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Sensitive and selective detection of ultralow concentration of
specific biomolecules is important in early clinical diagnoses
and biomedical application. Many types of aptasensor have
10 been developed for the detection of various biomolecules, but
usually suffer from false positive signal and high background.
In this work, we have developed an amplified fluorescence
aptasensor platform for ultrasensitive biomolecules detection
based on  enzyme-assisted target-recycling  signal
15 amplification and graphene oxide. By using split molecular
aptamer beacon and nicking enzyme, the typical problem of
false positive signal can be effectively resolved. Only in the
presence of target biomolecular, the sensor system is able to
generate the positive signal, which significantly improves the
20 selectivity of the aptasensor. Moreover, using graphene oxide
as the super-quencher can effectively reduce the high
background signal of sensing platform. We select vascular
endothelial growth factor (VEGF) and adenosine
triphosphate (ATP) as model analytes in the current proof-of-
»s concept experiments. It is shown that under optimized
conditions, our strategy exhibits high sensitivity and
selectivity for the quantification of VEGF and ATP with low
detection limit (1 pM and 4 nM, respectively). In addition,
this biosensor has been successfully utilized in the analysis of
30 real biological samples.

Intuoduction

35 Detection of biomolecules is of great significance in molecular
diagnostics, clinical diagnoses and biomedical application, since
the presence of abnormal concentrations of certain biomolecules
(such as nucleic acids, proteins and some small molecules) inside
the human body can reflect the human’s health.' At present, the

40 conventional methods, such as high performance liquid
chromatography, mass spectrometry and luciferase-mediated
bioluminescence have been widely used in the detection of
biomolecules. However, the costly apparatus and complicated
pretreatment procedures limited their use for on-site and real-time

4s analysis. Thus seeking for simple, sensitive and selective methods
for accurate detection of trace amounts of such biomolecules have
raised to a great challenge in recent years.

Over the past decades, aptamers become powerful and
extensively used tools for biomolecules analysis.> Compared with
so the conventional binding pair of antigen and antibody, aptamers
offer several advantages, such as simple synthesis, good stability,
design flexibility and wide applicability. This makes them
promising ligands for bioanalytical applications. In particular,
based on conformation change upon target binding, aptamers
ss have been popularly employed in the development of novel assay
methods for the detection of small molecules, metal ions and
proteins by using various signal-transduction approaches such as
electrochemistry, colorimetry, fluorescence, and so on.> Among
these approaches, fluorescence aptasensors are particularly
interesting due to their high stability, sensitivity, and feasibility of
quantification. An attractive kind of fluorescence aptasensors is
the molecular aptamer beacons (MABs), which holds the
advantages of both the generality of an aptamer and the good
signal transduction capability of molecular beacon (MB). During
os the past few years, traditional MABs have been used as effective
tools for a wide range of applications. While these strategies
have their distinct advantages, there remain some challenging
problems such as high background signal and low sensitivity.
Therefore, it is important to find new approaches that can resolve

70 these problems.

In order to reduce the background signal of sensor system and
therefore to improve the sensitivity of fluorescence aptasensors,
nanomaterials such as gold nanoparticles (AuNPs),” single-walled
carbon nanotubes (SWNTs)® and graphene oxide (GO)’ have

s been used as “super-quencher” to replace traditional organic
quenchers. Nevertheless, the sensitivity is strictly limited owing
to the 1:1 hybridization ratio, which means that one aptamer can
bind with only one target molecule.

To overcome this shortcoming, signal amplification with target
recycling strategy has been utilized to increase the sensitivity of
aptamer-based assays in a series of recent studies.® Toward this
end, DNA enzymes have been employed in the target recycling-
oriented amplification assays for sensitive detection of
biomolecules. For instance, DNase I and Exo IIl have been
popularly used to recycle the analyte-substrate through the
biocatalytic ‘‘digestion”” of the aptamer component of the
aptamer-substrate ~ complex.  However, recent research
demonstrates that the aptamer probe may be digested by DNase I
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or Exo III in the absence of target as well, which causes high
background noise and false positive signal at low concentration
of target.” In order to resolve these problems, nicking enzyme has
attracted considerable efforts due to their excellent capability in
mediating signal amplification in recent years. Nicking
endonucleases are a special family of restriction endonucleases,
which can recognize specific nucleotide sequences in double
strand DNA and catalyze the cleavages of only one strand of
double strand DNA at the fixed position relative to the
recognition sequence. Some novel fluorescence biosensors based
on nicking enzyme-assisted amplification strategy have been
successfully applied for the highly sensitive detection of nucleic
acids,'® metal ions,'! proteins12 and some small molecules'.
Nevertheless, most of the nicking enzyme based biosensors use
Tagman probes or molecular beacon as signaling DNA probes to
transduce optical signal, which needs to be double-labeled by a
fluorophore and a quencher at the two opposite ends, resulting in
high background signal and expensive operations. To the best of
our knowledge, such nicking enzyme-assisted signal
amplification systems have not been reported in any attempts for
their use in the single labeled molecular aptamer beacon system.

