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Single-mismatch detection using gold-quenched
fluorescent oligonucleotides

Benoit Dubertret!*, Michel Calame!?, and Albert J. Libchaber?!

Here we describe a hybrid material composed of a single-stranded DNA (ssDNA) molecule, a 1.4 nm
diameter gold nanoparticle, and a fluorophore that is highly quenched by the nanoparticle through a distance-
dependent process. The fluorescence of this hybrid molecule increases by a factor of as much as several
thousand as it binds to a complementary ssDNA. We show that this composite molecule is a different type of
molecular beacon with a sensitivity enhanced up to 100-fold. In competitive hybridization assays, the ability to
detect singlemismatch is eightfold greater with this probe than with other molecular beacons.

Hybrid materials composed of biomolecules, such as proteins or
polynucleotides, and nonbiological inorganic objects (tiny particles
of insulators, semiconductors, and metals) have recently been assem-
bled!. The highly specific recognition properties of biomolecules
combined with the unique optical properties of the inorganic
nanoparticles make these composite materials attractive for use in
the fields of biodiagnostics (non-photobleaching immunolabels,
sensitive probes for polynucleotide detection®) and nanotechnolo-
gies*. For example, gold nanocrystals may self-assemble with good
spatial control of the inorganic components®, broadening the
scope for "bottom-up™ fabrication approaches. Although some fun-
damentally interesting properties of hybrid materials have already
been discovered>!L, their use as functional materials is still very limit-
ed. Here, we introduce a hybrid material composed of a 1.4 nm
diameter gold nanoparticle, an organic dye, and a 25-nucleotide-
long ssDNA molecule. We show that this hybrid material can be used
as a molecular beacon®?, that is, a nucleic acid probe with hairpin-
shaped structure in which the 5 and 3’ ends are self-complementary,
bringing a fluorophore and a quencher into close proximity.
Fluorescence is restored when the probe binds to a complementary
nucleic acid target (Fig. 1A).

Extensive study of the unique thermodynamics and specificity of
molecular beacons!3* has demonstrated two main advantages:
excellent sensitivity to the detection of one mismatch in a nucleic
acid sequence and easy direct detection of unlabeled oligonu-
cleotides. Although these properties have yielded new results in areas
such as genomics!®, DNA chips'é, and quantitative PCRY18, the great
challenge still remains of improving the fluorescence quenching effi-
ciency. The organic quencher used at present, 4-((4'-(dimethyl-
amino)phenyl)azo)benzoic acid (DABCYL), quenches at most
99.0% of the fluorescence of the dye placed in its proximity. DAB-
CYL optimally quenches fluorescein, but its quenching efficiency
decreases for dyes emitting at longer wavelengths (see Table 2). A
better quencher would greatly increase the sensitivity and the possi-
ble applications of molecular beacons.

We show that 1.4 nm diameter gold nanoparticles can advanta-
geously replace DABCYL as a quencher of fluorescence because they
quench fluorescence as much as 100 times better and have higher
quenching efficiency for dyes emitting near the infrared region. The
quenching properties of metal clusters have been well studied theo-
retically!®-2L, but because of the difficulties of sequentially bringing a

fluorophore and a metal cluster far apart or in close proximity, no
precise measurement of the quenching efficiency of metal nanopar-
ticles has been done so far.

The extremely high quenching efficiency reported here with gold
clusters opens new perspectives in the use of hybrid materials as sen-
sitive probes in fluorescence-based detection assays. In particular,
molecular beacons with very high quenching efficiency can detect
minute amounts of oligonucleotide target sequences in a pool of
random sequences. Other advantages of high quenching efficiency
include improved detection of a single mismatch in a competitive
hybridization assay, as we show here.

