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A single-step sensing system was developed to visually detect ligands of a cleavase-like RNA aptazyme at
room temperature using aptazyme-tethered gold nanoparticles, the electrosteric stability of which was
adjusted by increasing their diameter. In this system, the ligand induces self-cleavage of the aptazyme
on gold nanoparticles to decrease the electrosteric stability of the gold nanoparticles, which causes them
to visibly aggregate. In comparison to a previous multi-step system using aptazymes and gold nanopar-
ticles separately, the present system requires only single handling and no special equipment, making it
more suitable for on-the-spot sensing.

© 2010 Elsevier Ltd. All rights reserved.

Visible sensing systems utilizing color changes of gold nanopar-
ticles (AuNPs) with their state transitions (dispersion/aggregation)
are very useful for on-the-spot sensing without any machine.!
DNA-tethered AuNPs (DNA-Au) are especially applicable to the
detection of a wide variety of molecules due to the functional abil-
ities of tethered DNA: DNA hybridizes to its complementary
strands; some DNAs (DNA aptamers) bind to their specific ligand
molecule; and some other DNAs (cleavase-like DNA aptazymes)
cleave themselves in the presence of their specific ligand. Many
inventive sensing systems with these DNA-Au have been reported,
with the target analyte (complementary DNA to DNA on AuNPs? or
the ligand of DNA aptamers®> or DNA aptazymes?) promoting or
inhibiting DNA-Au aggregation via various mechanisms that can
be detected by the naked eye. In contrast to many types of
DNA-Au-based sensing systems, there have been a few systems
using RNA-tethered AuNPs (RNA-Au),> despite their higher poten-
tial for binding (RNA aptamers) or allosteric activities (RNA apta-
zymes) due to the 2’-hydroxy group on the RNA. I report herein a
novel sensing system to detect the ligand of a cleavase-like RNA
aptazyme (cRaptz) with relatively large AuNPs tethering the
cRaptz.

Recently, I and Maeda have reported a sensing system for
detecting cRaptz activity using DNA-Au without conjugation
between them (Fig. 1A).° However, this noncrosslinking AuNP
aggregation-based system is not suitable for “on-the-spot” sensing
because it requires multiple steps; in particular, an aptazyme reac-
tion step is carried out separately from the AuNP-based detection
step, and what is worse, a heating step is required for dissociation
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of the short cleaved RNA from the aptazyme. Although the heating
step could be omitted by adjusting the strength of the stem I
duplex, there remains another problem to be solved. Even if the
aptazyme is hybridized to DNA on AuNPs to achieve a single-step
system, it should never be cleaved with the ligand because it is
hardly able to form an active structure (Fig. 1B). Therefore, this
type of noncrosslinking AuNP aggregation is not available for con-
structing a single-step detection system, and I therefore decided to
utilize another AuNP aggregation mechanism.

Li et al. have recently reported some inventive sensing systems
using DNA-Au and other types of noncrosslinking AuNP aggrega-
tion, which is induced by a decrease in the electrosteric stability
of AuNPs 34¢4< [nspired by these reports, I designed a system to de-
tect cRaptz reactions utilizing this noncrosslinking AuNP aggrega-
tion mechanism (Fig. 1C). Because a cRaptz is a relatively long
nucleic acid (~120 mer), it causes huge amounts of electrosteric
repulsion among cRaptz-tethered AuNPs, making them stable un-
der high salt concentrations. On the other hand, the cRaptz is
extensively shortened (~30 mer) by self-cleavage with the ligand,
which causes a decrease in electrosteric repulsion among the AuN-
Ps and thus a decrease in their stability (i.e., salt resistance). There-
fore, under tuned salt concentrations, aggregation should occur
only in the presence of the ligand. However, so as to not decrease
the cRaptz activity, the salt concentrations must be kept at optimal
values for the aptazyme reaction to proceed (20 mM Mg?*). None-
theless, it has been reported that this salt concentration is not suf-
ficient to aggregate normally prepared AuNPs tethering even short
12 mer DNA,*? so that normally prepared cRaptz-tethered AuNPs
should keep dispersing at 20 mM Mg?* after self-cleavage of the
cRaptz on AuNPs. Thus, the stability of cRaptz-tethered AuNPs in-
stead of salt concentrations must be tuned.
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Figure 1. Visible sensing systems to detect a ligand of cRaptz using noncrosslinking AuNP aggregation. (A) A previously reported multi-step system.® Noncrosslinking AuNP
aggregation occurs by blunt-end duplex formation between short cleaved RNA and DNA on AuNPs. (B) cRaptz-tethered AuNPs, in which a cleavage site of cRaptz is just
opposite to the terminus of DNA on AuNPs. cRaptz is not cleaved due to the lack of stem I formation. (C) A single-step sensing system reported here. The cRaptz cleavage
causes a decrease in the electrosteric stability of AuNPs to be aggregated at room temperature.

