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Two types of turbidimetric detection of adenosine 5'-triphos-
phate (ATP) by the naked eye were achieved through a
combination of non-cross-linking aggregation of DN A-linked
polymeric micelles and molecular recognition of ATP by a
DNA aptamer.

DNA aptamers are single-stranded deoxyribonucleic acids
(ssDNAs), which are capable of binding with strong affinity and
high selectivity to a wide variety of target molecules, such as small
organic dyes, ribonucleotides, carbohydrates and proteins.’
Various analytical methods have been developed to exploit
molecular recognition by aptamers,” based on a cantilever sensor,’
mass spectrometry,® surface plasmon resonance imaging,” an
electrochemical device,® affinity capillary electrophoresis’ and
fluorescence signaling.® In addition, a colorimetric detection assay
was reported using cross-linking” or non-cross-linking'® of gold
nanoparticles. Here, we describe a facile method for naked-eye
detection of complex formation of a DNA aptamer with its target
molecule as a turbidity change in micellar dispersion.

We recently found that a polymeric micelle with a dehydrated
poly(N-isopropylacrylamide) core surrounded by an ssDNA
corona had drastically lowered colloidal stability when comple-
mentary DNA was added to the dispersion of polymeric micelles
to form the fully-matched double helix.!! Similar hybridization-
induced colloidal destabilization was observed with ssDNA-linked
gold'? or polystyrene'* nanoparticles, suggesting that the destabi-
lization was independent of the properties of the hydrophobic core.
The destabilization is at least partially attributed to a decrease in
entropic repulsion between the micelles,* which is caused because
duplex formation stiffens the DNA strands. In this study, two
ATP detection methods were devised through an effective
combination of hybridization-induced colloidal destabilization
and specific recognition of ATP by a DNA aptamer.

We prepared an ssDNA-linked polymeric micelle according to
the previous reports.'> Poly(N-isopropylacrylamide) grafted with
ssDNA (PNIPAAm-g-DNA) was synthesized by radical copoly-
merization between N-isopropylacrylamide and an 11-base DNA
(DNAL, Fig. 1) modified with a methacryloyl group at the 5’-end
(DNA macromonomer). The cloud-point temperature of
PNIPAAm-g-DNA1 (the molecular weight (M,): 4.5 x 10% the
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distribution (M,/My): 1.8, DNA macromonomer fraction:
0.33mol%) in 20 mM Tris-HCl buffer (pH 8.3) containing
300mM NaCl and 5 mM MgCl, was determined to be 34 °C,
based on a slight decrease in transmittance at 500 nm.''” The
concentration of DNA1 in 0.12 mg ml~' PNIPAAm-g-DNA1 was
determined to be 3.2 pM. When the same buffer solution of
PNIPAAm-g-DNA1 was heated at 40 °C, the copolymers
immediately self-assembled to form a polymeric micelle (PM1)
with a PNIPAAm core surrounded by DNA1. The hydrodynamic
radius of PMI1 was determined to be 46 nm from dynamic light
scattering measurement. The colloidal stability of the polymeric
micelles was evaluated by the critical coagulation concentration
(CCC) of the supporting electrolyte (NaCl). The CCC was
determined from measurement of the transmittance at 500 nm of
the micellar dispersion with a UV-vis spectrometer at 40 °C. The
measurement temperature was chosen to be above the cloud-point
of PNIPAAm-g-DNA1 (34 °C) but below the lowest melting
temperature (57 °C) of double-stranded DNAs (dsDNAs) formed
on the micellar surface (vide infra)."®

Fig. 1 shows the colloidal stability of various polymeric micelles
used in the present study. When the complementary 11-base DNA
(DNA2) equimolar to DNA1 (3.2 uM) was added to the dispersion
of PMI, the resulting dsDNA-linked polymeric micelle (PM2)
drastically decreased the colloidal stability. The aggregation
occurred within 3 min after DNA2 was added. In contrast, when
the 25-base DNA (DNA3) was similarly hybridized with DNA1 to
form PM3, the colloidal stability of PM3 remained unchanged.
Protrusion of a flexible 14-base ssDNA presumably caused
entropic repulsion between the micelles. Consistently, when the
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Fig. 1 Transmittance at 500 nm of the dispersion of DNA-linked
polymeric micelles as a function of the concentration of NaCl in 20 mM
Tris-HCl buffer (pH 8.3) containing 5 mM MgCl, at 40 °C. The
concentration of polymeric micelles was 0.12 mg ml ™!, containing 3.2 uM
of DNAIL. The concentrations of DNA2, DNA3 and DNA4 were each
3.2 uM.
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Fig. 2 Schematic representation of two methods for detecting ATP on
the basis of (a) dispersion and (b) aggregation of the polymeric micelles.
Red, blue, green and purple rectangles denote DNA1, DNA2, DNA3 and
DNAAJ, respectively.