Results
Covalent linkage of a gold nanoparticle and a fluorophore to
ssDNA. A 25-base synthetic oligonucleotide modified with a primary
amine at its 3' end, and a disulfide at its 5" end, was used for all exper-
iments reported here. The oligonucleotide can adopt a hairpin-loop
structure because the five nucleotides at its extremities are comple-
mentary (Fig. 1B). The design of the sequence provides a hairpin
structure that is very stable at room temperature but opens easily on
hybridization of the loop to its target. First, an amine-reactive dye was
coupled to the primary amine at the 3' end of the oligonucleotide.
After purification, the 5'-end disulfide was cleaved and the free
sulfhydryl was covalently attached to the 1.4 nm diameter gold cluster
(Nanogold; Nanoprobes), which comes with one N-propylmaleimide
and has been passivated with water-soluble phosphine ligands. The
coupling was done with an excess of gold nanoparticles. We analyzed
the reaction product by gel electrophoresis (Fig. 2). We also sought
possible nonspecific interactions between the dye—oligonucleotide
and the gold nanoparticles both on the gel and in the fluorometer. On
reacting Nanogold with a dye—oligonucleotide complex missing the
5'-disulfide, we observed absolutely no quenching in the fluorometer.
Furthermore, this dye—oligonucleotide mixed with gold (Fig. 2, lane
R-0+G) behaves similarly to the dye—oligonucleotide conjugate
(Fig. 2, lane R-0) when run on a gel. This confirms the absence of
nonspecific interactions between the Nanogold and the DNA.
Measure of the gold nanoparticle quenching efficiency. The
ssSDNA molecule (Fig. 1B), conjugated at one extremity to a dye
moiety and at the other to a gold nanoparticle, offers a way to test
the quenching efficiency of the gold nanoparticle. The DNA can
adopt two conformations (Fig. 1A): a stem-loop structure with the
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Figure 1. Schematic drawings of the two conformations of the
dye—oligonucleotide—gold conjugate and of the gold-quenched molecular
beacon. (A) On the left, the hairpin structure brings the fluorophore and the
gold particle in close proximity (within a few angstroms). In this
conformation, the gold cluster quenches the fluorescence of the dye.
Through sequence-specific hybridization to a single-stranded target DNA,
the hairpin structure changes to a rodlike structure (on the right), which
maintains the fluorophore and the quencher far apart and thus restores the
fluorescence. (B) The oligonucleotide has a chain of 15 thymidines
embedded into two complementary 5-nucleotide-long segments. The two

hybridized segments form a hairpin stem with the probe sequence located in

the hairpin loop. The maleimide of a monofunctional gold cluster 1.4 nm in
diameter and passivated?® with on average 12 phosphine ligands is
covalently linked to the 5'-terminal phosphate through a (CHy)s-SH group.
The dye is linked to the 3'-hydroxyl group by a (CH,);-NH; linker. The
terminal moieties are represented schematically on a larger scale than the
oligonucleotide sequence. Both the targets used to quantify gold quenching
(target 1) and for mismatch detection (targets 2 and 3) are represented. The
30 bases denoted as X in target 4 are random bases. They differ from one
strand of DNA to the other.

Target 1: 5-AAAAAAAAAAAAAAACTCGC-3'

Target 2: 5-GAAAAAAAAAAAAAAA-3

Target 3: 5-GAAAAAAACAAAAAAA-3

Target 4: 5-CTACCTACAGTACCAAGCTT(X),
TTACTCGAGGGATCCTAGTC-3
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fluorophore and the gold nanoparticle held in close proximity
(close state), and a rodlike structure with them far apart (open
state). The quenching efficiency of the gold nanoparticle is given by
100 x (1 - B), where B is the ratio of the fluorescence of the close to
that of the open state.

All fluorescent measurements were done in a spectrofluorometer
at 20°C using 3 ml cuvets. We synthesized four different
gold—oligonucleotide-dye conjugates with fluorescein, rhodamine
6G, Texas red, or cyanine-5 (Cy5). For each dye tested, the spectro-
fluorometer's excitation and emission wavelength was tuned to the
respective maximum of excitation and emission of the dye. As shown
in Figure 3, the measurements were done in three steps. First, the
background fluorescence of the buffer was measured. A high concen-
tration of salt ensures that the ssDNA forms a hairpin. Then a mix of
gold nanoparticles that had been reacted in excess with oligonu-
cleotide—dye complex (and were not purified away from beacons)
was introduced in the cuvet . The fluorescence level changed slightly,
depending on the quenching efficiency of the gold nanoparticle. In
the last step, a single-stranded oligonucleotide complementary to the
loop and to half of the stem of the hairpin DNA (Fig. 1B, target 1)
was mixed in excess. As the target hybridizes to the hairpin-DNA
loop, the fluorescence rises considerably.