According to the report by Li et al. the surface coverage of DNA
on AuNPs has large effects on the stability of DNA-Au.>¢ In fact, the
amount of DNA on AuNPs has been reduced to two thirds by add-
ing 6-mercaptohexan-1-ol (MCH) to decrease the stability of DNA-
Au. However, this method is attended with difficulty because the
conditions of the MCH treatment must be optimized and firmly
controlled to get reproducible results. On the other hand, Maeda
et al. have reported that the surface coverage of DNA on large AuN-
Ps is, due to the small curvature, usually lower than that on small
AuNPs, wherein DNA is tethered on AuNPs with a standard Mir-
kin's method?® without MCH treatment.” Because the AuNP diam-
eter that is used for DNA-Au in Li's systems described above is
small (13 nm), I speculated that the MCH treatment should be
omitted to prepare DNA-Au with low salt resistance (so as to tether
cRaptz) by using AuNPs with a relatively large diameter.

I first compared the salt (Mg?*) resistance of DNA-Au with AuN-
Ps 15 nm and 40 nm in diameter, both of which were similarly pre-
pared using 5’-thiolated 23 mer DNA (SH-DNA23) without MCH
treatment (designated as DNA23-Aul15 and DNA23-Au40, respec-
tively).® As a result, while the smaller one (DNA23-Au15) was sta-
ble at 50 mM Mg?* more than for several days (Fig. 2A), the larger
one (DNA23-Au40) began to aggregate within 5min at
20 mM Mg?*, which is the optimal concentration in the cRaptz
reaction (Fig. 2B). The average numbers of tethered DNA on each
15 and 40 nm AuNP were estimated to be 100 and 470, respec-
tively, which corresponded to a surface coverage of 24 and
16 pmol/cm?, respectively. Thus, DNA23 on 40 nm AuNPs has more
open spaces near its root to be compacted on the AuNPs to cause
their aggregation.® The decrease ratio of the surface coverage on
40 nm AuNPs to that on 15 nm AuNPs is two-thirds, which is
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Figure 2. Mg?* resistance of DNA23-Au15 (A) and DNA23-Au40 (B). The X-axes (t) are the time from the addition of Mg?*. ODs3, in Y-axes are relative values to ODggo. Photos
of DNA23-Aul5 in 20 days (A) and DNA23-Au40 in 30 min (B) are shown below each graph.

comparable to the previous study using MCH treatment.> There-
fore, the lower surface coverage of DNA23-Au40 is probably the
main reason for its lower stability. In addition to the effect of sur-
face coverage, a larger diameter results in stronger van der Walls
forces between AuNPs.” This additional effect is also the reason
why DNA23-Au40 has a greater tendency to aggregate at low salt
concentrations.

I next designed a cRaptz sequence to be tethered on the DNA23-
Au40 via DNA-RNA hybridization. A theophylline-dependent
cRaptz® was chosen as the model cRaptz because it works with
high sensitivity and selectivity in response to its ligand, theophyl-
line (Fig. 3).51° To spontaneously release the cleaved RNA from its
mother cRaptz at room temperature after the self-cleavage (i.e., to
avoid a heating step), the stem I was adjusted to be hybridized
moderately. In addition, the cleaved RNA sequence to hybridize
to DNA23 on AuNPs was designed so that three 3’-terminal bases
of the DNA23 covered a part of the stem I. This is because a partial
strand displacement of the stem I by the DNA23 was expected to
facilitate ready release of the cleaved RNA from its mother.!! More-
over, an extra sequence was fused to a 5’ terminus of the cRaptz to
give it a larger electrosteric effect.

