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,53_6 DOI: 10.1039/x0xx00000x As an important small molecule, adenosine triphosphate (ATP) plays an important role in the regulation of cell metabolism
2_7 and supplies energy for various biochemical reactions in organisms. We herein developed a sensitive surface-enhanced
3_8 www.rsc.org/ Raman scattering (SERS) biosensor for highly specific detection of ATP using core-satellite assemblies. To construct the
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aptamer-based biosensor, a known ATP binding aptamer was divided into two segments. The first thiol-labeled segment
(DNA1) of the aptamer was immobilized on silver-coated gold nanostar (AuNS@Ag) surfaces by an Au-S bond. The second
thiol-labeled segment (DNA2) was linked via an Au-S bond to gold nanoparticles (AuNPs), which were also decorated with
a Raman active reporter molecule, 4-mercaptobenzoic acid (4-MBA). In the presence of ATP, DNA2 associated with DNA1,
leading to greatly enhanced 4-MBA Raman intensity. The enhance Raman signal was linearly related to the logarithm of

the ATP concentration in the range from 1 pM to 1 nM, with a detection limit of ~0.5 pM. In addition, the sensor featured
an excellent selectivity to ATP over other interfering analogues of ATP (GTP, CTP, and UTP).

1. Introduction

enough to detect ATP with a low concentration. The isotope
tracer method has the advantages of simplicity and sensitivity,

%8 Adenosine triphosphate (ATP) is an important small molecule but it requires wuse of radioactive materials."
9 in living organisms, and is an index of cell survival and cell Chemiluminescence and bioluminescence have high
go injury.l’2 It is crucial in the regulation of cell metabolism and measurement accuracy, and can meet the requirements of
?1 supplies energy for various biochemical reactions in different detection ranges, but the stability and specificity of
@2 organisms.3 From this perspective, ATP levels can be used to the methods are problematic.16 Therefore, it is of great
&3 evaluate cellular injury and proliferation induced by various significance to develop stable, specific, and sensitive ATP
%4 small molecule drugs and biologics. Abnormal levels of ATP detection methods.
25 have been associated with specific diseases such as Recently, SERS has emerged as an ultra-rapid technique,
® 6 cardiovascular disease, which shows overproduction of ATP by  allowing highly sensitive biological and chemical detection.*”
%7 creatine kinase.* In addition, ATP is often used as a microbial A number of potential applications of SERS in medical research,
8 pollution index, in which the content of ATP reflects the food and drug safety, and environmental monitoring have
39 degree of contamination.” The traditional ATP detection been demonstrated.’>?' Since the enhancement of SERS is
40 methods include electrophoresis,6 high performance liquid mainly caused by chemical and electromagnetic
41 chromatography (HPLC),” isotope tracing,® bioluminescence, enhancement,”? metallic nanoparticles play a unique role in
42 and chemiluminescence.”™ In the determination of ATP by the fabrication of ultrasensitive biosensors. Localized surface
43 electrophoresis, the samples need to be separated by plasmon resonance (LSPR) arises from resonant oscillations of
44 electrophoresis and then compared using an ultraviolet the conducting electrons around the nanoparticles,23'24 SERS
45 spectrophotometer, which needs complicated and time- spectroscopy is therefore an invaluable tool for the detection
46 consuming protocols.12 HPLC is one of the widely used of chemicals or DNA, even approaching the single molecule
a7 techniques for rapid analysis of different compounds at limit.2>?’ However, the SERS signal of a single encoded
48 analytical levels with high efficiency, speed, and nanoparticle is too weak for wide application in ultrasensitive
49 reproducibility.13‘ 1 These two techniques are not sensitive detection. Although aggregation can largely improve the SERS
50 signal, uncontrollable aggregation results in signal
g; heterogeneity with low reproducibility of the SERS assay.28
53 “Lab of Biosystem and Microanalysis, State Key Laboratory of Bioreactor Therefore, controllable nanoassemblizis are critical for the
Engineering, East China University of Science and Technology, Shanghai, 200237, preparation of SERS-active sensors. Various controllable
54 China. Email: binchengyin@ecust.edu.cn . . . 30
55 b School of 'Chemfstry and Chemical Engineering, Shihezi University, Xinjiang, n?noassgelmbhés 3hzave been fa'bl’l(g:?ted, such as dimers,
832000, China trimers,” chains,”™ and pyramids.” In recent years, core-
56 Electronic Supplementary Information (ESI) available: Details about Fig. S1-S8 and . ) . 34-37
57 Table $1-52. See DOI: 10.1039/x0xx00000x satellite assemblies have attracted great attention, and
58
59
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SERS measurements have been reported by several groups,
. . . . 38-
using both spherical nanoparticles and mixtures of spheres,
40 41,42 43,44
. However, so far, the use

