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Abstract

An ultrasensitive and highly selective method is described for the determination of adenosine triphosphate (ATP) via surface-
enhanced Raman scattering (SERS). Two split aptamers are used for specific recognition of ATP. They were attached to two
SERS substrates. The first was placed on a nanolayer of gold nanoparticle-decorated graphene oxide (GO/Au3), and the other on
gold nanoparticles (Au2). When ATP is introduced, it will interact with the split aptamers on the gold nanostructures to form a
sandwich structure that brings the GO/Au3 nanolayer and the Au2 nanoparticle in close proximity. Consequently, the SERS
signal, best measured at 1072 cm ™, is strongly enhanced. The sandwich structure also displays good water solubility and
stability. Under optimized conditions, the SERS signal increases in the 10 pM - 10 nM ATP concentration range, and the limit
of detection (LOD) is 0.85 pM. The method was applied to the determination of ATP in spiked human serum, and the LODs in
serum and buffer are comparable. In our perception, the method has a wide scope in that numerous other aptamers may be used.

This may result in a variety of other highly sensitive aptasensors for use in in-vitro diagnostics.
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Introduction

ATP regulates many biological pathways, and it is respon-
sible for intracellular energy transfer that in turn controls
several cellular functions. A decreased level of ATP can
lead to several symptoms such as ischemia, Parkinson’s
disease, hypoglycemia and some types of malignant tu-
mors [1-3]. Therefore, the development of ATP biosen-
sors with high sensitivity is critical to human health.
Aptamers are artificial single-stranded DNA or RNA
screened by systematic evolution of ligands via exponential
enrichment, which can greatly improve the sensitivity of bio-
sensor [4]. It possesses exceptional binding affinity and spec-
ificity to their antigen target. In addition, unique properties
such as higher purity, flexible modification and lower cost of
production support their suitability for biomolecules determi-
nation. Since it was discovered in the 1990s, many biosensors
rely on aptamers to achieve ultra-high sensitivity have been
developed [5]. Nowadays, the highly sensitive aptamer bio-
sensor technologies has been applied in numerous applica-
tions, including the detection of DNA/RNA or antigen/
antibody for the measurement of clinical parameters, patho-
gens, and tumor cells [6-9]. Interestingly, when a single ATP
aptamer splits into two fragments, it will equilibrate between
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its two dissociated parts and a folded, associated complex
[10]. If the target binds the complex with high affinity, the
presence of the target will drive the equilibrium toward the
formation of this complex. Therefore, by using two split
aptamers instead of a single aptamer to specifically identify
the target, the targeting accuracy can be greatly improved.
Based on these facts, we utilized this mechanism to create a
sandwich assay by splitting the ATP aptamer into two frag-
ments for the construction of ATP biosensor with high sensi-
tivity and selectivity.

Surface-enhanced Raman scattering (SERS) performs
powerful ability to enhance Raman signals, which can be up
to 10°~10'* orders of magnitude [11—14]. In addition, it has
promising sensitivity and spatial resolution. Based on these
characteristics, SERS can be widely used as a powerful tech-
nique in biosensing and imaging applications [15, 16].
Because of its narrow-band Raman spectral signature and
wide excitation wavelength, it performs the multiplexing de-
tection capability with laser excitation. Such technology also
possesses the ability of single-molecule detection due to its
unique molecular fingerprinting information [17, 18]. These
large enhancements are predominant attributed to the concen-
tration of electromagnetic (EM) optical fields at “hot spots™.
Such feature is considered to be Plasmon-based effect and is
very important to achieve the high sensitivity of SERS detec-
tion. Most often, the “hot spots™ consist of nanoscale junc-
tions and interstices in metal nanomaterials such as nanopar-
ticle dimers and aggregates [19]. Thus, there are still many
challenges to realize ultrasensitive chemical/biological assay
technique based on a reliable SERS platform.