In this work, we developed a fluorescence amplification assay
strategy for the detection of biomolecules by using single labeled
molecular aptamer beacon as the recognition element, in which
GO was used as a super fluorescence quencher to reduce
background signal-noise, and nicking enzyme was used as
catalyst to realize enzyme-catalyzed target-recycling signal
amplification. Compared with traditional —homogeneous
aptasensors, our strategy offers several significant advantages.
First, the GO-based molecular aptamer beacon sensor has low
background signal as compared to the conventional dually labeled
fluorescent molecular aptamer beacon sensors due to the super
quenching ability of GO. Second, in contrast to the double-
labeled molecular beacon, the probe is only labeled with a single
dye, which reduces the cost for analyst detection. Additionally,
using nicking enzyme as an amplifying biocatalyst can improve
the versatility and sensitivity of the aptasensor assays. In
addition, the specific cleavage ability of the nicking enzyme
requires a completely matched target and, thus the selectivity of
the strategy is highly improved. From these advantages, we
expect that this strategy may be a generalized platform for
biomolecules detection.

Materials and methods
Regents and material

All oligonucleotides used in this work were synthesized and
HPLC-purified by Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China). The sequences of all oligonucleotides (Apt 0,
Apt 1, Apt 2, Apt 3 and Apt 4) were listed in Table SI.
Recombinant human VEGF 45 was purchased from PeproTech
Inc (Rocky Hill, USA). Thrombin, human serum albumin,
immunoglobulin G, lactic acid, glucose, adenosine triphosphate
(ATP), guanidine triphosphate (GTP), cytosine triphosphate (CTP)
and uridine triphosphate (UTP) were purchased from Shanghai
Sangon Biotech. Co., Ltd. (Shanghai, China). The nicking
endonuclease, Nt.CviPIl, and 10xNEBuffer 2 (500 mM NaCl,
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100 mM Tris-HCI, 100 mM MgCl,, and 10 mM dithiothreitol, pH
7.9) were purchased from New England BioLabs Ltd. (Beijing,
China). Graphene oxide was synthesized from natural graphitic
powder according to Hummer’s method, which was reported in
our previous work.'* All other reagents were analytical grade and
used without further purification. Doubly distilled water was used
throughout the work. All stock solutions were stored in the dark
at 0-4°C.

Apparatus

All fluorescence spectra were obtained using a Cary Eclipse
fluorescence  spectrophotometer (Varian, America). The
excitation wavelength was A =495 nm and the fluorescence
measurements were carried out at 37°C using a single cell peltier
accessory to control temperature.

Assay Procedures

In a typical experiment, various amounts of VEGFs;; were
incubated at 37°C in 495 uL 1xNEBuffer 2 solutions containing
20 nM Apt 1, 20 nM Apt 2 and 0.25 U/pL Nt.CviPII for 50 min.
Then 5 pL of GO (1.5 mg/mL) was added to the mixture and the
fluorescence measurement was carried out after 5 min of the GO
addition. The fluorescence intensity was measured at 520 nm. For
ATP detection, various amounts of ATP were incubated at 37°C
for 90 min in 490 puL. 1xNEBuffer 2 solutions containing 100 nM
Apt 3 and 100 nM Apt 4 and 0.5 U/uL Nt.CviPII. Then 10 pL of
GO (2.5 mg/mL) was added to the mixture and the fluorescence
measurement was carried out after 5 min of the GO addition. The
fluorescence intensity was measured at 520 nm.

