. 2011), have been established. Al-
though many molecular logic gates have been de-
veloped, there is still a need to construct logic
gates that are more simple, sensitive, and less ex-
pensive. In this work, we constructed an AND
logic gate based on label-free fluorescence using
GO and PicoGreen, which is enzyme-free, simple,
and highly sensitive.

Experimental

Reagents

The reagents and DNA sequences are shown in Ta-
bles 1 and 2, respectively. All reagents were per-
formed in buffer solution (10 mM Tris, 10 mM
MgCl,, 50 mM NaCl, pH 7.5, and deionized water).
DNA-L and DNA-S were heated for 5 min at 95 °C,
and were then stored at 4 °C in a refrigerator, re-
spectively. PicoGreen dye (200-fold dilution) and
GO (100-fold dilution) were stored in a refrigerator
at 4 °C. In all experiments, the volumes of DNA-L,
DNA-S, PicoGreen dye, GO, and buffer solution
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Table 1 Reagents

Name of reagents Corporate name

Adenosine triphosphate (ATP)
Uridine triphosphate (UTP)

Shanghai Yi Sheng Technology
Co,, Ltd. (China)

Cytidine triphosphate (CTP)
Guanosine triphosphate (GTP)
PicoGreen dsDNA dye
oligonucleotides Beijing Genomics Institute (China)

Graphene oxide (GO) sol
(GO content: Twt%)

Shanghai Aladdin Biochemical
Technology Co., Ltd. (China)

Other materials Beijing Lian Shi Yun Shang Network

Technology Co., Ltd. (China)

were 30 pL, 30 pL, 20 pL,
respectively.

Before each experiment, the reagents and buffer
were placed in a 2-mL sample tube, and the reaction
mixture was kept for at least 24 h at room
temperature.

10 uL, 1800 L,

Apparatus

Reaction times and fluorescence spectra were tested
by a fluorescence spectrometer (Shimadzu, Osaka,
Japan, Model: RF-6000). The wavelengths of emis-
sion and excitation used in fluorescence spectra
were 480 nm and 520 nm, respectively. The emis-
sion wavelength used in the scanning spectrum was
480 nm.

Recovery of ATP in urine

Urine samples were provided by volunteers and cen-
trifuged for 3 min at 13,000 r/min. Then, the super-
natant of the centrifuged sample was diluted to 10
times with pH value of 7.5. The ATP was added in
diluted samples at concentrations of 100 nM, 300
nM, and 500 nM, respectively. Each sample measure-
ment was repeated in triplicate to compute the
recovery.

Results and discussion

The principle of a logic gate hairpin aptasensor

When the emission spectrum of the donor fluores-
cence molecule overlaps with the absorption spectrum
of the receptor fluorescence molecule, and the dis-
tance between the two molecules is less than a

Table 2 DNA sequences

Name DNA sequence

DNA-L 5"-ACCTG GGGGA GTATT GCGGA GGAAG GT
AAAAA AAAAA AAAAA AAAAA AAAAA AA-3'

DNA-S S=TTTTT TTTTT TITTT TTT7T TTT7T TT-3"
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L.

(1,1,0)

/AN

(1,1,1)

DNA-L:5'-ACCTGGGGGAGTATTGCGGAGGAAGGTAAAAAAAAAA

L.

(1,0,0)

AAAAAAAAAAAAAAAAAY
DNA-S:5" TTTTTTTTTTTTTTTTTTTTTTTTTTT-3' §Fluorescence Enhancement

® ATP =* PicoGreen + Graphene oxide (GO)