Therefore, we will strive to synthesis suitable
nanomaterials to construct a SERS-based reaction platform
with high response. Some investigations have revealed that
graphene-based nanosheets loaded with various nanoparticles
can improve SERS efficiency compared to the use of plas-
monic nanostructures alone [20, 21]. As one of the most im-
portant graphene derivatives, graphene oxide (GO) has been
widely used as a carrier for the preparation of nanocomposites
due to its distinct physical and chemical properties [22]. Metal
nanoparticles, such as colloidal gold nanocrystals, are a class
of plasmonic materials that have been widely used in surface-
enhanced spectroscopy, optical imaging and biosensing [23,
24]. The key characteristic of metal nanostructures is that the
collective and surface plasmon excitation of free electrons can
enhance the EM near its surface by many orders of magnitude
[25]. Several works have shown that nanoscale junctions or
nanogaps between two or more metal nanoparticles are asso-
ciated with plasmonic “hot spots” and then enhance the SERS
signal [26]. Based on the above facts, for the first time, we
developed a self-assembly sandwich nanostructure as unique
SERS assay platform for the sensitive detection of ATP. The
assay platform is consist of the complex of grapheme oxide/
AuNP (GO/AuNP) and gold nanoparticle monomer (AuNP).
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The first one was attached to one of the split aptamers (apt1),
and the second one was modified with another split aptamer
(apt2) via the Au-S bond. The ATP-induced association of the
two fragments with the complex formed between GO/AuNPs
and gold nanoparticle monomers mainly controls the plas-
monic coupling and the EM field. This results in the highly
sensitive and selective ATP assay described here.

Materials and methods
Materials

Graphite and hydrogen tetrachloroauric acid (HAuCly-3H,0)
were purchased from Sigma-Aldrich and used without further
purification. Graphene oxide was synthesized from graphite
powder by a modified Hummers method [27]. DNAs were
purchased from Sangon Biotechnology Co., Ltd. (www.
sangon.com). Alpha fetoprotein (AFP) antigen and antibody,
ATP, cytidine triphosphate (CTP), uridine triphosphate (UTP),
adenosine diphosphate (ADP), adenosine monophosphate
(AMP) and guanosine triphosphate (GTP) were purchased from
Sigma-Aldrich (sigmaaldrich.biogo.net). Other chemicals were
of reagent grade and were used without further purification. The
oligonucleotides were dissolved in water as stock solution and
quantified by UV — Vis absorption spectroscopy with the
following extinction coefficients (6260 nm, M ' cm™'): A=
15,400, G=11,500, C=7400, T=8700. The sequences of
the designed aptamers are as follows:

SH-aptamerl: 5'- SH-ATACC TGGGG GAGT A
TATAA T-3°

SH-aptamer2: 5°-SH- ATTAT AGCGG AGGAA
GGTAT-3’

Characterization

The TEM images were recorded on JEM-2010 transmission
electron microscope under a working voltage of 200 kV.
Raman spectroscopy was conducted using a Labram HR
Evolution Raman spectrometer (Horiba Scientific) (objec-
tive: 50%, NA =0.50, grating: 1800, measurement mode:
confocal.). The laser operating at A =785 nm was used as
the excitation source with a laser power of about 9.6 mW.
The integration time was set as 10 s. UV — Vis absorbance
measurements were performed on a Cary Series Scan UV/
Vis/NIR Spectrophotometer (Agilent Technologies). A
Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies) was used to collect the fluorescence emission
spectra of fluorophore modified aptamers in Tris-HCI buffer
(20 mM Tris-HCI, 200 mM KCI1, 10 mM MgCl,, pH 8.0)
under room temperature.
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Preparation of gold nanoparticles (AuNPs)
and GO/AuNP

The AuNPs with different diameters were prepared as previ-
ously reported [28]. All glass wares applied in this experiment
were completely cleaned in aquaregia (HCI:HNO; =3:1),
rinsed in doubly distilled water, and dried prior to use. In a
100 mL conical flask, 50 mL of 1 mM HAuCly, in ultrapure
water was heated to boil with vigorous stirring, followed by
rapid addition of different amounts of sodium citrate to control
the size of AuNP. The solution turned deep blue in a short
moment, and the final color changed to wine-red after 60s.
The boiling state lasted for an additional 15 min, then the
heating source was removed, and the colloid solution was
stirred for another 30 min. The resulting AuNP solution was
stored in dark bottles at 4 °C.