Before tethering the cRaptz on AuNPs, I also checked the Mg?*
resistance of AuNPs tethering a short cleaved RNA. DNA23-Au40

tethering the cleaved RNA was prepared by hybridization of the
cleaved RNA to DNA23 on AuNPs and was found to aggregate
at 20 mM Mg?*, slightly more quickly than DNA23-Au40
(Supplementary Fig. S2). This quicker aggregation, which is advan-
tageous to the present system, can be explained by the lower
mobility of DNA/RNA duplex than that of single-stranded DNA,
which leads to lower steric repulsion; in addition, Manning’s the-
ory'? suggests that the double-stranded nucleic acids have slightly
lower charges than the same lengths of single-stranded nucleic
acids. Although five bases at a 5’ terminus of the cleaved RNA are
dangling as single-stranded RNA, they are too short to overcome
these effects caused by DNA/RNA duplex formation.

Finally, detection of the cRaptz ligand (theophylline) was per-
formed at room temperature using theophylline-dependent
cRaptz-tethered DNA23-Au40 (cRaptz-DNA23-Au40), which was
prepared via hybridization between the cRaptz and DNA23 on
AuNPs.!? Figure 4A and B shows time-course analyses of AuNP
aggregation at 20 mM Mg?* in the presence of various concentra-
tions of theophylline. In the absence of theophylline, cRaptz-
DNA23-Au40 was stable at 20 mM Mg?* for several hours due to
the long, dangling single-stranded cRaptz, which have a large elec-
trosteric effect that can overcome the DNA/RNA duplex effects de-
scribed above. In contrast, 1 mM and 100 uM theophylline caused
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Figure 3. Nucleotide sequences of theophylline-dependent cRaptz® and DNA23. The stem I is boxed. The cleavage site is shown by an arrow.
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Figure 4. Detection of theophylline using cRaptz-DNA23-Au40. Time course of
AuNP aggregation at 20 mM Mg?* with various concentrations of theophylline. (A)
Changes of ODs3g relative to ODggo. The X-axis (t) is the time from the addition of
theophylline. (B) Photos of AuNPs solutions 10, 20, 30, and 60 min after the addition
of theophylline.

AuNPs to begin to aggregate in a few minutes and to almost com-
pletely precipitate in 30 min, when AuNPs with 10 uM theophyl-
line also began to aggregate. With the naked eye, 1 mM, 100 puM,
and 10 puM theophylline were detected within 10, 20, and
60 min, respectively (Fig. 4B). On the other hand, 1 mM caffeine,
which has a similar structure to that of theophylline, did not in-
duce AuNP aggregation (Supplementary Fig. S3A). Moreover, AuN-
Ps tethering an inactive A90G-mutated cRaptz (m-cRaptz, Fig. 3
and Supplementary Fig. S1) did not aggregate for several hours,
even with 1 mM theophylline (Supplementary Fig. S3B). These re-
sults clearly indicate that ligand-dependent self-cleavage of the
cRaptz on AuNPs resulted in AuNP aggregation. In fact, a reason-
able amount of larger cleaved cRaptz was detected only in the

supernatant of AuNPs aggregated by theophylline (Supplementary
Fig. S4).

In summary, I have developed a visible sensing system to detect
a ligand of cRaptz using cRaptz-tethered large AuNPs with moder-
ate salt resistance. In this system, the ligand can be detected at
room temperature with visible AuNP aggregation induced by a loss
of electrosteric stability (i.e., salt resistance) of the AuNPs, which is
caused by ligand-dependent self-cleavage of the cRaptz on the
AuNPs. In comparison to the previous multi-step method, which
included a heating step (Fig. 1A),° this system requires only single
handling and no thermostatic bath, making it more suited to on-
the-spot sensing. In addition, the oligonucleotide-tethered AuNPs
with moderate stability required for this system were easily pre-
pared by using AuNPs with large diameter without any cumber-
some treatment such as MCH treatment. This preparation
method with the large AuNPs is available for other systems utiliz-
ing the electrosteric stability of DNA-tethered AuNPs 3d-¢4c14
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