of AuNS@Ag core-AuNP satellite assemblies has not been

nanorods and nanostars

reported. As one of the best geometries, dispersed nanostars
produce very strong SERS,*> % due to their multiple sharp
branches, the tips of which can produce strong
electromagnetic field effects.”’ AuNS@Ag is a new hybrid
bimetallic nanostar substrate that exhibits excellent SERS
properties.48 Compared to the uncoated AuNS, AUNS@Ag has
been shown to provide more than an order-of-magnitude
signal enhancement, making them excellent SERS substrates.
The structure couples the plasmons focused on the multi-
sharp tips, producing many “hotspots” that enhance the
electromagnetic field around the particle.49

In the present work, we developed SERS-based biosensor
for quantitative detection of ATP based on core-satellite
assemblies. We fabricated silver-coated AuNS as the core to
assemble with AuNP labeled with a Raman active reporter
molecule to form AuNS@Ag core-AuNP satellite assemblies as
SERS substrates. A well-known ATP binding aptamer was split
into two segments. The first thiol-labeled segment of the
aptamer was immobilized on the AUNS@Ag surfaces by the
formation of an Au-S bond. The second segment was linked to
AuNP, which was also decorated with Raman reporter
molecules, 4-mercaptobenzoic acid (4-MBA). Following the
addition of ATP, these two segments bound the ATP, resulting
in AUNP assembly on the surfaces of the AUNS@Ag. The SERS
intensity had a direct relationship with the number of AuNP
satellite around the AUNS@Ag core. The experimental results
showed that the SERS sensor has a limit of detection (LOD)
down to ~0.5 pM with a linear range from 1 pM to 1 nM.
Moreover, we showed that the sensor exhibits excellent
selectivity to ATP over other interfering analogues of ATP, and
allows practical application for quantitative ATP detection in
20% human serum samples.

2. Experimental section

2.1 Reagents and Materials

Thiolated DNA oligonucleotides (DNA1l: 5’-SH-(CH,)s-TTTTTTA
CCTGGGGGAGTAT-3’; DNA2: 5’-SH-(CH,)s-TTTTTTTGCGGA
GGAAGGT-3’) were manufactured by Shanghai Sangon Biological
Engineering Technology & Services Co. Ltd. (Shanghai, China).
Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0), sodium
citrate tribasic dihydrate (C¢HsNa;05-2H,0), silver nitrate (AgNO3), L-
ascorbic acid (AA), sodium dodecyl sulfate (SDS), ammonium
hydroxide (NH,OH), tris(2-carboxyethyl)phosphine (TCEP), 4-
mercaptobenzoic acid (4-MBA) were purchased from Sinopharm
Reagent Co. Ltd (Shanghai, China). Adenosine
triphosphate (ATP), guanosine triphosphate (GTP), cytidine
triphosphate (CTP), and uridine triphosphate (UTP) were purchased

Chemical

from Sigma-Aldrich. Adenosine monophosphate (AMP) and
adenosine diphosphate (ADP) were purchased from Adamas
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Reagent Co. Ltd. (Shanghai, China). Human serum and urine
samples were collected from Shanghai Changzheng Hospital.
Written informed consent was obtained from all study participants
prior to enrollment, and the study was ap-proved by the ethics
committees from the institution involved. The solutions were
prepared using distilled water purified by a Milli-Q water
purification system (Millipore Corp., Bedford, MA, USA) with an
electrical resistance of 18.2 MQ-cm. All glassware was cleaned with
freshly prepared aqua regia and rinsed thoroughly with deionized
water prior to preparation of nanoparticles.