14-base ssDNA complementary to the protruding part (DNA4)
was added to the dispersion of PM3 to form a singly nicked duplex
on the surface, the resulting micelle (PM4) was remarkably
destabilized again. Since DNA3 is an anti-ATP DNA aptamer,
which captures two ATP molecules,'” ATP will inhibit competi-
tively the hybridization of DNA3 with DNA1 on the surface and
alter the colloidal stability of the micelles. Based on this working
principle, we designed two ATP detection methods.

First, we developed an analytical system where the turbidity
increased in the absence of ATP (Fig. 2a). The transmittance of the
dispersion of PM1 containing DNA3 and DNA4 (3.2 uM each) in
the presence of ATP (1.0 mM) was almost 100%, and did not
depend on the concentration of NaCl (Fig. 3a). This suggested that
DNALI on the surface of PM1 remained single-stranded due to the
complex formation of the DNA aptamer (DNA3) with two ATP
molecules, leading to the stable dispersion of PMI1 (see Fig. 1). In
contrast, the transmittance of the dispersions of PMI containing
DNA3 and DNA4 in the presence of guanosine 5'-triphosphate
(GTP), cytidine 5'-triphosphate (CTP) or uridine 5'-triphosphate
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Fig. 3 (a) Transmittance of the dispersion of polymeric micelles
containing DNA3, DNA4 and NTP (ATP (red), GTP (blue), CTP (green)
or UTP (purple); 1.0 mM each) as a function of NaCl concentration. The
conditions were the same as those in Fig. 1. (b) Photograph of the micellar
dispersion 1 min after the addition of ATP or GTP. The concentration of
NaCl was 500 mM.
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Fig. 4 (a) Transmittance of the dispersion of polymeric micelles
containing DNA2, DNA3 and NTP (ATP (red), GTP (blue), CTP (green)
or UTP (purple); 1.0 mM each) as a function of NaCl concentration. The
conditions were the same as those in Fig. 1. (b) Photograph of micellar
dispersion 1 min after the addition of ATP or GTP. The concentration of
NaCl was 400 mM.

(UTP) decreased gradually when the concentration of NaCl was
increased. The CCC in each case was determined to be 350 mM
(Fig. 3a). DNA1, DNA3 and DNA4 formed a singly nicked
dsDNA on the micellar surface to give PM4, resulting in the salt-
induced aggregation of the micelles (see Fig. 1). The difference in
turbidity between the solution of ATP and that of GTP can be
detected by the naked eye, as shown in Fig. 3b.

The inverse test can also be carried out (Fig. 2b). DNA3 (3.2 uM)
was added into the dispersion of PMI1 containing 1.0 mM ATP,
GTP, CTP or UTP, followed by the subsequent addition of DNA2
(3.2 uM). In the presence of ATP, the transmittance of the
dispersion of the obtained micelles (PM2) decreased gradually as
the concentration of NaCl increased: the CCC was determined to
be 300 mM (Fig. 4a). DNAI on the surface was allowed to
hybridize with DNA2 because DNA3 had already formed a
complex with two ATP molecules. As a result, the salt-induced
aggregation of PM2 presumably occurred. In contrast, the
transmittance of the micellar dispersion in the presence of GTP,
CTP or UTP was constant at almost 100%, and did not depend on
the concentration of NaCl (Fig. 4a). Since DNA3 was unable to
recognize GTP, CTP or UTP, DNA3 was hybridized with DNA1
to protrude its 14-base portion from the surface, thereby inducing
the entropic repulsion between the micelles. The difference in
turbidity between the solution of ATP and that of GTP was also
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Fig. 5 Transmittance of the dispersion of polymeric micelles containing
DNA2, DNA3 and various amounts of ATP as a function of NaCl
concentration. The conditions were the same as those in Fig. 1.
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detectable by the naked eye (Fig. 4b). Fig. 5 shows that the
detection limit of ATP with the second method was roughly
0.25 mM, since the turbidity with 80% transmittance at 500 nm
can be detected by the naked eye. The sensitivity of the present
method will be improved by utilizing a DNA aptamer that shows
stronger affinity to ATP.

In summary, we developed an analytical system for detecting
ATP based on non-cross-linking aggregation of polymeric micelles.
This system possesses three remarkable features: (1) target
molecules can be detected by the naked eye without any apparatus;
(2) the structural change in the aptamer induced by binding the
target molecule is not necessarily requisite; (3) both positive and
negative tests can be simultaneously conducted to validate the
results using common polymeric micelles. These features are
especially suitable for on-site detection of environmental pollu-
tants. Such an attempt is currently under way.
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