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Abstract

The authors describe a fluorometric aptamer based assay for adenosine triphosphate (ATP). It is based on the use of carbon dots
(CDs) and graphene oxide (GO). The resultant CD-aptamer is adsorbed on the surface of GO via 7t-stacking and hydrophobic
interaction, and the fluorescence of CD-aptamer is quenched via fluorescence resonance energy transfer (FRET) between CDs
and GO. If ATP is present, it will bind to the aptamer and the CD-aptamer will be desorbed from GO. This will suppress FRET
and the fluorescence of the CDs is restored. Under the optimal conditions and at typical excitation/emission wavelengths of 358/
455 nm, the assay has a 80 pM detection limit and a linear range that extends from 0.10 to 5.0 nM concentrations of ATP. The
method was successfully applied to the determination of ATP in yogurt samples. This method can also be conceivably applied to
the detection of other analytes for which appropriate aptamers are available.
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Introduction

Adenosine triphosphate (ATP) is a general energy source and
also used as a mediator of extracellular signalling [1, 2]. By
monitoring the content of ATP, one can obtain information on
the development of various diseases such as ischemia, cardio-
vascular disease, hypoglycemia and some malignancies [3]. In
addition, ATP is also used as an indicator of food safety as well
as environmental analysis. Therefore, developing a rapid, eco-
nomical, highly sensitive and selective method for detection of
ATP is of great importance. Several ATP assays have been
developed, including electrochemical biosensor [4], mass spec-
trometry [5], and aptamer-based methods [6—8]. Among the
above assays, the aptamer-based methods are attractive due to
their sensitivity, selectivity and low cost.
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Fluorometry has become popular in biochemistry and medi-
cine due to the merits of high sensitivity and simplicity [9].
Among various fluorescent materials, the emerging CDs have
attracted tremendous attentions owing to their superiorities in-
cluding low toxicity, excellent photostability, low cost, and con-
venience in surface functionalization [10].

To improve the selectivity of fluorescent assay, aptamers are
introduced. Aptamers are single stranded DNA or RNA mole-
cules selected in vitro through systematic evolution of ligand by
exponential enrichment (SELEX). They exhibit high affinity to
specific targets such as small molecules, virus, protein, amino
acid and cells based on the adaptive recognition involving con-
formational alteration [11, 12]. Due to the advantages of small
size, facile modification, chemical stability, high selectivity and
low-cost, aptamers have gained increasing interest [13, 14].

Generally, a fluorometric assay based on fluorescence reso-
nance energy transfer (FRET) usually comprises of a fluorophore
and a quencher molecule. To date, many nanomaterials are
employed as efficient fluorescence quenchers, especially for
GO, which exhibits very high quenching efficiency as well as
good repeatability [15]. GO is an interesting nanomaterial with
single atom thick, two dimensional graphitic carbon system.
Also it has various oxygen-containing functional groups on the
surface such as carboxyl, hydroxyl and epoxy group [16]. The
huge conjugate structure of GO makes it as an efficient
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fluorescence quencher based on the photo-induced electron
transfer mechanism or energy transfer mechanism [17, 18].
Therefore, the fluorescent labeled single stranded oligonucleo-
tides can be adsorbed on the surface of GO through hydrophobic
and 7t stacking interactions [19], and then the fluorescence of
carbon dots can be quenched via FRET. Moreover, as a carbon
skeleton material, GO possesses low cytotoxicity, superior fluo-
rescence quenching and adsorption capacity. At present, it has
been increasingly applied in making FRET biosensors,
aptasensors, drug-delivery vehicles and imaging agents [20,
21]. To our knowledge, a fluorometric assay based on FRET
between CDs and GO for ATP detection has not been reported.

Here we describe a novel fluorometric ATP assay by using
aptamer labeled CDs and GO. The CDs possessing strong
fluorescence were synthesized through a hydrothermal meth-
od, and the aptamer was modified on the surface of CDs. CD-
aptamer complex acted as the energy donor and molecular
recognition probe. It can be adsorbed onto GO which served
as the FRET acceptor through 7t stacking and hydrophobic
interactions. Then the fluorescence of CDs was turned off.
When ATP was present, it combined with the aptamer selec-
tively and CD-aptamer was released from GO. Subsequently,
the FRET process was blocked and the fluorescence of CDs
recovered. The assay had very high sensitivity and selectivity
for detecting ATP. Finally, the platform was successfully ap-
plied to the determination of ATP in yogurt.