Preparation of the real biological samples

For the determination of ATP in real biological samples, the fresh
liver samples of healthy rats (provided by Sanquan Medical
College, Xinxiang Medical University) were prepared. Briefly,
the rat liver tissue was quickly mixed with 3 mL of HC1O,4 (0.4 M)
in ice cooled mortar. After grinding 20 min, the mixture was
centrifuged at 10000 rpm for 10 min at 4°C and the upper
supernatant solution was collected. Then, 5 mol/L KOH was used
to adjust the pH to 7.0. Finally, the above mixture was
centrifuged at 10000 rpm for 5 min at 4°C again and the upper
supernatant solution was collected for further detection. For our
proposed nicking enzyme-assisted signal amplified fluorescence
strategy, the collected samples were diluted 100-fold with
1xNEBuffer 2 and then immediately used for ATP detection. The
detection process of ATP in real biological sample was the same
as in the buffer solution.

Results and discussion

The working principle of fluorescence amplification assay for
the detection of biomolecules was illustrated in scheme 1. The
aptamer was splitted into two subunits (Apt 1 and Apt 2). Apt 1
was designed as a molecular beacon structure, which has the
specific loop sequence (containing 20 bases) for target binding
and also contains the cleavage site for the nicking endonuclease,
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while Apt 2 was designed as a single strand oligomer (containing
20 bases), which has not been labeled with any dye molecule. In
the absence of a target, these two subunits did not hybridize with
each other to form a stable complex due to the mismatched base
pairs. The introduction of GO to the FAM-labeled Apt 1 and Apt
2 solution would result in strong binding between nucleotide
bases and aromatic structure of GO via n-stacking, bringing the
fluorophore into close proximity with the GO surface.
Consequently, the fluorescence of FAM was quenched via energy
transfer from dye to GO. However, in the presence of a target, the
target and Apt 2 could hybridize cooperatively with the loop of
Apt 1 to open the hairpin of Apt 1, thus forming the
target/aptamer complex with a duplex DNA region. In this
target/aptamer complex, there was full recognition site for
nicking endonuclease. Then the nicking endonuclease could bind
to this complex and cleave the recognition site. After nicking, the
FAM-labeled Apt 1 was cleaved into two short DNA fragments
(one contains 8 bases, the other contains 22 bases). The
introduction of GO into the sensing solution could result in weak
quenching of the fluorescence of FAM due to the weak affinity of
the short FAM-labeled oligonuleotide fragment to GO, and the
fluorescence intensity would gradually increase. In addition, the
target and Atp 2 released by the nicking endonuclease-catalyzed
cleavage of the target/aptamer complex could hybridize with
another FAM-labeled Apt 1 probe to initiate the second cycle.
Once the nicking enzyme cleavage process was triggered,
continuous enzyme cleavage of the FAM-labeled Atpl probe
would take place. Finally, each target could go through many
cycles, leading to a substantial increase of the fluorescence

s intensity and thus signal amplification. Because two splitted

aptamers lack secondary structures, this split molecular aptamer
beacon does not yield false positive or nonspecific signals
compared with traditional liner aptasensors. To obtain a positive
signal, both parts of the splitting aptamer must be in the

35 proximity of each other, which only occurs when the probe bound

to the target.'®
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40 Scheme 1 Schematic illustration of the assay for the detection of
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45 Fig. 1 (A) Native PAGE analysis of the sensing system. Lane 1,

Apt 1 alone; lane 2, Apt 2 alone; lane 3, Aptl+Apt2; lane 4,
Apt1+Apt2+Nt.CviPIl;lane 5, Aptl+Apt2+Nt.CviPII+VEGF ;5.
All samples were monitored by using non-denaturing 15%
polyacrylamide gel electrophoresis in 1x TBE at 70 V for 90 min.
The gel was recorded by Tanon GIS-1000 Gel Imaging System
after being stained by ethidium bromide. (B) Fluorescence
emission spectra of Apt 1+Apt 2 under different conditions in
IXNEBuffer 2: (a), Apt 1+Apt 2+GO; (b), Apt 1+Apt
2+Nt.CviPII+GO; (c), Apt 1+Apt 2+VEGF4+GO; (d), Apt
1+Apt 2+VEGF cs+Nt.CviPII+GO. Inset is the signal-to-
background ratio (S/B) of the Aptl+Apt2+GO system generated
by 5 nM of VEGF4s in the absence and presence of Nt.CviPII,
respectively ([Apt 1] = [Apt 2] = 20 nM, [GO] = 10 pg/mL,
[VEGF 65] =5 nM, and [Nt.CviPII] = 0.2 U/uL).