2.2 Instrumentation

Ultraviolet-visible (UV-vis) absorption spectra were recorded with a
multi-detection microplate reader (Bio-Tek, Winooski, USA) using a
transparent 384-well microplate. To demonstrate the overall
uniformity and morphology of the particles, the samples were
examined by transmission electron microscopy (TEM, JEM-1400)
and high-resolution transmission electron microscopy (HRTEM,
JEM-2100). The samples for the TEM measurements were
suspended in ethanol and supported on Cu grids. The size
distribution of the nanoparticles were measured using a Zetasizer
Nano ZS system (Malvern). A 633 nm laser was used for the
dynamic light scattering (DLS) characterization. Raman spectra were
collected on a portable Raman spectrometer (B&W Tek
Instruments, USA) equipped with a 785 nm laser, a charge-coupled
device (CCD) detector and a 40x objective lens with numerical
aperture (NA) 0.65. The acquisition and analysis of Raman data
were performed using the BWSpec4 software.

2.3 Synthesis of AuNP

We synthesized AuNPs (13 nm) based on literature procedures.50 In
a 250 mL round bottomed flask equipped with a condenser, 100 mL
of HAuCl, (1 mM) was brought to a rolling boil with vigorous stirring.
Fifteen mL of sodium citrate tribasic dihydrate (1%) was rapidly
added, and the color of the vortexed solution changed from light
yellow to wine red. After boiling for 15 min, the heating device was
removed and stirring was continued for an additional 15 min. The
solution was cooled to room temperature, filtered with a 0.22 um
membrane filter and stored at 4 °C. The as-prepared AuNPs were
used as seeds to prepare AuNSs.

2.4 Synthesis of AUNS@Ag

First, two sizes of AuNSs (50 nm and 60 nm) were synthesized by a
seed-mediated growth method with minor modification.”” For AuNS
synthesis, 200 pL of the above citrate-stabilized AuNP seed solution
(6 nM) was added to 20 mL of 0.25 mM HAuCl, solution (with 20 pL
of 1 M HCI) in a 50 mL centrifuge tube at room temperature.
Quickly, 200 pL of AgNO; (1, 2 mM; 1 mM for 50 nm AuNS and 2
mM for 60 nm AuNS) and 100 pL of AA (0.1 M) were added
simultaneously. The solution was stirred for 30 s as its color rapidly
turned from light red to greenish-black. Then, 200 pL of SDS (2%)
was added to the AuNS solution, which was left stirring for 5 min.
The particles were then centrifuged at 1300 g for 15 min. The

This journal is © The Royal Society of Chemistry 20xx
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supernatant was removed and the particles were redispersed in 20
mL of distilled water, and kept at 4 °C for the synthesis of AUNS@Ag
according to previous literature.*® Briefly, a 20 mL aliquot of the
washed 50 nm or 60 nm AuNS seed solution (0.2 nM) was
transferred into a 50 mL centrifuge tube. Subsequently, 100 pL of
AgNO; (0.1 M)and an equivalent volume of AA (0.1 M) were added
to the solution. The reduction of AgNO; by AA was initiated by the
addition of NH,OH (40 pL, 29%), and the color of the solution began
to darken. About 5 min later, the solution color was stable,
indicating that the reaction was complete. Then solution was
centrifuged at 1000 g for 15 min. Then, the precipitate was collected
and redispersed in water for further use.