Scheme 1 The principle of a logic gate hairpin aptasensor for ATP detection

“

certain distance, the fluorescence energy will transfer
from the donor to the receptor. If the fluorescence
quantum yield of the acceptor is zero, the fluores-
cence resonance energy transfer (FRET) will lead to
fluorescence extinction. In this work, PicoGreen fluor-
escence molecule was used as energy donor and GO
as energy receptor. Single-stranded DNA was
adsorbed on the surface of GO through n-n stacking,
fluorescence resonance energy transfer (FRET) oc-
curred between PicoGreen dye combined with single-
stranded DNA and GO, and fluorescence was
quenched. But double-stranded DNA with perfect
pairing did not have this property (Zhang et al.
2018a; Li et al. 2011; Zhang et al. 2018b; Zhang et al.
2018c). Scheme 1 exhibits the principle of an aptasen-
sor for ATP detection. In the presence of a single-
strand DNA (DNA-L), fluorescence was quenched
because DNA-L was adsorbed on the surface of GO,
resulting in FRET. When ATP was added, the ATP
aptamer (the red fragment in DNA-L) formed a hair-
pin with ATP, and another fragment (the blue frag-
ment in DNA-L) adsorbed on GO, resulting in
fluorescence quenching. When a single-strand
(DNA-S) was added, it paired with blue fragment in
DNA-L to form complementary hairpin double-
stranded DNA. The hairpin double-stranded had a
weak binding force with GO, and it detached from
the GO. The distance between PicoGreen embedded
in double-stranded DNA and GO increased, and
FRET could not occur between PicoGreen and GO.
The fluorescence was significantly enhanced, thus
achieving the purpose of ATP detection. If DNA-L,
ATP, and DNA-S were taken as input signals and
fluorescence as output signals, this principle con-
formed to AND logic operation law. In this

principle, the PicoGreen dye was used to construct a
label-free and enzyme-free hairpin aptasensor, and
the GO inhibited the fluorescence background signal
generated by the binding of incomplete paired hair-
pin double stranded DNA, which was beneficial to
improve the sensitivity of the sensor.

Mechanism feasibility verification

Figure 1 exhibits that the fluorescence signals (a- to
g-curve vs. b-curve) were relatively weak because of
the adsorption of single-stranded DNA on the GO
surface, leading to FRET. The h-curve fluorescence
signal was obviously enhanced. Because ATP aptamer
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Fig. 1 Fluorescence spectrum: a PicoGreen dye, GO. b PicoGreen dye,
GO, DNA-L, 100 pL of 10 mM ATP. ¢ PicoGreen dye, GO, 100 uL of 10

mM ATP. d PicoGreen dye, GO, DNA-L. e PicoGreen dye, GO, DNA-S. f
PicoGreen dye, GO, DNA-L, DNA-S. g PicoGreen dye, GO, 100 pL of 10

mM ATP, DNA-S. h PicoGreen dye, GO, 100 L 10 mM ATP, DNA-L, DNA-S
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segment in DNA-L formed a hairpin structure with
ATP, and the A-based segment in DNA-L was com-
pletely paired with DNA-S, resulting in double-
stranded hairpin DNA shedding from GO surface.
PicoGreen interacted with double-stranded DNA
(DNA-S + DNA-L) to produce more obvious fluores-
cence signals. It shows that the 3:1 logic gate is feas-
ible for use in detection of ATP.

The purpose of the following experiments was to fur-
ther verify the correctness of the principle. Figure 2A
shows that when GO was added to mixed solutions, the
fluorescence signal rapidly decreased because of the ad-
sorption of single-stranded DNA on the GO surface,
leading to FRET. This result was consistent with the
result of the a-curve (see Fig. 1). Figure 2B demon-
strates that the fluorescence signal is enhanced in
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the presence of DNA-L, DNA-S, and ATP. Because
ATP aptamer segment in DNA-L formed a hairpin
structure with ATP and the A-based segment in
DNA-L was completely paired with DNA-S to form
dsDNA (DNA-L+DNA-S), falling off the GO surface.
And then PicoGreen interacted with dsDNA (DNA-S
+ DNA-L) to produce more obvious fluorescence
signal which also demonstrates the result of h-curve
(see Fig. 1). Figure 3c shows that the fluorescence
signal does not change in the presence of DNL-L
and DNA-S. Because DNL-L and DNA-S are paired
to form double stranded DNA (DNL-L + DNA-S)
with sticky ends, which were adsorbed on the GO
surface, resulting in FRET and fluorescence quench-
ing. These results further prove that of f-curve
shown in Fig. 1. In summary, the results in Fig. 2