To demonstrate the feasibility of our enzyme-assisted target
recycling signal amplification strategy, vascular endothelial
growth factor (VEGF) was chosen as the model target which is a
key regulator of both physiologic and pathologic angiogenesis,
and can stimulate vascular endothelial cell growth, survival, and
proliferation.'® The signaling protein VEGF in serum samples
was identified as the potential biomarker for a number of human
diseases, such as cancer, rheumatoid arthritis, and psoriasis and
proliferating retinopathy. Therefore, a rapid and convenient
method for VEGF detection with high sensitivity and selectivity
is in great demand. It is known that VEGF has several isoforms
that contain various numbers of residues as a result of selective
splicing. As the most abundantly expressed isoform, VEGF 4s
plays a vital role in angiogenesis. Thus, we selected VEGF 5 as
the analyte in this study. According to the literature,'” the anti-
VEGF;¢s DNA aptamer, which adapts a G-quadruplex
configuration, was splitted into two oligomers (Apt 1 and Apt 2).
The designed Apt 1 has a hairpin structure with a sequence of 5°-
GCA GCT ATG TGG GGG TGG ACG T*CC AGC TGC-FAM-
3’. The underlined portion is the loop region, which is designed
as a subunit for the recognition of VEGF 45. The complementary
stem portions are at the two ends of the loop region. The
sequence in italic bold is the recognition domains of
endonucleases, and the arrow indicates the nicking position. On
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the other hand, Apt 2 was designed as another subunit for the
recognition of VEGF s which has the sequence of 5’-TGG ATA
CGG CCG GGT AGA TA-3’. The nicking endonuclease used in
this work is Nt.CviPII (New England Biolabs), which recognizes
double-stranded DNA (dsDNA) and only cleaves the single
strand DNA on the 5’ side of the recognition site (5’-(cut)CCX-
37, X = A, G, or T). Firstly, the native polyacrylamide gel
electrophoresis was performed to validate the experimental
feasibility. As shown in Fig. 1A, we can see bright bands for Apt
1 (lane 1) and Apt 2 (lane 2), respectively. In the absence of
target, no new product band was obtained regardless of the
absence or presence of Nt.CviPII (see lanes 3 and 4). However, a
new product band (cleaved Apt 1 probe) appeared in land 5,
which was only generated in the presence of the target. These
results are in agreement with those shown in scheme 1,
demonstrating the feasibility of our sensing protocol.

The target-induced fluorescence changes in the presence and
absence of Nt.CviPIl were also investigated to verify the
feasibility of the designed amplified strategy for VEGF s
detection. As shown in Fig. 1B, in the absence of VEGF s, the
fluorescence of Apt 1+Apt 2 was almost entirely quenched by
GO regardless of the presence or absence of Nt.CviPII (curves a,
and b). This indicates strong adsorption of Apt 1+Apt 2 on GO
surface and high fluorescence quenching efficiency of GO. In the
absence of VEGF 45, the Nt.CviPIl cannot interact with the
aptamer probe to induce the increase of fluorescence. Meanwhile,
upon the addition of VEGF¢s, the fluorescence signal of Apt
1+Apt 2-GO was partially recovered with a signal-to-background
ratio of 4.5 (curve c), which suggests that the VEGF 45 may bind
with Apt 1+Apt 2 to form the VEGF 4s/aptamer complex, and the
complex leaves the GO surface to induce the recovered
fluorescence. However, during the incubation of the Apt 1+Apt 2
probe with VEGF,¢;s and Nt.CviPIl, the fluorescence intensity
exhibited significant restoration with a signal-to-background ratio
of 13.6 (curve d). This is an indicative of the fact that Nt.CviPII
can catalyze the cleavage of VEGF 4s/aptamer complex formed
from VEGF 45 binding with Apt 1+Apt 2 to achieve the target-
recycling signal amplification. Additionally, we prepared double-
labeled molecular aptamer beacon (DMAB) for the detection of
VEGF 65 (see scheme S1). It can be seen from Fig. S1 that after
adding VEGFs in the solution of traditional DMAB, the
fluorescence intensity was slightly recovered with a signal-to-
background ratio of 1.05. These results clearly indicate that the
introduction of Nt.CviPII to sensor system significantly improves
sensitivity since they greatly realize the target-recycle signal
amplification.

