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Abstract

This paper describes a colorimetric sensing approach for the determination of adenosine triphosphate (ATP) using aptamer-modified gold
nanoparticles (Apt-Au NPs). In the absence of the analytes, the color of the Apt-Au NPs solution changed from wine-red to purple as a result of
salt-induced aggregation. Binding of the analytes to the Apt-Au NPs induced folding of the aptamers on the Au NP surfaces into four-stranded
tetraplex structures (G-quartet) and/or an increase in charge density. As a result, the Apt-Au NPs solution was wine-red in color in the presence of the
analytes under high salt conditions. For mixtures of ATP (20.0-100.0 nM), Apt-Au NPs (3.0 nM), 10.0% poly(ethylene glycol), 0.2 uM TOTO-3,
150.0 mM NaCl, 15.0mM KCl, and 16.0mM Tris—HCI (pH 7.4), a linear correlation (R>=0.99) existed between the ratio of the extinctions of
the Apt-Au NPs at 650 and 520 nm (Exeso/520) and the concentration of ATP. The limit of detection for ATP was 10.0 nM. The practicality of this
simple, sensitive, specific, and cost-effective approach was demonstrated through the determination of the concentration of adenosine in urine

samples.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Gold nanoparticles (Au NPs) have emerged as impor-
tant colorimetric reporters because of their high extinction
coefficients and strongly distance-dependent optical proper-
ties (Kim et al., 2001; Huang et al., 2005). Aggregation-based
Au NP nanosensors have been utilized to investigate sev-
eral types of interactions, including those between two DNA
molecules (Elghanian et al., 1997), proteins and ligands (Nam
et al., 2002), and antigens and antibodies (Shenton et al.,
1999).

Aptamers are DNA or RNA sequences created in vitro
through systematic evolution of ligands by exponential enrich-
ment (SELEX) for the recognition of target analytes with
high affinity and specificity (Tuerk and Gold, 1990). Aptamer-
functionalized Au NPs have been applied to the analysis of
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several analytes, including proteins, metal ions, and small
organic compounds (Wang et al., 2006; Li et al., 2007; Wu et
al., 2007).

Adenosine triphosphate (ATP) plays important roles in
regulating cellular metabolism and biochemical pathways
(Pérez-Ruiz et al., 2003). Several strategies have been reported
to the detection of ATP, including aptamer-based optical sens-
ing, capillary electrophoresis, mass spectrometry, enzymatic
assays, and electrochemical biosensors (Jhaveri et al., 2000;
Michaud et al., 2004; Yoshida et al., 2006; Huang and Chang,
2007; Lai et al., 2007). Colorimetric assays using Au NPs were
developed for determining ATP (Liu and Lu, 2006; Zhao et al.,
2007). Our goal in this study was using aptamer-modified Au
NPs (Apt-Au NPs) as a sensitive colorimetric sensor for ATP.
The aptamer (Huizenga and Szostak, 1995) we used is one that
binds two ATP molecules in a non-canonical, but stable, helix
comprising G:G and G:A base pairs flanked by short canonical
helices (Lin and Patel, 1997). We evaluated the effects of
several parameters — including the ionic strength, the aptamer
density on the Au NPs, the concentration of TOTO-3, and the
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presence of additives such as poly(ethylene glycol) (PEG) — on
the sensitivity of this ATP assay.

2. Experimental section
2.1. Chemicals

Sodium tetrachloroaurate(Ill) dehydrate, 6-mercaptohexal-
1-ol (6-MH), adenosine, ATP, adenosine monophosphate
(AMP), adenosine diphosphate (ADP), guanosine triphosphate
(GTP), cytidine triphosphate (CTP), and uridine triphosphate
(UTP) were obtained from Sigma (St. Louis, MO). Citric acid,
trisodium citrate, and PEG (Mw =2000Da) were purchased
from Aldrich (Milwaukee, WI). Sodium chloride and potassium
chloride were obtained from Acros (Geel, Belgium). TOTO-
3 and YOYO-3 were purchased from Molecular Probes, Inc.
(Eugene, OR). Ethidium bromide (EtBr) was purchased from
Amersham Biosciences (Japan). The 5'-thiol-modified aptamer
having the sequence 5'-TTT TTT ACC TGG GGG AGT ATT
GCG GAG GAA GGT-3' was purchased from Integrated DNA
Technologies, Inc. (Coralville, IA).