When the mixture of gold that reacted in excess with the oligonu-
cleotide—dye complex is introduced in the cuvet, the fluorescence
intensity rises as a result of the imperfect quenching of the dye, and
decreases as a result of the absorption and the scattering of part of
the excitation light by the gold nanoparticles. These two competing
phenomena may result in a total decrease (Fig. 3B) or increase
(Fig. 3A, C, D) of collected light. The offset due to the presence of the
noncoupled gold particles was measured (Table 1) by collecting the
light intensity when only the gold nanoparticles are introduced in
the cuvet. The ratio of the fluorescence intensity measured in the
cuvet before and after adding the target gives, after compensation for
the buffer's background and the offset fluorescence, the quenching
efficiency of the hybrid probe (Table 1).

The best quenching efficiency is obtained when dye-oligonu-
cleotide conjugates have been reacted with Nanogold between 12 h
and two days. Longer reaction times produced probes with lower
quenching efficiency. For a given dye, the measured quenching effi-
ciency of the hybrid probe may vary strongly from one reaction to
the other. The samples with the best quenching efficiencies are pre-
sented for each dye in Figure 3. The precise experimental results are
reported in Table 1, as well as the average quenching efficiencies
obtained for all of the coupling reactions performed for a given dye.

Table 1. Quenching of various dyes with gold nanoparticles?

Dye Buffer (I} Gold + probe (li) Gold (li)  Gold + probe + target (liy) QE (%) Nt <QE>
Fluorescein 932+1 939+1 909+1 6,121+ 3 99.42 +£0.02 4 98.68 £ 0.47
Rhodamine 6G 287.6 £0.8 274.7+0.4 2728+1.4 5,794 +3 99.966 + 0.026 13 99.45 +0.54
Texas red 108.8+0.4 135.2+0.3 93.5+1.0 2,945+ 1 98.54 + 0.04 2 98.26 £ 0.26
Cy5 20.7+0.2 31.5+0.1 20.0+0.2 756+ 3 98.44 +0.03 3 97.5+1.0

aFluorescent intensities (in counts per second) were measured in the spectrofluorometer using a 3 ml cuvet at 20°C, from (i) the buffer alone (1 M NaCl, 10 mM
cacodylic acid, 0.5 mM EDTA, pH 7.3); (ii) the mixture of gold and gold—oligonucleotide—dye conjugates in the buffer; (iii) gold alone with concentration same as
in (ii); (iv) same as (ii) after the addition of an excess of perfect targets. All values are given as mean + s.e. The values reported here correspond to the samples
presented in Figure 3. The last two columns report the total number of dye-DNA—gold conjugation reactions for each dye (N1), and the average quenching

(<QE>) measured for all conjugates.
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Figure 2. Gel electrophoresis of reaction products. From left to right:

lane o, 125 pmol of nonconjugated oligonucleotide; lane R-o0, 125 pmol of
rhodamine 6G-oligonucleotide conjugate; lane 0-G, 125 pmol of
oligonucleotide reacted with 1.5 nmol of monomaleimido Nanogold;

lane R-0-G, 125 pmol of rhodamine 6G-oligonucleotide conjugate
reacted with 1.5 nmol of monomaleimido Nanogold; lane R-0-G+T, same
as lane R-0-G with an excess of target 1 (Fig. 1B); lane R-0+G, 125 pmol
of rhodamine 6G—oligonucleotide conjugate without the 5'-disulfide group
reacted with 1.5 nmol of monomaleimido Nanogold. Explanation of

lane labels: o, oligonucleotide; R, rhodamine 6G; G, gold nanocluster;

T, target; hyphens indicate covalent bonds. The top picture is a white-light
scan of the gel. Both the gold—oligonucleotide conjugates and the
dye—oligonucleotides conjugates are visible with the naked eye. Under
UV excitation (middle picture), the dye—oligonucleotide complexes

(lanes R-0, R-0-G+T, and R-0+G) produce a strong fluorescence. The
dye—oligonucleotide—gold conjugates (lane R-0-G) do not emit any visible
light, but the same mixture with an excess of target (lane R-0-G+T) yields
a fluorescence similar in intensity to the one of the dye—oligonucleotide
conjugates (lane R-0). The bare oligonucleotides (lane 0) appears with
ethidium bromide staining (bottom picture). Unconjugated gold
nanoparticles do not penetrate the gel: they migrate in opposite direction
from the DNA. Oligonucleotides missing the disulfide group do not interact
with gold (lane R-0+G is similar to lane R-0).

Rhodamine 6G is the best quenched dye, with an average quench-
ing efficiency of 99.45 + 0.54%. Out of 13 reactions studied, 4 pro-
duced probes with quenching efficiencies >99.9%, and the best
sample had a quenching efficiency of 99.966 + 0.026%. Such
quenching efficiencies mean that the fluorescence intensity of a
gold-quenched molecular beacon can increase by a factor of several
thousand on hybridization to its perfect target.