In order to achieve the best assay performance, we optimized
the amplification sensing conditions including the concentration
of GO, the amount of Nt.CviPIl and the nicking-cleavage
reaction time. It was fond that GO concentration was one of
critical factors in the detection system. When the GO
concentration was too low, the background signal was rather high,
possibly due to the incomplete quenching of GO on the
fluorescence of FAM-labeled Apt 1 probe. However, when the
GO concentration was too high, excess amount of GO could also
quench the fluorescence of cleavage-produced short FAM-DNA
fragments. Thus, it was necessary to optimize the amount of GO
to give the highest fluorescence enhancement. As shown in Fig.

60
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2A, the fluorescence intensity ratio (F/F,, where F, and F were
the fluorescence intensity in the absence and the presence of
VEGF g5, respectively) of the sensing system increased
significantly when the concentrations of GO increased from 0 to
15 pg/mL. As the concentration of GO was higher than 15 pg/mL,
the F/F, decreased with a further increase of GO concentration,
which might be ascribed to the excessive quenching effect of GO
at a high concentration on the cleavage-produced short FAM-
DNA fragments. Therefore, 15 ng/mL GO was chosen as the
optimal concentration in the next experiments.
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Fig. 2 (A) The effect of GO concentration on the fluorescence
response of the sensing system, where Fy, and F are the
fluorescence intensity in the absence and presence of VEGF s,
respectively ([Apt 1] = [Apt 2] = 20 nM, [VEGF 5] = 5 nM,
[Nt.CviPIl]= 0.2 U/uL); (B) The effect of Nt.CviPII
concentration on the fluorescence response of the sensing system
([Apt 1] = [Apt 2] = 20 nM, [VEGF,s] = 5 nM, [GO]= 15
png/mL); (C) Time-dependent fluorescence intensity of the sensor
system with and without VEGF 45 ([Apt 1] = [Apt 2] = 20 nM,
[VEGF 5] = 5 nM, [GO]= 15 pg/mL, [Nt.CviPII]= 0.25 U/uL).
The error bar was calculated from three independent experiments.

It was also found that the amount of Nt.CviPII could influence
the sensitivity of aptasensor. Low concentration of enzyme might
result in a longer period of enzymatic catalytic reaction and no
obvious signal amplification, whereas high concentrations of
enzyme would lead to non-specific nicking recognition site
cleavage and increase of background signal. Thus, the effect of
concentration of Nt.CviPIl was further studied and the results
were shown in Fig. 2B. It was clear that the F/F, of the sensing
system increased with increasing Nt.CviPII concentration up to
0.25 U/uL. However, at the concentration higher than 0.25 U/uL,
the F/F, of the sensing system decreased rapidly. Taking into
account the response sensitivity, 0.25 U/pL of Nt.CviPIl was
used in the final solution.