2.2. Synthesis of Au NPs and Apt-Au NPs

An aqueous solution of 38.8 mM trisodium citrate solution
(25.0 mL) was rapidly added to 250.0 mL boiling aqueous solu-
tion containing 1.0 mM NaAuCly, and stirred for 15 min. The
sizes of the Au NPs were verified through transmission elec-
tron microscopy (TEM) using a Hitachi H7100 TEM instrument
(Tokyo, Japan) operated at 75kV; with an average size of
13.3 4+ 1.2nm (from 1000 counts). A GBC Cintra 10e double-
beam UV-vis spectrophotometer (Victoria, Australia) was used
to measure the absorbance of the Au NPs in citrate solu-
tions.

: AuNPs (13 nm)
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An aliquot of the aqueous Au NP solution (988.0 pL) was
mixed with the thiol-modified 33-mer DNA oligonucleotide
(100.0 uM, 12.0 nL) at room temperature for 12 h (Storhoff et
al., 1998). The mixtures were then centrifuged for 15 min at
16,000 rpm to remove the excess thiol-oligonucleotides. After
two centrifuge/wash cycles, the colloids were resuspended in
4.0mM trisodium citrate (1.0 mL). The concentration of dis-
placed oligonucleotide molecules by 2-mercaptoethanol was
determined through the addition of OliGreen (ssDNA reagent,
Molecular Probe, Eugene, OR) and then measuring the fluo-
rescence intensities at 524 nm (excitation wavelength: 480 nm).
The results indicated that ca. 70 oligonucleotide molecules were
attached to each Au NP.

2.3. Apt-Au NP sensing assays

Mixtures (90.0 wL) of probe solutions and ATP (0-1.2 puM)
were placed in 96-well plates at room temperature for
30 min. The probe solution contained 16.0 mM Tris—HCI (pH
7.4), 15.0mM KCl, Apt-Au NPs (3.0nM), 10.0% PEG, and
0.2 uM TOTO-3 Aliquots of 10.0 L NaCl (1.5M) were
added to the mixtures and then equilibrated for another
10 min prior to UV-vis absorption measurements using a .-
Quant Biotek Instruments microplate reader (Winooski, VT,
USA).

2.4. Preparation of urine samples

Freshly voided urine samples were obtained from four
healthy volunteers. Each sample was filtered through a 0.2-mm
membrane to remove particulate matter. The human-urine sam-
ples (1.0 wL) were diluted separately by a factor of 100 with the
probe solution and then were equilibrated at 25 °C for 30 min.

5°-/Thio/T; ACC TGG GGG AGT ATT GCG GAG GAA GGT-3’

s : ATP binding Aptamer
— :6-MH
® ATP

Scheme 1. Schematic representation of the sensing mechanism of Apt-Au NPs for the colorimetric determination of ATP.



S.-J. Chen et al. / Biosensors and Bioelectronics 23 (2008) 1749-1753 1751

High salt (150.0 mM NaCl) was then added into the resulting
solutions for another 10 min before measurements.

3. Results and discussion

3.1. Sensing mechanism

Scheme 1 displays the sensing mechanism of the Apt-Au
NPs for colorimetric determination of adenosine and its phos-
phorylated derivatives (ATP as a representative). Aiquots of salt
(e.g. 300.0mM NaCl) are added to Apt-Au NPs in solutions
with/without containing ATP. The solution without containing
ATP changes color from wine-red to purple as a result of aggre-
gation, while one containing ATP retaine its original red-wine
color. A decreased zeta potential due to salt screening is the
main cause of instability of the Apt-Au NPs solutions without
ATP. Once ATP bound to the Apt-Au NPs, the aptamer on the
Au NP surfaces folded into a four-stranded tetraplex structure
(G-quartet) (Wang et al., 2005). In addition, increased negative
charge density on the Apt-Au NP surfaces occurs. As a result,
the ATP-Apt-Au NPs are stable and retain their wine-red color
under high salt conditions.