2.5 Fabrication of ssDNA-functionalized AUNS@Ag and AuNP

First, 200 puL of DNA1 and DNA2 were added to a 1.5 mL centrifuge
tube, respectively. Ten pL of freshly prepared TCEP (10 mM) was
added to the centrifuge tube to activate the thiol-modified DNA1
and DNA2. The DNA1 and DNA2 were
temperature for 2 h, respectively. AUNS@Ag were modified with
DNA1 at a molar ratio of 500:1. Briefly, DNA1 (10 uL, 10 uM) was
added to the as-prepared AuNS@Ag solution (200 pL, 1 nM) and
incubated for 3 h at room temperature. Subsequently, NaCl (10 pL,

incubated at room

0. 5 M) was added and then the mixture was incubated for 8 h with
constant shaking. The excess DNA1l was removed by three
centrifugations at 1000 g for 10 min. The precipitate was

3.1 Synthesis of AuUNS@Ag and SERS sensing strategy for ATP
detection

A multi-step protocol for AUNS@Ag fabrication and the working
principle of ATP detection based on satellite assemblies are shown
in Scheme 1. Schematically, the AuNP is prepared via the classical
citrate reduction method and used as a seed for AuNS fabrication
using a Au seed-mediated growth method, in which the Au seed is
used for the growth of a silver shell, with AA as the reducing agent
and AgNO; as the precursor to elemental silver. AUNS@Ag is
fabricated by adding AgNO3 and AA to the prepared AuNS solution,
and NH,OH is introduced to increase the pH, initiating the reduction
of Ag" to Ag0 by AA with a color change of the solution. An ATP
binding aptamer is split into two segments (DNA1 and DNA2),
which are modified with thiol moieties and poly T spacers.
DNA1 and DNA2 are immobilized on the surfaces of AUNS@Ag and
AuNPs by the formation of Au-S bonds, respectively. The Raman
reporters (4-MBA) are also labeled on the AuNP surfaces via Au-S
bonds. In the presence of ATP, the two ssDNA segments reassemble
into the intact aptamer structure and then induce the formation of
AuNS@Ag core-AuNP satellite assemblies. Between AuUNS@Ag core
and AuNP satellite can form short gap distances, the more the
conjunction regions, the greater number of “hotspots” is formed. In
this manner, the coupled plasmons can enhance the intensity of the
electromagnetic field over a wide connection area, resulting in an
enormous enhancement of SERS intensity. The assembly degree of

= 8 _ . .
% resuspended in 200 pL of PB buffer. The mixture was denoted as AuNS@Ag core-AuNP satellite reflects the concentration of ATP,
29 AUNS@Ag-DNA1 while the SERS signal depends on the assembly degree of AUNS@Ag
0 3 : ) . .
%1 AuNPs were modified with the DNA2 at a molar ratio of 10:1. °'¢ AuNP satellite .ass.emblles. Th.erefore, the am?unt of ATP
@2 AuNPs were resuspended in water at a final concentration of 10 nM present can be quantitatively determined by the SERS signal.
&3 by centrifugation. DNA2 (2 plL, 10 puM) was added to the AuNP ik AA. NH OH
%4 solution (200 uL, 10 nM) under vigorous stirring. The Raman label ~ (A) © AgT> T)
& 5 (4-MBA) solution was then added at a final concentration of 10 uM.
i ) . . . AuNP AuNS AuNS@Ag
6 After incubation at 37 °C for 8 h, the solution ws centrifuged at 8000
7 g for 15 min. The particles were washed three times with PB buffer.
The precipitate, denoted as 4-MBA-modified-AuNP-DNA2, was
8 h ipi d d dified 2
39 collected and resuspended in 200 pL of PB buffer.
e &
2.6 SERS detection of ATP
“ ® i
42 For detection of ATP, various concentrations of ATP were prepared \
43 using serial dilution of the ATP stock solution (10'2 M). Briefly, 200
44 uL of ATP at a series of different concentrations was mixed with 40
45 puL of the prepared AuNS@Ag-DNA1 (1 nM) and 200 uL of the WV DNAt ® ATP
46 prepared 4-MBA-modified AUNP-DNA2 (10 nM) with gentle shaking. MW\ DNaA2 Y% Raman reporter
a7 The solution was then incubated at 37 °C for 4 h. The AuNP-DNA2 ) ) o
48 without assembly were removed by centrifugation (three times) at (S;?en:jesill-:RSSchem.atm ;eptrese?tatAla)_r; zf:het.fab?g;tlon of AUNS@Ag
an sensing strategy for etection (B).
49 1000 g for 10 min. Then, the supernatant was removed to give a ne &y !
22 residual volume of 10 plL. Afterwards, 10 plL of the residual 35 (haracterization of AUNS@Ag
AuNS@Ag-AuNP solution was deposited on a cleaned silica slide for
52 £ To investigate the Raman enhancement effect of the various silver
urther SERS measurement.
53 coatings, two sizes of AuNS (50 nm and 60 nm) were as seeds for
54 . . the preparation of AUNS@Ag with different Ag shell thicknesses
55 3. Results and discussion (see the Supporting Information for the experimet). The AUNS@Ag
56 samples were labeled with 4-MBA for SERS measurements. Fig. 1A
57
58
59
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showed the integrated, background-subtracted SERS intensity of 50
nm and 60 nm AuNSs with various amounts of silver at 1078 cm™
and the corresponding SERS spectra were shown in Fig. S1. It was
observed that using 50 nm AuNSs as seeds, the highest intensity
was obtained when adding 4 mL of AgNO; (0.1 M). While, the
highest intensity of 60 nm AuNSs as seeds was obtained when
adding 5 mL of AgNO; (0.1 M). By comparing their highest
intensities, we chose 60 nm AuNSs as seeds, and the amount of 5
mL AgNO; (0.1 M) for the AUNS@Ag fabrication. In addition, it was
clearly observed that a higher amount of silver does not lead to
higher SERS response.