The enzyme cleavage time was also an important factor for
sensing systems. In order to obtain optimal assay time, the
fluorescence intensity of Apt 1+Apt 2-GO system incubated with
nicking enzyme for different enzyme cleavage time were
measured in the presence and absence of VEGF s, respectively.
As shown in Fig. 2C, in the presence of VEGF¢s, the
fluorescence intensity increased when the reaction time was
prolonged (the red line). The rapid increase in fluorescence
intensity clearly demonstrates that the designed nicking enzyme-
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2 assisted target recycling was indeed taking place. However, in the limit was 1 pM based on 30. A control experiment without
3 absence of VEGF 4, fluorescence intensity of the solution Nt.CviPII was carried out to confirm if the efficient Nt.CviPII-
4 remained virtually unchanged under the same experimental assisted target recycling signal amplification contributes to the
5 conditions (the black line). This suggests that in the absence of 35 high sensitivity of the approach. In doing so, Apt 1+Apt 2+GO
6 s VEGF g5, Nt.CviPII cannot catalyze the cleavage of Apt 1 to system at different concentrations of VEGF 45 was performed in
7 induce the fluorescence enhancement. Taking both the the absence of Nt.CviPIL It can be seen from Fig. S2 that the
8 effectiveness and the reaction rate into consideration, we chose limit of detection was 200 pM and no signal amplification was
9 50 min as the nicking enzyme reaction time for our reactions. observed. Thus, we can conclude that it is the Nt.CviPII-assisted
10 40 target recycling signal amplification that lowers the limit of
1 detection by two orders of magnitude for the detection of
12 4OO_A VEGFg5s. In comparison with other DNA-based fluorescence
1 sensors for VEGF 4 (Table S2), Nt.CviPII- assisted target
3 g k recycling sensor shows a lower detection limit than most of the
S 300 .
14 £ 4s previously reported DNA-based fluorescence sensors for
15 8 VEGF g5 although this sensor system makes the process
16 g 200 somewhat complicated. The enhanced sensitivity might be
17 S attributed to the low background noise by GO and the signal
ig oot @ amplification by Nt.CviPII -assisted target recycling.
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32 Z 1004 I
33 [VEGF, ] pM 50 . .
34 Fig. 4 Selectivity of the sensing system for VEGF¢5 over other
35 0 common biomolecules: the concentrations of biomolecules were:
36 0 1000 2000 3000 4000 5000 5 nM of VEGF4, 10 uM of thrombin (Tb), human serum
37 [VEGF, ] (PM) albumin (HSA), immunoglobulin G (IgG), lactic acids or glucose,
33 10 Fig. 3 (A) Fluorescence emission spectra of the Aptl+Apt2-GO respe<.:t1vely. The error bar was calculated from three independent
39 system after incubation with Nt.CviPIl and different experiments.
40 concentrations of VEGF 4s: (a-k), 0, 5, 10, 20, 50, 100, 200, 500,
41 1000, 2000 and 5000 pM; (B) The relationship between the To evaluate the specificity of the fabricated biosensor for
42 fluorescence intensity and the concentration of VEGF¢s5. The VEGF 45, we exposed the system to other biomolecules such as
43 15 inset shows the linear relationship in the concentratiop rang from ¢ thrombin (Tb), human serum albumin (HSA), immunoglobulin G
1 5 to ZQO pM. The error bar was calculated from three independent (IgG), lactic acid and glucose under the same experimental
45 experiments. conditions as those for VEGF 5. As shown in Fig. 4, significant
. fluorescence signal enhancement was observed in the presence of
46 Based on the above results, 15 pg/mL of GO, 50 min of VEGF . . .
. . > 165, Whereas the fluorescence intensities remained low for
47 20 reaction time and 0.25 U/uL of Nt.CviPII were selected for the . .
48 furth G . . d b mal os the other tested analytes even though their concentrations were
urt er AL Fl“. sensing experiments.  Under  the ~optima 2000 times higher than VEGF¢s. These results demonstrated
49 conditions, we investigated the fluorescence spectra of the .. .
. . . i . good selectivity of the assay for VEGF g5, which was probably
50 sensing system incubated with different concentrations of . . Lo
) N o . resulted from the specific and high affinity binding of the aptamer
51 VEGF g5. As illustrated in Fig. 3A, a dramatic increase in the ¢ .
. ) . . . o the target and the subsequent enzyme cleavage process induced
52 » fluorescence intensity ~ was  observed  with increasing by the binding events
53 concentrations of YEGFM’S' By. feasuring the ﬂuorescejnce To examine if our signal amplification strategy can be applied
54 intensity of the solution upon addition of different concentrations to the detecti f oth lecules b . rticul t
f VEGF we obtained the working curve for VEGF 0 Te feiection of 0T o eeies DY USINg partieutar apamers,
55 ° 165> o from S to 5000 Mg Fio 3B). The i 165 we further designed Nt.CviPlIl-assisted target recycling signal
56 C(?ncentratlon rangmng .om to pM (Fig. 3B). The l.nset n amplification method for the detection of adenosine triphosphate
57 30 Fig. 3B revealed a linear response to the concentration of . "
G h £5.200 —0.9971). The d . 75 (ATP). As a major cellular energy currency, ATP plays a critical
gg VEGF 5 over the range of 5- PM (R=0.9971). The detection role in various cellular metabolic functions and biochemical
60
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pathways in cell physiology.'® It was reported that abnormal
concentration of ATP may be tightly associated with
cardiovascular, Parkinson’s and Alzheimer’s diseases.!® ATP has
also been widely used as an indicator for cell viability and cell
injury. Therefore, routine detection of ATP is of highly
importance in clinical diagnoses. According to the literature,* the
ATP aptamer could be split into two oligomers (Apt 3 and Apt 4).
The designed Apt 3 has a hairpin structure with a sequence of 5’-
CGA CGA CCT GGG GGA GTA T'CC GCG TCG-FAM -3,
while Apt 4 has a sequence of 5’-CGG AGC GGA GGA AGG T-
3’. Similarly, the assay conditions were optimized to obtain the
best performance of the sensing system. It was shown that using
50 pg/mL of GO and 0.5 U/puL of Nt.CviPII with incubation time
of 90 min for nicking-cleavage reaction could provide maximum
s S/N ratio for the sensing system (see ESI, Fig. S3-5). Fig. 5
illustrates the fluorescence spectra upon addition of different
concentrations of ATP, and the fluorescence intensity change
shows a linear relationship with the concentration of ATP over
the range of 0.01-1 uM (R = 0.9976). A detection limit of 4 nM
o for ATP was estimated based on 3c. This detection limit is about
three orders of magnitude higher than that of traditional
homogeneous aptasensors, and is comparable to or better than
that of other reported amplified aptasensors (Table S3).