Materials and methods
Reagents and materials

N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride (EDC), citric acid monohydrate, N-
hydroxysuccinimide (NHS), glucose (Glu), ascorbic acid
(AA), galactose (Gal), sodium hydroxide, ferric chloride
hexahydrate (FeCl;-6H,0) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China, http://www.
sinoreagent.com/). Diethylene triamine, acetone, disodium
hydrogen phosphate, and sodium dihydrogen phosphate
were purchased from Shanghai Lingfeng Chemical
Reagent Co., Ltd. (Shanghai, China, http://lingfenghx.cn.
makepolo.com/). GO was purchased from Suzhou Tanfeng
Graphene Tech Co., Ltd. (Suzhou, China, http://
graphenechina.cnpowder.com.cn/). ATP, uridine
triphosphate (UTP), guanosine triphosphate (GTP), and
cytidine triphosphate (CTP) were purchased from Aladdin
Chemistry Co., Ltd. (Shanghai, China, http://www.aladdin-
e.com/). The purified water used in the study was prepared
by Direct-Q water purification system (Millipore, USA,
http://millipore.bioon.com.cn/). Phosphate buffered saline
containing 0.9% NaCl was prepared by the mixing stock
solution of Na,HPO,4-12H,0 and NaH,PO4:2H,0. All
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reagents were of analytical grade and without any further
purification. ATP aptamer was purchased from Shanghai
Sangon Biological Engineering Technology & Services
Co., Ltd. (Shanghai, China, http://www.sangon.com/) and
its base sequence is given as follows: 5'-NH,-(CH,)-ACC
TGG GGG AGT ATT GCG GAG GAA GGT-3".

Apparatus

Fourier-transform infrared spectra were recorded on a TENSOR
27 spectrometer (Bruker, Germany, https://www.bruker.com/)
with a resolution of 2 cm ' and a spectral range of 4000—
400 cm ' using pelletizing a homogenized powder of the
synthesized nanoparticles and KBr. The fluorescence spectra
were measured with an F-4600 fluorescence spectrophotometer
(Hitachi, Japan, http://www.hitachi.com/). UV-vis absorption
spectra were acquired on a UV2450 spectrometer (Shimadzu,
Japan, https://www.shimadzu.com.cn/). The transmission
electron microscopic (TEM) and high-resolution transmission
electron microscopic (HRTEM) images were recorded with a
JEOL JEM-2100 (HR) transmission electron microscopy
(Tokyo, Japan, https://www.jeol.co.jp/en/products/detail/JEM-
2100F.html). Raman signals were collected by Thermo Fisher
DXR Raman Microscope (Madison, USA, http://www.
thermofisher.com/). The combination between aptamer and
CDs was confirmed by agarose gel electrophoresis (Shanghai
Tanon HE-120, http://www.biotanon.com/) in 6.0% agarose gel
with 0.5 x TBE buffer at 100 V for 1 h.

Preparation of CDs

CDs were synthesized according to a reported method [22]. In
summary, 1.2 g of citric acid monohydrate and 600 uL of
diethylene triamine were dissolved in 20 mL of ultrapure wa-
ter. Then the mixture was transferred to a Teflon equipped
stainless steel autoclave (30 mL) and followed by hydrother-
mal treatment at 200 °C for 4 h. When cooled down to room
temperature, the products were concentrated by rotary evapo-
ration, followed by purification with acetone for three times.
The final products were dispersed in ultrapure water as stock
solution (8 pg mL™") after vacuum drying overnight.

Synthesis of CD-aptamer conjugates

Amino-modified ATP aptamers were dissolved in PBS
(pH 7.4). Immobilization was carried out by the well-
established carbodiimide chemistry [23]. Specifically,
500 uL of 0.1 M EDC/NHS in 10 mM PBS was added to
250 pL of CDs solution and the mixture was sonicated for
30 min. Then the pH value of the solution was adjusted to 7.5
by 0.1 M NaOH. After that, 250 pL of 60 uM ATP aptamer in
10 mM PBS was added to the mixture, and further incubated
for 12 h at 25 °C. The final products were stored at 4 °C.
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Determination of ATP

The determination of ATP was conducted as follows: 50 uL of
GO solution (0.1 mg mL ") was added to 100 pL of CD-aptamer
solution, and then the mixture was incubated at 25 °C for 20 min.
Afterwards, 50 uL of different concentrations of ATP standard
solutions were added into the mixture and incubated at 25 °C for
40 min with the help of a reciprocating oscillator. The signal
output values were calculated according to the relative fluores-
cence intensity [(F-F)/Fo], in which F and F, represent the fluo-
rescence of the system in the presence and absence of ATP
(Aexe =358 nm and A, =455 nm), respectively.