To prepare the self-assembled GO/AuNP nanocomposites,
HAuCly (500 pL, 1%) was added into the aqueous solution of
24.5 mL, followed by the addition of GO (625 pL, 1 mg:
mL ™). The solution was kept in a room temperature environ-
ment for 30 min and then heated to 80 °C. Then the various
amounts of sodium citrate was added into it dropwise and
cultivated for 60 min. The GO/AuNP nanocomposite was
successfully synthesized after centrifuged (5000 rpm,
15 min) several times to remove the redundant AuNP.

Optimization of method

The following parameters were optimized: (a) pH value; (b)
Mg** concentration; (c) temperature; (d) size of AuNPs; (e)
aptl concentration. Respective data and Figures are given in
the Electronic Supporting Material. The following experimen-
tal conditions were found to give best results: (a) Best pH
value: 7; (b) Mg2+ concentration: about 1 mM; (c) Optimal
temperature: 37 °C; (d) size of AuNPs: 25 nm; (e) aptl con-
centration: 50 nM for GO/Aul, GO/Au2 and GO/Au4, and
80 nM for GO/Au3.

Assay procedure for SERS detection of ATP

The optimized concentrations of aptl (80 nM) and apt2
(100 nM) were added to GO/Au3 nanolayer and Au2.
Then, the solutions were centrifuged at 8000 rpm for
10 min to remove excess aptl and apt2 and re-dispersed
into H,O. Different concentrations of ATP were added
into the mixture of GO/AuNP/aptl nanolayer and AuNP/
apt2 and incubated for 40 min. The resultant samples
were then used for SERS measurements. SERS measure-
ments were performed using Labram HR Evolution
Raman spectrometer with 9.6 mV laser power and the
acquisition time was 10 s for all SERS spectra. Each sam-
ple measurement was performed at least for three times.

Results and discussion
Mechanism of the assay

The fabrication processes of the SERS biosensor are shown in
Scheme 1 based on the platform of the complex of GO/AuNP
nanolayer and AuNP monomer. Initially, different kinds of the
complex of GO/AuNP (GO/Aul, GO/Au2, GO/Au3 and GO/
Au4) nanolayer and AuNP monomer (Aul, Au2, Au3 and
Au4) were synthesized separately. Then, the hydrosulphonyl
modified aptamer] (aptl) was stable anchored on the surface
of GO/AuNP nanolayer based on the Au-S bond, followed by
the addition of p-aminothiophenol (PATP), which was chosen
as the probe molecule to investigate the SERS activities.
Furthermore, the AuNP monomer was coated with
hydrosulphonyl modified aptamer2 (AuNP/apt2) via Au-S
bond. The aptamers (aptl and apt2) are anchored on the sur-
face of GO/Au3 nanolayer and Au2, respectively. They form
the two split fragments of the single ATP aptamer. An equi-
librium is formed between the two dissociated parts and the
associated complex [10]. Therefore, before the addition of
ATP to the sandwich reaction platform, different parts of the
platform existed randomly without connection. When ATP
was added to the platform, it can bind to both aptl (anchored
on the surface of GO/AuNP nanolayer) and apt2 (connected
with AuNP monomer). The distance between two kinds of
AuNP from the complex of GO/AuNP and AuNP monomer
became closer as a result. Thus, the forming nanoparticle di-
mers with nanoscale gaps can induce SERS signal, which is
the result of “hot spot” formation [18]. By capturing the SERS
signals under different conditions, the biosensing of ATP with
high sensitivity was achieved.