The AUNS@Ag at various stages of the synthesis process was
characterized using UV-vis absorption spectra (Fig. 1B). Compared
with the absorption peaks of AuNPs (blue curve) located at 520 nm
and 60 nm AuNS (green curve) located at 735 nm, the absorption
peak of AUNS@Ag blue-shift, indicating Ag successfully coated 60
nm AuNS. The size distributions of the nanoparticles were
measured by DLS (Fig. S2). DLS analysis showed size of 13%1.1,
60+3.4 and 68+2.2 nm for AuNP, 60 nm AuNS and AuNS@Ag,
respectively. AuNS displayed a well-defined star-shaped structure as
shown TEM image (Fig. S3). The preparation of uniform AuNS@Ag
were critical for the generation of a stable SERS signal. As shown in
Fig. 1C, HRTEM image clearly demonstrated the detailed structures
of branched AUNS@Ag. Moreover, the colors and SERS spectra of
the prepared nanoparticles were characterized (Fig. S4). To further
confirm the formation of AUNS@Ag composite, samples were
analyzed by electron mapping image analysis. The different color
areas shown in parts Fig. 1D indicate Au and Ag-enriched areas of
the sample, respectively, which indicate the presence of Ag in the
outer surface of the AuNS.

>

e 50 nm AUNS B

) 75000 ) g =
pes 750001 o 60 am AuNS o 0 S
3 60000 a 16 —— AUNS(@AZ
Z 45000 g 12
% E ;
£ 30000 g 08p N
= 15000 /A £ 2 04 N :

04— T T T T T 0.0 T T T T T

0 2 4 6 8 10 300 400 500 600 700 800 900
Ag amount (uL) Wavelength (nm)
© (D)

Fig. 1 (A) SERS intensity at 1078 em’™ for AUNS@Ag samples (50 nm
and 60 nm AuNS as seeds) with various amounts of silver coating.
SERS detection parameters: A oitation = 785 M, accumulation time =
10 s, laser power = 50 mW. (B) UV-visible spectra of the 13 nm
AuNP, 60 nm AuNS, and corresponding AUNS@Ag. (C) HRTEM image
of AUNS@Ag. (D) Elemental mapping of the AUNS@Ag composite.