The other dyes are not quenched as well. However, for each dye,
the quenching efficiency (see Table 2) when Nanogold was used was
greater than the values obtained with regular molecular beacons.

The variations in the quenching efficiency among reactions are
consistent with small variations in the number of dye-
oligonucleotide conjugates that are not coupled to the gold. We tried
to separate the dye-oligonucleotide—gold conjugates from the
dye—oligonucleotide conjugates using reverse-phase chromatogra-
phy, gel filtration chromatography, agarose, and acrylamide gel
purification. In each case, the purification produced probes with
lower quenching efficiencies, indicating that the link between the
DNA and the gold is not completely stable.
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Possible aggregation of the gold nanoparticles was investigated
using fluorescence correlation spectroscopy4. We found that the dif-
fusion constants of the DABCYL-quenched beacons and the gold-
quenched beacons as they were hybridized to target 1 (refer to Fig.
1B) were very similar, indicating that the gold nanoparticles do not
aggregate under our experimental conditions.

Single-mismatch detection. To separate matched from
mismatched targets, the common procedure® is to work at a temper-
ature at which hybridization to a matched probe is stable and to a
mismatched one is unstable. The usual temperature range used,
between 50°C and 60°C, is not optimal for the quenching of the dye,
because its average distance from the quencher increases with tem-
perature. An alternative approach to distinguish between matched
and mismatched targets is to work at room temperature and to use
buffers with low salt concentrations. Because gold nanoparticles are
unstable above 50°C, the latter approach was used in our experi-
ments. In low-salt buffers, the quenching efficiency of the DABCYL
beacons decreases (Table 2), but that of the gold-quenched beacon
remains the same. This additional stability probably results from
interactions between the dye and the gold cluster.

Screening of several buffers demonstrated that a buffer containing
90 mM KCl and 10 mM Tris, pH 8.0, gave the best sensitivity to mis-
match detection; this buffer was subsequently used for all measure-
ments. We studied the same probe sequence as before (Fig. 1B) and
compared its hybridization to (1) a perfect target,
5'-GAAAAAAAAAAAAAAA-3', which is complementary to the loop
and to one base of the stem of the probe, and to (2) the same target
with one mismatch, 5'-GAAAAAAACAAAAAAA-3'. Hybridization
was tested for both targets at a wide range of concentrations (67 pM
to 13 uM) in a solution containing 5 nM probe and 5 pM of a ran-
dom pool of oligonucleotide sequences (Fig. 1B, target 4). The ran-
dom sequences are used to test the specificity of the molecular bea-
cons.

Two probes were used: a rhodamine-DNA-gold conjugate (Fig.
4A) and a rhodamine-DNA-DABCYL molecular beacon (Fig. 4B).
We checked that the fluorescence of both probes is stable in the pres-
ence of 5 uM of random sequences (inset of Fig. 4A and 4B). This
confirms the very high specificity of the molecular beacons.

Using either of the two probes, we were able to distinguish
between the perfect target and the mismatch one, but the mismatch
detection sensitivity differs significantly. If 1,(c) (or Iu(c)) is the
absolute fluorescence intensity when the concentration ¢ of perfect
(or mismatch) targets is present in solution, then the ratio I,(c)/In(c)
(see Fig. 4C) gives the sensitivity to the perfect target compared to
the mismatched target when both are present in equimolar concen-
trations. For both probes, the best mismatch sensitivity is achieved
around ¢y = 0.2 uM (Fig. 4C). At this concentration 1/l is 25 for the
dye-DNA-gold probe, whereas /Iy, is 4 for the molecular beacon.