Characterization of the sandwich nanostructure

To form the sandwich GO/AuNP/aptl + ATP + AuNP/apt2
structure for the successful detection of ATP in human serum,
the pH value, Mg”* concentrations and reaction temperature
were optimized firstly as shown in Fig. S1. The HR-TEM
morphologies of AuNP and GO/AuNP are shown in Fig. 1a,
b. When they were mixed together after connecting with aptl
and apt2, the AuNP dimers appeared on the surface of GO
after the addition of ATP, as shown in the circled portions in
Fig. Ic. Such conjugation of GO/AuNP/apt1 with AuNP/apt2
by ATP was further confirmed by UV-Vis spectroscopy as
shown in Fig. 1d. The black and red curves of the absorption
peaks represented the AuNP/apt2 and GO/AuNP/aptl, respec-
tively. The locations of the two absorption peaks remained the
same due to the optical absorption peak of GO in NIR region
can not be observed even though it displayed a broad UV-Vis
absorption [29]. When they conjugated with each other after
the addition of ATP, the absorption peak of GO/AuNP/aptl +
ATP + AuNP/apt2 showed a certain shift (blue curve) in Fig.
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Fig. 1 HR-TEM images of (a) AuNPs monomer, (b) GO/AuNP
nanolayer and (c¢) the sandwich GO/AuNP/aptl + ATP + AuNP/apt2,
which were highlighted in the dotted line. d The UV-Vis spectra of

AuNP, GO/AuNP and the sandwich GO/AuNP/aptl + ATP + AuNP/
apt2. e Comparison of SERS spectra of the samples on the ITO before
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1d. In addition, the obvious SERS signal was also displayed
after the formation of the sandwich structures shown in Fig.
le. The two parts of the platform of GO/AuNP/aptl and
AuNP/apt2 showed weak SERS signals before and after
the addition of ATP compared to the situation of GO/
AuNP/aptl + ATP + AuNP/apt2. In Fig. le, by compari-
son with the SERS probe of PATP inset, which had a
weaker SERS signal after adding AuNP monomer.
According to the facts above, the detection of ATP based
on SERS have been successfully achieved with the appli-
cation of sandwich nanocomposites.

In order to detail and accurately demonstrate the important
role of each component in enhancing the SERS signal in this
work, first of all, we demonstrated the key role of the AuNP
monomer that conjugated with apt2. If the role of AuNP
monomer was removed from the sandwich structure of GO/
AuNP/aptl + ATP + AuNP/apt2 as shown in Fig. 2a, almost
no SERS signal was observed after the addition of ATP to the
mixture of GO/AuNP/aptl and apt2. Without AuNP mono-
mer, the critical “hot spot” can not be formed to enhance the
SERS. Therefore, this phenomenon has fully proved the
AuNP monomer in the structure of AuNP/apt2 played a sig-
nificant role on enhanced SERS signal. Secondly, when the
GO was removed from the sandwich structure of GO/AuNP/
aptl + ATP + AuNP/apt2, only a small change was observed
before and after adding ATP to the mixture of AuNP/aptl and
AuNP/apt2 as shown in Fig. 2b. Such phenomenon attributed
to the GO, as a support of nanomaterial, can not only load as
many AuNP as possible, but also provided more opportunities
of “hot spots”, showing the indispensable role of GO in the
sandwich structure. Finally, it is necessary to demonstrate the
necessity of the AuNP in the GO/AuNP/apt] nanolayer. From

the change of SERS signals, after the addition of ATP to the
mixture of GO/apt] and AuNP/apt2, it showed little difference
compare to the SERS signal without ATP in Fig. 2¢c. Thus,
these results have fully demonstrated the crucial role of each
component in the sandwich GO/AuNP/aptl + ATP + AuNP/
apt2 for realizing ATP detecting with high sensitivity.