Preparation of yogurt samples

The fresh yogurt samples which contained lactobacillus
bulgaricus, streptococcus thermophilus, lactobacillus aci-
dophilus, bifidobacterium lactis, lactobacillus casei were pur-
chased from a local supermarket and the storage temperature
was 2 —6 °C. Sample 1 was stored in the refrigerator at 4 °C
while sample 2 was kept at room temperature overnight. The
samples were prepared according to a reported method with a
little modification [24]. First, 100 puL of yogurt was diluted to
1 mL, and the mixture was centrifuged at 12000 rpm for
10 min. Then the supernatant was removed and 1 mL of boil-
ing saline buffer was added in the sediment. After that, the
solution was kept 100 °C for 10 min, and then the solution was
sonicated while it was hot. After 10 min, the solution was
centrifuged at 12000 rpm for 10 min and the supernatant
was diluted 100-fold using buffer). Finally, the diluted yogurt
samples spiked with different concentrations of ATP were
detected as described in Determination of ATP.

Scheme 1 Schematic illustration
of the assay based on the FRET
between CDs and GO for ATP
detection

CDs

O + AN EDC/NHS

Results and discussion
The principle of ATP assay

As demonstrated in Scheme 1, the aptamer of ATP is modified
on the surface of CDs according to the carbodiimide chemistry.
When GO is introduced into the system, CD-aptamer can be
adsorbed on the surface of GO through 7t stacking and hydro-
phobic interactions. As a result, it brings the CD-aptamer in
close proximity to GO (<10 nm) [19]. According to the exper-
imental results shown in Fig. 1 (A), GO has a broad absorption
from 200 to 800 nm. The fluorescence emission spectrum of
CD-aptamer overlaps with the absorption spectrum of GO. CD-
aptamer can act as the energy donor and molecular recognition
probe, and GO can serve as energy acceptor. So, FRET between
CD-aptamer and GO happens when they get close to each
other, and the fluorescence of CD-aptamer is quenched. In the
presence of ATP, it can bind with the aptamer with high affinity
and specificity. Then the globular chain structures are formed
on the surface of CDs, and CD-aptamer is released from GO.
Consequently, the fluorescence of CD-aptamer recovers, which
can be seen in Fig. 1 (B).

To further investigate the mechanism of fluorescence
quenching, we measured the Stern-Volmer quenching con-
stants based on CD-aptamer versus concentration of GO at
three different temperatures (288, 298, and 310 K). The
Stern-Volmer equation is described as Fo/F =1+ K, C (C is
the concentration of quencher, K, is the Stern-Volmer
quenching constants, Fy and F are the fluorescence intensity
of the fluorophore without quencher and with different con-
centrations of quencher, respectively). It is reported that K,
will decrease with rising temperature in static quenching and
the reverse in dynamic quenching [25]. According to Fig. S1,

*
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K,y is inversely proportional to the temperature. It reveals that
the CD-aptamer/GO system is a static quenching process.

Characterization of CDs

To verify the morphology and structure of CDs, TEM, UV-
vis absorption spectra, fluorescence spectra, FT-IR spectra
and Raman spectra were performed. In Fig. 2A, the typical
TEM image shows that the CDs are spherical, well-
dispersed and exhibit a narrow size distribution of 1.5—
3.0 nm. The inset in Fig. 2A shows that the lattice spacing
of the CDs is 0.22 nm, which is similar than that of other
previous reported CDs [26].

As shown in Fig. 2B, CDs have two absorption peaks at
240 nm and 358 nm. The peak at 240 nm is originated from
the 7t—7t* transition of the aromatic ring structure and the peak
at 358 nm is attributed to the n-7t* transition of the -C=0
group [27]. The maximum excitation and the maximum emis-
sion wavelength of the CDs are recorded to be 358 nm and
446 nm, respectively. The aqueous solution of CDs exhibits

Fig. 2 Characterizations of CDs: a
a TEM images; Inset: High-
resolution TEM image. b UV-vis
absorption spectrum (a),
fluorescence excitation (b), and
emission spectrum (c); Inset
shows the photographs of
prepared CDs in PBS under
visible light (left) and 365 nm UV
lamp light (right). ¢ FT-IR
spectrum. d Fluorescence c
emission spectrum of CDs excited

Wavelength (nm)

colorless under visible light while emits blue luminescence
under 365 nm UV illumination (inset of Fig. 2B).