Competition between coexisting targets. In the case of a mixed
solution containing perfect, mismatched, and random targets, it is

important to distinguish the perfect targets

Table 2. Comparison of the quenching efficiency of gold nanoparticles and DABCYL?

from the others?. The resolution R of the DNA
probe is defined as the ratio between f(cy, Cm, Cn)

QE (%) of DABCYL-
guenched beacons

gold-quenched beacons

(i.e., the fluorescence of a solution of matched,
mismatched, and random targets at the respec-

QE (%) of

tive concentrations cp, Cm, ¢y) and f(0, tm, ¢y), the

Dye High-salt buffer Low-salt buffer High- or low-salt buffers fluorescence of a solution of mismatched and
Fluorescein 98.59 96.55 99.42 +0.02 random targets only: R = f(Cy, cm, ¢n)/f(0, Cm, Co).
Rhodamine 6G 97.67 93.33 99.97 +0.03 The strategy is to fix the concentration of per-
Texas red 96.30 93.33 98.54 + 0.04 fect targets to ¢o, the optimum concentration for
Cy5 96.30 94.12 98.44 +0.03 mismatch detection, and to change the concen-

aComparison of the quenching efficiency (QE) of DABCYL-quenched beacons measured in high-salt buffer
(1 M NaCl, 10 mM cacodylic acid, 0.5 mM EDTA, pH 7.3) and in low-salt buffer (90 mM KCI, 10 mM Tris,
pH 8.0), with the quenching efficiency of the gold-quenched beacons. In both cases, only the best quenching
efficiencies are reported. The standard errors are on the order of 0.05% for the DABCYL-quenched beacons.
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tration of mismatched targets, cy,. Because the
random sequences do not bind to the probe
(insets of Fig. 4A and B), the optimal R is a func-
tion of one parameter: ¢yn. R = f(Co,cm)/f(0,Cm)
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Figure 3. Efficiency of the quenching of gold
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nanoparticles. The emission spectrum of hairpin DNA
coupled to gold and to (A) fluorescein, (B) rhodamine 6G,
] (C) Texas red, and (D) Cy5. For each spectrum, we
distinguish three steps: (1) the cuvet is filled with buffer;
(2) the dye—-DNA—gold conjugates are introduced in the

1 cuvet; (3) a 10-fold excess of target 1 is added. The
transition between each regime is marked with an arrow.
The oligonucleotide concentrations are 3 nM for
fluorescein, 1.5 nM for Cy5, 3 nM for rhodamine 6G, and
5 nM for Texas red. The concentrations of gold present in
each cuvet are 0.5 pM for fluorescein, 0.4 uM for Cy5,
0.5 puM for rhodamine 6G, and 1 uM for Texas red. The
precise values of the fluorescence intensities for each dye
1 and for each regime are reported in Table 1.
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L L

.
500 0 500 1000 1500 2000 2500 3000 0 1000 2000 3000

Time (s) Time (s)

40005000 No sign of surface plasmon resonance at the surface of

the cluster is thus visible. For larger particles (diameter
>3 nm), the absorption spectrum increases in intensity

3500

T T T T T
Texas Red Cy5
800}
3000}

2500} : B

@

S

S
T

20001 4

IS
S
S
T

15001 4

Fluorescence intensity (cps)
Fluorescence intensity (cps)

1000 4
200+

L ] | _
[ —————— OW

and shows a local maximum (at 520 nm for gold) char-
acteristic of surface plasmon resonance®. At this partic-
ular wavelength, there is an additional decay channel for
nonradiative energy transfer to the metal, and the
quenching of fluorescence is optimal. The intensity, the
< position, and the number of the surface plasmon reso-
nances of a metal cluster can be tuned precisely by
changing the shape, the size, or the composition of the
cluster?, so that the quenching can be optimized to a
specific wavelength. It should be possible to optimize
gold quenchers for each dye and use the differently col-
ored gold-quenched beacons for simultaneous quanti-
. tation of multiple sequences.

The quenching ability of gold is not limited to its
use in clusters. We anticipate that arrays of hairpin
oligonucleotide—dye complexes can be attached on a
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= (Ip(Co) + lm(Cm))/Im(cm) is presented in Figure 4D as a function of
o = Co/Cry.

The perfect target is detected when the fluorescence it produces is
twice that due to the mismatched target alone, that is, when R is >3.
This limit defines the resolution threshold. In the case of the molecu-
lar beacon, R is >3 for a < 6, meaning that if 1 out of 6 DNA strands
has the perfect sequence, it is detected, whereas for the hybrid probe,
R is >3 for a < 50, meaning that if 1 out of 50 DNA strands has the
perfect sequence, it is detected. A greater than eightfold improve-
ment is thus obtained with the hybrid probe.

Discussion

The quenching of fluorescence by metals results primarily from non-
radiative energy transfer from the dye to the metal?. Other types of
quenching?, such as collisions of the dye against the gold surface
(collisional or dynamic quenching) or interaction with the surface
ligands of the gold cluster, may add to the quenching by the metal in
our experiments. To test these possibilities, we replaced the 1.4 nm
gold cluster with a 0.8 nm gold cluster (Undecagold), which has the
same surface ligands and active group. No quenching was observed,
indicating that the quenching observed with Nanogold is due pri-
marily to the metal.