In order to choose an optimal size of AuNP, which can lead
to a higher SERS signal, different sizes of AuNP were syn-
thesized as shown in Fig. 3a. Before optimizing the size of the
AuNP that belongs to AuNP/apt2, we first optimized the con-
centrations of AuNP that grown on the surface of GO
nanolayer as shown in Fig. S2 and Fig. S4. After comparison,
the GO/Au3/aptl that obtained AuNP-3 (Au3) was proved to
be the best performer for SERS detection of ATP as shown in
Fig. S5 and Fig. S6. In the next stage, the different size of
AuNP that belongs to AuNP/apt2 was synthesized by varying
the concentration of chloroauric acid and the morphologies
were determined by TEM shown in Fig. 3a. The diameters
of the AuNP were around 50, 25, 15 and 10 nm, respectively.
The size distributions of the Aul-Au4 are shown in Fig. S4.
Figure 3b showed the UV-Vis spectra of the corresponding
different AuNP solutions with maximum peak locations at
541, 531, 526 and 520 nm, respectively. Then, the concentra-
tion of apt2 that anchored on the surface of AuNP should be
certain. The 6-carboxyfluorescein (FAM, emission max at
521 nm) and hydrosulphonyl modified apt2 was used to con-
nect with AuNP by Au-S bonds. The FAM-labeled apt2 was
used when placed on the surface of AuNPs, its fluorescence is
quenched because of surface energy transfer between the
FAM and the AuNPs [30]. Based on the fluorescence intensity
of FAM, as shown in Fig. 3c, the optimized concentrations of
apt2 were confirmed to be 50 nM for Aul, Au3 and Au4, and

Fig. 2 Comparison of SERS
signal of different substances
before and after the addition of
ATP. The comparison of peak
intensities at 1072 cm™'. The
concentration of ATP used in the
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Fig. 3 a The TEM of Aul-Au4 with different diameters were around 50,
25, 15 and 10 nm, respectively. b The corresponding absorption spectrum
of Aul-Au4. ¢ The comparison of FAM fluorescence intensities on the
surface of Aul-Au4. When the FAM-labeled apt2 was anchored on the

100 nM for Au2, showing the Au2 with the greatest surface
area connects with apt2 and regarded as the gold standard (its
property for the SERS detection of ATP compared with the
sandwich structure of GO/Au2/aptl + ATP + Au2/apt2 are
shown in Fig. S7). After that, the calibration plots of SERS
signal on detecting ATP by GO/Au3/aptl nanolayer mixed
with different size of AuNP(1-4)/apt2 were compared as
shown in Fig. 3d, from which we can determine that the
LOD of each condition were 19 pM for GO/Au3/aptl +
ATP + Aul/apt2, 0.85 pM for GO/Au3/aptl + ATP + Au2/
apt2, 9 pM for GO/Au3/aptl + ATP + Au3/apt2 and 35 pM
for GO/Au3/apt] + ATP + Aud/apt2. Thus, the optimized size
of AuNP2/apt2 (Au2/apt2) showed the highest sensitivity of
ATP with the best SERS signal in the sandwich structure of
GO/Au3/apt] + ATP + Au2/apt2. Such optimized conditions
were chosen to use during this work.

Sensitivity of the assay
The SERS measurements of ATP bound to split aptamers

with different concentrations were carried out as shown in
Fig. 4a. We first operated the experiment by measuring the
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SERS intensity of the mixture of GO/Au3/aptl and Au2/
apt2 without ATP as the control (black curve with 0 pM in
Fig. 4a), which showed a very weak SERS signal. When
ATP was added, the SERS signal was obviously enhanced
and went higher with the increased concentration of ATP.
The response of the SERS intensity at 1072 cm ™' was plot-
ted as a function of the ATP concentration shown in Fig. 4b.
The limit of detection (LOD) by this SERS biosensor, which
was defined as three times the standard deviation of the
blank, was determined to be 0.85 pM. The SERS biosensor
developed in this work showed a very low LOD compared
to other results with different aptamer-based methods in
detecting ATP summarized in the Table S1, which was first
due to the unique shape of the AuNP that was stable
immobilized on the surface of GO, fully connecting the split
aptl and providing the foundation for the detection of ATP.
Second, the sandwich AuNP dimers were immobilized in
proximity distance between them on the GO surface by uti-
lizing the rigid feature of split aptamers, forming the “hot
spots” between them and leading to significant enhance-
ment of the local electromagnetic field. Third, the split
DNA aptamers showed a high affinity with ATP.
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Fig. 4 SERS spectra (a) and calibration plot (b) of the aptasensor for ATP at different concentrations. The corresponding peak intensities were at