The FT-IR spectrum of CDs is displayed in Fig. 2C. The
absorption peak at 3413 cm ' is attributed to -OH and the
characteristic peak centered at 1654 cm ' corresponds to the
stretching vibration of -C=0. The obvious peaks at 3246 cm
and 1550 cm ™" are attributed to the stretching vibration and
bending vibration of -NH, respectively. In addition, the peak
at 2897 cm ' is assigned to the stretching vibration of C-H.
The results indicate that there are plenty of carboxy and amino
groups on the surface of the CDs.

Figure 2D depicts the optical stability of CDs. CDs are excited
at the maximum excitation wavelength for 2 h. The fluorescence
intensity of the CDs has no obvious change. It indicates that CDs
possess good resistance to photobleaching,

The Raman spectra (Fig. S2) show that the CDs have the
characteristic peaks at 1454 and 1736 cm ™', which are similar
with GO. The peak at 1454 cm ' (D band) is due to the pres-
ence of carbon atoms of disordered graphite, and the
peak at 1736 cm ! (G band) is attributed to the C-C bond
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Fig. 3 a Agarose gel
electrophoresis of aptamer
modified CDs. Lane 1: CD-
aptamer, Lane 2: aptamer, Lane 3:
the mixture of aptamer and CDs.
B Fluorescence spectra of CDs (a)
and CD-aptamer (b)

stretching vibrations [28]. The results confirm that the CDs are
carbon based materials as same as GO.

Characterization of GO

TEM image and Raman spectrum of GO are shown in Fig. S3
and Fig. S2, respectively. The TEM image emphasizes the
flake-like shape of the material. The Raman spectrum of GO
displays a D-band at 1278 cm ™' and a G-band at 1617 cm ', in
agreement with the literature [29]. The D-band at 1278 cm ™ i
ascribe to the vibrations of disordered/oxidized carbons at edges
and the defect sidewalls, and the G-band at 1617 cm ™" assigns
to the vibrations of graphitic carbons [30].

Characterization of CD-aptamer

To demonstrate the successful modification of ATP aptamer
on the surface of the CDs, the agarose gel electrophoresis and
fluorescence spectrum were performed. Figure 3A shows that
CD-aptamer moves slower than the plain aptamer and the
mixture of CDs and aptamer, which is owing to the increase
of mass-to-charge ratio of CD-aptamer than the plain aptamer
[31]. As shown in Fig. 3B, the emission peak of CD-aptamer
exhibits a red shift from 446 nm to 455 nm compared with the
peak of CDs (Ao =358 nm). This is mainly due to the
covalent binding of aptamer to the CDs surface, which
changes the surface charge of CDs [32] and the size of CDs

Fig.4 aResponses of the assay to a
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[33]. Both agarose gel electrophoresis and fluorescence spec-
trum prove that the aptamer is successfully modified on the
surface of the CDs.

Optimization of experimental conditions

The following parameters are optimized: (A) pH value of the
system, (B) the concentrations of aptamer and GO, (C) incu-
bation time, (D) incubation temperature.

Respective experimental data and figures are given in Fig. S4.
The following experimental conditions were found to give best
results: (A) pH 7.4; (B) the concentration of aptamer: 15 uM, and
the concentration of GO: 0.1 mg mL"; (C) incubation time of
the CD-aptamer/GO reacting with ATP: 40 min, (D) incubation
temperature for the CD-aptamer/GO reacting with ATP and the
conjunction between CDs and aptamer: 25 °C.