Fig. 1A displays the UV-vis absorption responses of 3.0 nM
Apt-Au NPs in 16.0 mM Tris—HCl solutions (pH 7.4) containing
15.0 mM KCI and 300.0 mM NaCl in the absence and presence
of 10.0 uM ATP. In the presence of ATP, the dispersed Apt-Au
NPs displayed an extinction band (surface plasmon resonance
band) at 520 nm (curve b). In contrast, the Apt-Au NPs aggre-
gated in the absence of ATP (curve a). The extinction coefficients
at 650 and 520 nm are related to the quantities of dispersed and
aggregated Apt-Au NPs, respectively. Thus, we used Exg50/520,
the ratio of the extinction values at these two wavelengths, to
express the molar ratio of the aggregated and dispersed Apt-Au

NPs. The inset to Fig. 1 A displays the purple and wine-red colors
of the solutions in the absence and presence of ATP, respectively.
Fig. 1B and C display TEM and optical dark-field scattering
(DFS) images of the Apt-Au NP solutions, respectively, in the
absence and presence of ATP. The images in Fig. 1B(a) and
C(a) provide strong evidence for the aggregation of the Apt-Au
NPs under high salt conditions in the absence of ATP. Because
of the low scattering intensity and faster diffusion of the 13.3-
nm Au NPs, the scattering light from single Apt-Au NPs was
hardly observed by our DFS system (Fig. 1C(b)). Strong scatter-
ing occurred once the Apt-Au NPs had aggregated; the orange
and red spots correspond to scattering images of Apt-Au NP
aggregates.

3.2. Impact of salt and aptamer density on the stability of
Apt-Au NPs

Monitoring the extinction ratio Exgso/520 allowed us to inves-
tigate the effect of salt (0—400.0 mM) on the stability of Apt-Au
NP solutions containing 20, 35, and 70 surface aptamers per
Au NP (Fig. S1). Extinction ratios indicates degrees of aggre-
gation; high values show great aggregation. For simplicity, we
use the descriptors 20-, 35-, and 70-Apt-Au NPs to represent the
nanoparticles in these three Apt-Au NP solutions. As exhibited
inFig. S1A, the 20-, 35-, and 70-Apt-Au NPs aggregated at NaCl
concentrations greater than 200.0, 250.0, and 350.0 mM, respec-
tively. Of the three solutions, the 70-Apt-Au NPs could tolerate
the most salt, as expected. The lower Exgs0/520 values indicate
that the three Apt-Au NP solutions containing ATP are more
stable than those without containing ATP (Fig. S1B). Fig. S1C
depicts the results obtained after subtracting the values of the
extinction ratios Exeso/520 in Fig. S1B from those in Fig. STA
under the same conditions (i.e., the same salt and aptamer den-
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Fig. 1. (A) UV-vis absorption spectra, (B) TEM images, and (C) light scattering images of Apt-Au NPs solutions (3.0nM) in the (a) absence and (b) presence of
10.0 M ATP. Inset to (A) photographic images of Apt-Au NP solutions in the (a) absence and (b) presence of ATP. There were 35 aptamer molecules per Au NP.
Buffer: 16.0 mM Tris—HCI (pH 7.4) containing 15.0 mM KCl and 300.0 mM NaCl. The reaction time was 30 min.
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Fig. 2. Responses in the values of Exeso/520 of 35-Apt-Au NP solutions after
the addition of ATP at concentrations of 0, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0,
and 30.0 uM. The inset indicates that the curve was linear over the range
0.2-10.0 uM ATP. Other conditions were the same as those described in Fig. 1.

sities). The largest value of AExg50/520 suggested that solutions
containing 35-Apt-Au NPs and 300.0 mM NaCl are optimal for
detecting ATP.

Next, we used the 35-Apt-Au NPs to determine ATP in solu-
tions consisting of 300.0 mM NacCl, 15.0 mM KCl, and 16.0 mM
Tris—HCI (pH 7.4). As exhibited in Fig. 2, the 35-Apt-Au NPs
responded to ATP at concentrations over the range 0-30.0 wM.
Upon increasing the concentration of ATP, the value of the
ratio Exesq/500 decreased. A linear correlation existed between
the value of Exgs0/500 and the concentration of ATP over the
range 0.2-10.0 uM (R?=0.97). The LOD for ATP was 0.1 pM
(S/N=3).