3.3 Investigation of the feasibility

We used 4-MBA as Raman reporter to investigate the feasibility of
proposed sensor for ATP detection. As shown in Fig. 2, in the
absence of 4-MBA, no SERS signals were observed (curve a,b). In the

4| J. Name., 2012, 00, 1-3
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presence of 4-MBA, while ATP was absent, 4-MBA-modified AuNP-
DNA2 weren’t able to combined with AuNS@Ag-DNA1, so it
couldn’t be assembled into a core-satellite structure, which was
demonstrated by no apparent SERS signal (curve c). In the presence
of 4-MBA and ATP (100 pM, 1 nM), 4-MBA-modified AuUNP-DNA2
and AuNS@Ag-DNA1 assembled into a core-satellite structure with
lots of short gaps, which was demonstrated by obvious SERS signal
(curve d, e). By comparing the intensity of SERS signals, we
confirmed that the indirect SERS sensing method using 4-MBA as a
Raman reporter was feasible for ATP analysis. In addition, the
assembled AuNS@Ag core-AuNP satellites in the presence of
different concentrations of ATP were clearly observed under TEM
(Fig. 2B-D). It is showed that no AuNP was assembled around AuNS
in the absence of ATP, and more amount of AuNP was assembled
around AuNS with higher concentration of ATP. These TEM
images provided the direct evidence of ATP-assisted assembly
degree of AUNS@Ag core-AuNP satellite.

(B

Intensity (a.u.)

0
600 900 1200 1500 1800
Raman shift (cm™)

Py
"'\

Fig. 2 (A) SERS spectra corresponding to (a) 4-MBA-unmodified
AuNP-DNA2 and AUNS@Ag-DNAL in the absence of ATP, (b) 4-MBA-
unmodified AUNP-DNA2 and AuNS@Ag-DNA1 in the presence of
100 pM ATP, (c) 4-MBA-modified AUNP-DNA2 and AuNS@Ag-DNA1
in the absence of ATP, 4-MBA-modified AUNP-DNA2 and AUNS@Ag-
DNAL1 in the presence of 100 pM (d) and 1 nM ATP (e). TEM images
of AUNS@Ag-AuNP assemblies in the presence of different
concentrations of ATP: 0 pM (B); 100 pM (C); 1 nM (D).

3.4 Sensitivity investigation

For quantatitve ATP detection, eight ATP standards were added to
the system containing AUNS@Ag-DNA1 and 4-MBA-modified AuNP-
DNA2 at final ATP concentrations of 0, 1, 5, 10, 50, 100, 500, and
1000 pM, respectively. The SERS spectra of 4-MBA produced from
AuNS@Ag satellite different
concentrations of ATP were recorded. As shown in Fig. 3A,
pronounced SERS bands of 4-MBA at 524, 717, 845, 1011, 1078,
1144, 1178, 1412, 1480 and 1588 em? were unambiguously
observed in the presence of ATP. We chose the characteristic 4-MBA

core-AuNP assemblies  with

peak at 1078 em™ to guantitatively analyze ATP. The increase of
SERS intensity as a function of ATP concentration indicated that the
number of AUNS@Ag core-AuNP satellite assemblies increased with
increasing concentration of ATP. Fig. 3B showed that the intensity of

This journal is © The Royal Society of Chemistry 20xx
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the 1078 cm™ peak increased as the concentration of ATP increased,
and a standard curve was obtained for the SERS intensity against the
logarithm of the ATP concentration over the range of 1 pM to 1 nM.
The curve exhibited a good linear relationship (R2 =0.994), and the
limit of detection (LOD) based on a signal-to-noise ratio of three was
estimated to be ~0.5 pM. As shown in Table S1, our SERS sensor
provided a high sensitivity for ATP detection compared to the
reported methods. To futher study the application of the SERS
sensor, biological sample of 20% human serum was employed. After
pretreatment of the human serum samples, ATP standard solutions
were added at a final concentrations of 1000, 500, and 100 pM. As
shown in Table S2, the recovery of ATP ranged from 89.5% to
103.3%, and the results obtained by our sensor were highly
consistent with ATP bioluminescent assay kit (Fig. S5). We further
applied our method to detect ATP in biological sample of human

urine (Fig. S6, Table S3).
2000~ 2000
(A) 1600;- B

y=528.25x1g [C,,] +6496.18
~ 1600

1200

Intensity (a.u
o
=
=

&
>
S

<

0 T T T
1200 1500 1800 -12 -11 -10 -9
Ig [C,,/M]

600 900
Raman shift (cm")