A B 150
~ 1100 a) (b)) GO
= i S 200
=
E 1000} <
>} N’
£ i z
2 900} Z 1r
3 k o)
E E
© 800 | -~ 100
(3] 5]
= L o
8 3]
2 700 | S 50
= K o
S e00f S
= _ £ 0fmed - (b)) DNA-S
500 8 1 A 1 A 1 8 1 A 1 . L L L L
0 500 1000 1500 2000 2500 0 200 400 600 800
Time (S) Time (S)
C 200
sy
= 150 |
<
N’
>
Bt
g 100 |
3
g
8 S0F
s (b) DNA-S
-5}
2 (a)
2 0
S
=
=
-50 N 1 1 " 1
0 50 100 150
Time (s)
Fig. 2 Reaction time: A (a) PicoGreen dye, DNA-L, DNA-S, (b) GO. B (a) PicoGreen dye, GO, 100 pL of 10 mM ATP, DNA-L, (b) DNA-S. C (a)
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are consistent with those described in Fig. 1, which
further verifies that the principle of the 3:1 logic
gate is feasible.

Construction of DNA logic

If DNA-L, DNA-S, or ATP exits, the input signal of
logic gate is 1, if not, the input signal is 0, labeled
as (DNA-L, ATP, DNA-S). Meanwhile, when the
fluorescence change, 2F, is greater than 50 a.u., the
output signal of logic gate is 1, otherwise it is 0.
The fluorescence change value is 4F = F-F,, where
F, is the a-curve peak value, and F is the other
curves (b- to h-curve) peak value (see Fig. 1). Ac-
cording to the result of Fig. 1, the logic bar chart is
drawn, as shown in Fig. 3a. Figure 3a exhibits that
DNA-L, ATP, and DNA-S coexist (1,1,1), the fluor-
escence intensity changes significantly. Using to the

Table 3 Truth table

I; = (DNA-L) I, = (ATP) I3 = (DNA-S) Out
0 0 0 0
0 0 I 0
0 I 0 0
0 1 1 0
1 0 0 0
1 0 I 0
1 I 0 0

results of Fig. 3a, the DNA circuit is constructed as
shown in Fig. 3b.

According to Fig. 3 results, the truth table is con-
structed (Table 3). Using the truth Table 3, the following
can be deduced:

Out=1I,-1, I (1)

A three input single output (3:1) AND logic gate is
drawn by formula (1), as shown in Fig. 4.

Linearity and sensitivity

All the reagents were stored at 4 °C, because the
conformation of DNA and ATP were stable at low
temperature, which effectively improved the stabil-
ity of the sensor. Figure 5a exhibits the spectral
curves of different ATP concentrations. The fluor-
escence intensity of a-curve is taken as Fj,, and the
other curve (b-, c-, d-, e-, f-, g-curve) peak is taken
as F. Figure 5b is calculated based on the result of
Fig. 5a. The detection range was from 50 nM to

I,;=(DNA-L)—
L=(ATP)—
L;=(DNA-S)—

Out

Fig. 4 Three input single output (3:1) AND logic gate
A\
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Fig. 5 a Spectral curves of the various ATP concentrations. b Linear fitting
500 nM. The fitting linear equation was y = Specificity

0.00455x + 0.13369 (R* = 0.98951) with the detec-
tion limit of 138.0 pmol/L (30/slope). The results
in Table 4 clearly exhibit that the proposed method
has lower detection limits, sufficient linearity, and
higher sensitivity compared with most other docu-
ments. The sensitivity is shown in Fig. 6 with a
range of 4.748 x 10° a.u.(mol/L)™' - 6.875 x 10°
a.u. (mol/L) L

Table 4 Comparison of methods

Linear range LOD Correlation Reference
coefficient (R?)