3.3. Sensitivity improvement

To demonstrate changes in the aptamers’ conformations,
we added DNA intercalators to the 35-Apt-Au NP solutions.
The aptamer possesses two stacked G-quartets and two short
double-helix stems (Huizenga and Szostak, 1995; Wang et al.,
2005). The value of AExgsos520 of the 35-Apt-Au NPs in the
presence of ATP decreased to a greater extent when interca-
lators were present. Fig. S2A indicates that the presence of
three different intercalators — EtBr, YOYO-3, and TOTO-3 (each
0.2 uM) — all caused greater changes to the values of the ratios
Exe50/520 relative to that of the control (no intercalator) during
the determination of ATP using the 35-Apt-Au NPs (3.0 nM).
Of these intercalators, the sensitivity toward ATP was high-
est for the TOTO-3/Apt-Au NP system. We note that TOTO-3
binds to DNA with greater affinity (K, =ca. 10° M~!) than EtBr
(Ky=ca. 10 M) and YOYO-3 (K, =ca. 10’ M~!) do (Bowen
and Woodbury, 2003; Mecklenburg et al., 1997; Joseph et al.,
1996).

The G-quadruplex of DNA is stabilized by adding molecu-
lar crowding agents such as PEG (Vasilevskaya et al., 1995).
Fig. S2B provides a plot of the value of Exg50/520 of the 35-Apt-
Au NP solutions against the concentration of ATP (0-1.2 uM) in

the probe solutions. The inset to Fig. S2B displays the linear rela-
tionship (R* = 0.99) that exists between the value of Exgs0/520 for
this 35-Apt-Au NP solution and the ATP concentration over the
range 20.0-100.0 nM, with an LOD of 10.0nM (S/N =3). The
improved sensitivity (100-fold) is most likely due to the greater
binding between the aptamer and ATP as a result of two effects:
PEG’s promoting of the structural rigidity of the G-quartet and
TOTO-3’s stabilizing of the stem structure of the aptamer. Inter-
estingly, the dose-response curve depicted in Fig. S2B possesses
two turning points, suggest that ATP might have bound to two
different binding sites of the aptamer (Miyoshi et al., 2004).

3.4. Selectivity and application of 35-Apt-Au NP sensing
assays

Fig. S3A (in supplementary information) displays the
changes in the value of Exg50/520 of the 35-Apt-Au NPs (3.0 nM)
30 min after adding various nucleoside triphosphates (1.0 uM).
The relative response of the 35-Apt-Au NP solution toward
ATP was significantly larger than those toward the other three
nucleotides (GTP, CTP, and UTP). The responses of the 35-
Apt-Au NPs toward adenosine and its other phosphorylated
compounds, AMP and ADP, were similar to that toward ATP.

Because adenosine is involved in the regulation of renal
hemodynamics, tubular reabsorption, and the release of rennin
(Vallon et al., 2006), we employed human-urine samples to test
the potential of our Apt-Au NP nanosensor for analyzing adeno-
sine in real biological samples. Because the amount of adenosine
in urine is at least two orders of magnitude higher than that of
its phosphorylated derivatives (Taniai et al., 2006), the response
to extinction changes arose mainly from the presence of adeno-
sine. By applying a standard addition technique (plotting the
ratio Exes0/520 against the spiked adenosine concentration over
the range 0—40.0nM; see Fig. S3B in supplementary informa-
tion), we determined that the adenosine concentration in one of
the representative urine samples was 3.2 (£0.2) uM (n=3). The
recovery percentages of adenosine over the concentration range
0—40.0nM were 94.2-98.0%.

4. Conclusions

We prepared Apt-Au NPs as selective probes for the analy-
sis of adenosine and its phosphorylated derivatives. The sensing
mechanism is based on the increased stability of Apt-Au NPs
under high salt conditions while binding with targets. Using the
Apt-Au NPs nanosensor, we determined the levels of adenosine
in urine samples without the need for pretreatment. This sim-
ple, sensitive, specific, and cost-effective approach holds great
potential for monitoring the adenosine content in urine samples
as a means of diagnosing the presence of renal impairment.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bios.2008.02.008.
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