w

=3

5004

Fluorescence intensity

Wavelength (nm)

T T
0 5 10 15 20

[ATP] (uM)

5
Fig. 5 (A) Typical fluorescence spectra of Apt 3+Apt 4-GO upon
the addition of Nt.CviPII and ATP at different concentrations: (a-
1), 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10 and 20 n M; (B)
Calibration curve for ATP detection: inset, magnification of the
o plot in the range from 0.01 to 1 p M; [Apt 1] = [Apt2] = 100 nM,

40

w
=

w
a

80

[GO] = 50 pg/mL, [Nt.CviPII ] = 0.5 U/uL.

To test the specificity of the assay for ATP detection, we
selected four ATP analogues (ATP, GTP, CTP and UTP) to
perform the control experiments. As shown in Fig. S6, among
these analytes, only ATP resulted in a significant increase in the
fluorescence intensity, while control molecules did not lead to
any discernible fluorescence change, indicating that our sensing
system exhibits an excellent selectivity to ATP over other
competing analytes.

Table 1 Comparisons of this amplified method with the
traditional HPLC Method for the detection of ATP in the freshly
rate liver extractions
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Sample  This method  RSD (%, HPLC RSD (%,
(L M)° n=3) M) )
1 11.23 3.2 11.40 35
2 12.13 38 12.03 3.6
3 12.20 35 12.32 3.7

* Each sample was analyzed in triplicate, and the results were
the average values

To examine the feasibility of our approach in complex
biological matrixes, the determination of ATP in three healthy
rats liver cell extractions were performed. As shown in Table 1,
the detection results of ATP in diluted cell extractions by the
amplified aptasensor were in reasonable agreement with those
obtained by HPLC method, which indicates that the sensing
approach developed in the present work can be applied for the
detection of ATP in real biological samples.

Conclusions

In summary, we have developed a general fluorescence method
based on graphene oxide, cyclic enzymatic signal amplification,
and molecular aptamer beacon probe for highly efficient
detection of biomolecules, such as VEGF,s;s and ATP. This
approach shows advantages such as high sensitivity, excellent
specificity and simplicity. Combining the low back-ground signal
and nicking enzyme-assisted signal amplification, the developed
strategy has a detection limit of 1 pM and 4 nM for VEGF 45 and
ATP, respectively, which are much lower than the previously
reported fluorescence biosensors. This sensitivity is about 3
orders of magnitude higher than that of homogeneous aptasensors
without amplification. By taking advantage of the highly binding
specific between aptamers and targets, the developed aptasensor
shows significantly high selectivity toward target (VEGF 45 or
ATP) and can distinguish the target biological small molecules
from their analogues. Moreover, the proposed method is capable
of detecting target in complicated biological samples such as cell
extractions. Therefore, by changing the corresponding aptamer, it
is expected that this simple and highly sensitive strategy would
have important applications in a wide range of areas, such as
biological, medical diagnostics and environmental monitoring.
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