100-1000 nmol/L 30 nmol/L  0.9950 (Yu et al. 2013)

0-0.5 mmol/L 8 umol/L - (Lu et al. 2014)

1 nM-100 pmol/L 05 nmol/L  0.996 (Zhang et al.
2018d)

0.1 pM-5 nmol/L 0.1 pmol/L  0.9984 (Wang et al. 2018)

0.1-10 umol/L 33 nmol/L 098 (Lee et al. 2014)

10-850 nmol/L 50 nmol/L  0.9901 (Mashhadizadeh
et al. 2017)

0.5-8.0 umol/L 91.6 nmol/ 099 (Zhu et al. 2016)

L

5-230 nmol/L 24 nmol/L 09854 (Shahsavar et al.
2017)

5 nmol/L-50 1597 09914 (Gu et al. 2020)

mmol/L pmol/L

20 fmol/L-100 20 fmol/L 0997 (Yang et al. 2019)

nmol/L

50 nmol/L-5 2 nmol/L 0.996 (Ma et al. 2019)

mmol/L

50-500 nmol/L 1380 0.98951 This work

pmol/L

In order to evaluate the specificity of the sensor, the similar
molecules (CTP, UTP, and GTP) was tested by the pro-
posed method. All reagents were stored in refrigerator at 4
°C to maintain the conformation of DNA and the perform-
ance of reagents (ATP, CTP, UTP, and GTP). Figure 7 ex-
hibits that compared with the similar molecules (CTP,
UTP, and GTP), fluorescence signal increased significantly
in the presence of the target ATP. In addition, there was no
significant difference between the fluorescence signals
caused by mixture and ATP alone. These results clearly
prove that this method has enough specificity.

Detection of ATP in real sample
The purpose of recovery test is to verify the practical ap-
plication performance of the sensor. Table 5 shows that
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Fig. 7 The selectivity: ATP, UTP, CTP, and GTP were 510 nM
respectively; mixture sensing system consisted of 510 nM ATP, 510
nM UTP, 510 nM CTP, and 510 nM GTP

the 3:1 AND logic gate has good recoveries in the range
of 97.54-108.04%, indicating that the proposed method
exhibits immense potential for ATP detection in human
urine.

Conclusions

We have developed a logic gate hairpin aptasensor for
sensitivity detection of ATP. This 3:1 AND logic gate
has many advantages. First, the GO suppresses the back-
ground signal to improve sensitivity. Second, the pro-
posed assay does not require enzymes or fluorescent
labeling, thus reducing the cost of analysis. Third, this
method has sufficient specificity for the detection of
ATP, and the detection range was from 50 to 500 nmol/
L with the detection limit of 138.0 pmol/L. Finally, the
recommended method successfully detects ATP in urine.
As a result of above advantages, the proposed strategy
can also be applied to the detection of other ions and
proteins.

Table 5 ATP recovery test

Sample ATP Proposed method
(a:';")ed Found Recovery (%) Standard Relative
(nmol/L) deviation standard
(n=3) (n =3) (%)
(nmol/L)
1 100 112.98 108.04 438 4.06
108.82
10233
2 200 215.01 104.89 402 1.91
209.12
205.22
3 300 293.12 97.54 243 0.83
28943
29533
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Abbreviations

GO: Graphene oxide; FRET: Fluorescence resonance energy transfer;

DNA: Deoxyribonucleic acid; dsDNA: Double-stranded deoxyribonucleic acid;
DNA-L: Single-stranded deoxyribonucleic acid with the number L; DNA-

S: Single-stranded deoxyribonucleic acid with the number S; ATP: Adenosine
triphosphate; UTP: Uridine triphosphate; CTP: Cytidine triphosphate;

GTP: Guanosine triphosphate
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