Fig. 3 (A) SERS spectra of 4-MBA for quantitative evaluation of the
ATP with different concentrations. (B) The standard curve based on
the 1078 cm™ peak of 4-MBA. The Raman intensity shows a linear
relationship with the logarithm of the ATP concentration from 1 pM
to 1 nM (R2= 0.994). The error bars represent standard deviations
based on three independent measurements. SERS detection
parameters: A ociation = 785 Nm, accumulation time = 10 s, laser
power = 100 mW.

3.5 Reproducibility and stability investigation

In addition to the high sensitivity, the AUNS@Ag core-AuNP satellite
assemblies provided reproducible SERS signals. The SERS spectra of
4-MBA produced from 10 random spots (within an area of 60 mz)
with 50 pM of ATP were recorded (Fig. S7A). The SERS intensities
were comparable, suggesting that the surfaces of the SERS
assemblies provided uniform SERS enhancements. Additionally, we
compared the SERS intensities of the characteristic 1078 cm™ line of
4-MBA in these 10 spectra (Fig. S7B). The SERS signal variations
were less than 5.6%, suggesting excellent reproducibility of the SERS
signals enhanced by the AUNS@Ag core-AuNP satellite assemblies.
In addition, the stability of the sensors was investigated within 24 h
and 7 days, respectively. We prepared 11 sensors of the same batch,
and then applied for the detection of 50 pM ATP as model at
different time points (Fig. S8). The results revealed that the SERS
intensities could maintain 98.1% and 94.8% of the initial SERS
intensity after 24 h and 7 days, respectively, indicating a good
stability.

3.6 Specificity of the sensor for ATP

In order to investigate the specificity of the SERS sensor for ATP
detection, ATP analogues were examined by parallel experiments,

This journal is © The Royal Society of Chemistry 20xx
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including GTP, CTP, and UTP at a concentration of 100 nM. As shown
in Fig. 4A, only feeble SERS signals were observed for ATP analogues
other than ATP due to their low binding affinity to the aptamer,
while significant SERS enhancement was obtained with the addition
of 1 nM ATP, showing excellent specificity of the SERS sensors for
ATP detection. For a more direct quantitative comparison,
corresponding SERS intensities of the 1078 em? peak of 4-MBA in
the presence of ATP and ATP analogues are represented in a bar
graph in Fig. 4B. It should be noted that our sensor could not
differentiate ATP from AMP and ADP (Fig. S9), because ATP
aptamer has the same affinity toward ATP, ADP, and AMP.

Intensity (a.u.

600 900

1200 1500 1800
Raman shift (cm™) %\w

F SIS
Fo& 8§

Fig. 4 (A) Selectivity of the SERS method for 1 nM ATP and 100 nM
ATP analogs (GTP, CTP and UTP). (B) The SERS intensity of the 1078
cm™® peak was utilized for comparison. The error bars represent
standard deviations based on three independent measurements.
SERS detection parameters: A oitation = 785 NmM, accumulation time =
10 s, laser power = 100 mW.

4. Conclusions

In summary, we have proposed a sensitive SERS method for highly
specific detection of ATP, based on the use of unique AuUNS@Ag
core-AuNP satellite nanoassemblies. The presence of ATP induces
the assembly of AuNS@Ag and AuNPs through the specific
recognition of ATP by the aptamer. The SERS sensor has high
sensitivity and specificity for ATP over its other analogues (GTP, CTP,
and UTP). Since the SERS sensor is easily fabricated, we believe that
it has potential for a wide variety of applications.
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