Selectivity and interference

To validate the selectivity of the assay for the determination of
ATP, three ATP analogues including UTP, CTP, and GTP were
evaluated. As shown in Fig. 4A, there is a significant increase
of fluorescence signal for single ATP at a concentration of
3 nM and the mixture of ATP (3 nM), UTP (1 uM), CTP
(1 uM) and GTP (1 uM) respectively, while the fluorescence
signals for 1 uM of UTP, CTP and GTP, respectively, are
neglectable. This result indicates that the assay possesses high

b

ATP (3 nM), other analogues
(1 uM) and the mixture of ATP, 0.3
UTP, CTP and GTP. b
Fluorescence intensity change of 0.24
the assay to ATP (3 nM) in the
absence and presence of other
potential interferents: AA (1 uM),
Glu (1 uM), Gal (1 uM), Mg**
0.2 pM), Cu** (0.1 uM), Fe**

+ 2+ 0.04
(0.1 uM), K™ (1 uM), Zn
(1 uM), Na* (1 uM), Ca**
(1 uM), Pb>* (1 uM)

ATP UTP CTP

0.3 I 5= T

(F-F)IF,
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selectivity due to the high affinity of ATP with its aptamer. At
the same time, various ions and molecules as interferences,
including AA, Glu, Gal, Mg**, Cu**, Fe’*, K*, Zn**, Na*,
Ca”*, Pb** were evaluated (Fig. 4B). The result shows that
the fluorescence intensity has no obvious change when ATP is
mixed with other interferents compared with ATP alone.

Method validation

Under optimized conditions, the fluorescence intensity at
excitation/emission wavelengths of 358/455 nm of the system
increases linearly with the increase of ATP in the range of
0.10 nM to 5.0 nM, as shown in Fig. 5. The linear equation
can be expressed as (F-F()/Fo=0.0661c +0.0903 (where F
and F, are the fluorescence intensity of ATP detection system
in the presence and absence of ATP, respectively, ¢ represents
the concentration of ATP, nM) with the correlation coefficient
of R?=0.9945, and the limit of detection (LOD) for ATP was
80 pM based on 30/K (o is the standard deviation of blank
measurements (n=10), and K is the slope of calibration
graph). Table S1 lists the limit of detection and dynamic range
obtained by this work and reported methods. As can be seen
from Table S1, compared with other methods reported previ-
ously, the LOD of our method is lower or comparable than
those of other methods reported and it obtains good sensitiv-
ity. As shown in Table 1, the intra-day and the inter-day rela-
tive standard deviations (RSDs) of this method are all less than
10%. The result suggests that the method possesses good
reproducibility.

Analytical application in real sample

To evaluate the feasibility of the method, the assay was ap-
plied to the determination of ATP in yogurt samples by using
the standard addition method. The analytical results are sum-
marized in Table 2. It can be seen that the recoveries of ATP
added in the real samples are in the range of 90.0-110% with
RSDs less than 10%. The results indicate that the precision
and accuracy of the method meet the needs of biological sam-
ple analysis. Furthermore, we found that the concentration of
ATP in sample 2 stored at 25 °C was higher than that stored at
4 °C, which coincided with the fact that 0—4 °C inhibits the
activities of some microorganisms, while the high temperature
promotes the growth of various kinds of bacteria, which lead
to the increase of ATP [34, 35].

Conclusion

In summary, a novel fluorescence assay based on fluorescence
resonance energy transfer is successfully established for sen-
sitive and selective determination of ATP. The fluorescence of
CD-aptamer is quenched by GO via FRET and is further re-
covered owing to the strong affinity between ATP and the
aptamer in the presence of ATP. In addition, the assay exhibits
several advantages compared to previous methods: (1) All
materials used in the assay are cheap, available and eco-friend-
ly. (2) The assay shows good sensitivity and selectivity
compared with other ATP assays using FRET or other

Table 1 The intra-day and inter-

day precisions of the Concentration of ATP (nM) intra-day (nM) RSD (%) inter-day (nM) RSD (%)
determination of ATP (n=3)
0.20 0.22 4.4 0.22 7.1
0.23 0.20
0.24 0.23
1.00 1.06 24 1.06 8.5
1.01 0.97
1.04 1.15
4.00 3.93 2.1 3.93 3.0
3.80 3.88
3.95 3.71
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Table 2  Determination of ATP in yogurt samples (n=3)

Sample  Spiked (nM)  Found (nM)  Recovery (%)  RSD (%)
1 0 0.55 - 79
0.80 1.40 106.5 2.9
1.60 2.15 99.7 42
2.40 2.97 100.9 33
2 0 0.97 - 6.5
0.80 1.74 96.3 2.3
1.60 2.58 100.6 8.3
2.40 3.25 95.0 2.7

techniques. Furthermore, the platform is successfully applied
to the determination of ATP in yogurt samples. Considering
this, the system holds great potential for monitoring the food
safety as well as environmental pollution.
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