1072 cm . The error bars represent the standard deviations of three independent measurements. The comparison of peak intensities at 1072 cm™

Specificity for ATP detection

The above results demonstrated the feasibility of detecting the
presence of ATP in standard solutions with this SERS-based
aptasensor. In order to evaluate the specificity of the SERS
biosensor toward ATP, control experiments were conducted
by incubating the SERS assay in the solutions containing glu-
cose, thrombin, peptide antigen and antibody, Na*, K*, GTP
and CTP, which are the basic building blocks in the blood. The
concentration of ATP was 10 nM, and other individually mea-
sured targets were at the same concentration of 100 nM. As
shown in Fig. 5, the signal intensity increased significantly
with the addition of ATP, while there were no obvious changes
in SERS intensities for other targets. Among them, it can be
seen that the GTP and CTP induced a negligible response of
the SERS signal although they have chemical structures sim-
ilar to ATP [31]. Such facts demonstrated the established
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Fig. 5 Evaluation of the selectivity of the SERS biosensor at different
target analytes. The concentration of ATP is 10 nM, and other targets are
100 nM. The comparison of peak intensities at 1072 cm '

1

aptasensor obtained good selectivity and there was no serious
cross reaction for the detection of ATP.

Application in human serum samples

In order to evaluate the analytical reliability and accuracy of the
SERS-based aptasensor in practical applications, the utility of
the sandwich GO/Au3/aptl + ATP + Au2/apt2 for the detection
of ATP was performed in human serum samples. The experi-
ment was used as a simulation of clinical samples. Compared to
SERS signal of the reaction platform without ATP, the detected
concentrations of ATP in serum showed good detection perfor-
mance and were almost consistent with those determined in
buffer as shown in Fig. 6. This indicates that this assay repre-
sents a promising method for clinical applications. As shown in
Table 1, all of the recoveries obtained for different ATP

5000
—— ATP in buffer
——ATP in human serum
4000 :
- ——ATP in human serum
=
& 3000 -
f)
=
= 2000
D
~—
=
1000
0 -

T T T T T T T T T
1000 2000 3000 4000 5000

Concentration (pM)

0

Fig. 6 The comparative results for the detection of ATP in buffer and
human serum with different concentrations (100, 200, 500, 1000, 5000
pM). The SERS signal of the reaction platform without ATP in the human
serum was used as a reference experiment (blue line)
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Table 1 Practical analysis of ATP in human serum

Sample No. Real value (pM) Recovery (%) RSD (%)
1 100 92.6 39

2 200 94.3 4.1

3 500 89.6 24

4 1000 90.1 32

5 5000 85.7 6.4

concentrations were between 85.7%—-94.3%, and the RSD
values were also obtained, implying good repeatability.

Conclusion

We present a new approach to selective SERS detection of
ATP by aptamers-modified sandwich GO/AuNP nanolayer
and AuNP monomer. The electric field intensity supported
by our sandwich structure was one order of magnitude higher
than that of single GO/AuNP nanolayer and gold nanoparti-
cles, which indicated that this structure provided strong elec-
tromagnetic field coupling for SERS. Also, this result indicat-
ed that the sensitivity for SERS detection of ATP has been
improved with the assistance of the split aptamers. In addition,
other similar structures, such as GTP and CTP were used as
controls to verify the detection specificity of ATP with our
strategy. Due to this new configuration, the detectable concen-
tration range of this aptamer-sensor was as low as 10 pM-
10 nM, and the limit of detection was 0.85 pM. Therefore,
we promise that this SERS-based platform can not only be
widely used in the field of disease diagnosis, but also shows
promising in other areas including the detection of pollutants
and viruses [32, 33].
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