To our knowledge it has not been demonstrated previously that
metal clusters may be used as efficient quenchers of fluorescence in
biology. Our results open up interesting possibilities. The optical prop-
erties of metal clusters can be drastically altered through change of size,
composition, shape, or type of surface ligands?. The absorption spec-
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gold surface and use the surface as a quencher of fluo-
rescence. Coupling of fluorescence detection and sur-
face plasmon resonance, a tool already widely used to
detect molecular binding?, should provide extra sensitivity for
oligonucleotide detection.

We showed that a hybrid material composed of a ssDNA covalent-
ly linked at each end to a gold nanoparticle and to an organic dye
could be used as a molecular beacon with a quenching efficiency of
99.966 + 0.026.

This result proves that gold-quenched nucleic acid probes can be
more sensitive than other probes currently available. With these
probes a point mutation can be selectively detected in the presence of
random sequences even if only 1 out of 50 sequences has one muta-
tion. However, additional improvements in the stability of the link
between DNA and the metal cluster are required, so that purification
of the gold-oligonucleotide—dye conjugate is possible without any
loss in the quenching efficiency. A better understanding of the role of
the gold surface ligands in keeping the dye and the gold in close
proximity would help to optimize the quenching efficiency of the
gold.

Experimental protocol

Synthesis of gold-DNA-dye conjugate. We purchased the 25-base-long
oligonucleotide 5'-S-S-GCGAGTTTTTTTTTTTTTTTCTCGC-NH,-3',
which contained a disulfide group ended by a trityl moiety at the 5’ end and a
primary amino group at the 3' end (Midland Certified Reagent Company,
Midland, TX). The disulfide group is covalently linked to the 5'-phosphate
via a (CH,)g spacer, and the primary amino group is linked to the 3'-hydroxyl
via a (CHy); spacer. The oligonucleotide was purified with reverse-phase
chromatography so as to select only the oligonucleotides that have the com-
plete sequence and the necessary modifications.
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Figure 4. Comparison of single-mismatch detection with gold-quenched beacons versus
DABCYL-quenched beacons. Titration of 5 uM of random target mixed with 4.2 nM of
gold—-DNA-rhodamine 6G conjugate and 0.6 pM of gold (A), and 5 uM of random target
mixed with 10 nM of molecular beacon (B), with the perfect target (target 2) and the
mismatch one (target 3). Target concentrations vary from 67 pM to 13 uM. For both probes,
the perfect target (solid line) produces a faster and sharper increase of fluorescence than the
target containing the mismatch (dashed line). Fluorescence intensities due to the buffer and
the gold have been subtracted. The inset graphs in (A) and (B) show the evolution of the
fluorescence as a function of time when the probe is mixed with 5 pM of random targets. In
both cases, the random targets do not induce any change of fluorescence of the probe
during the time of the titration. The hybridization is thus very specific to the matched or the
mismatched targets. (C) Ratio between the titration curve with the perfect target (target 2)
and the titration curve with the mismatched one (target 3). (D) Resolution of a matched and a
mismatched target, competing for hybridization. Molecular beacon (dashed line),
gold—-DNA—-dye conjugate (solid line). a is the population ratio of match to mismatch targets.

The concentration of perfect target is fixed at 0.2 uM.

We then carried out two consecutive reactions. First, we covalently linked
the amino-reactive dyes (fluorescein, rhodamine 6G, and Texas red
(Molecular Probes, Eugene, OR) or Cy5 (Amersham Pharmacia Biotech,
Piscataway, NJ)) to the 3'-amino group. We then covalently linked mono-
maleimido—gold particles (Nanoprobes, Yaphank, NY) to the 5'-sulfhydryl
group. In the first coupling reaction, a 100 pl solution containing 100 uM
oligonucleotide dissolved in 0.1 M sodium bicarbonate was reacted with
0.1 mg of a succinimidyl ester of the dye dissolved in 100 pl of dimethyl sul-
foxide. The reaction mixture was stirred at room temperature for 2 h. The
reaction product was first purified with a Sephadex column (NAP-5;
Amersham Pharmacia Biotech) equilibrated with 10 ml of 0.1 M triethylam-
monium acetate (pH 6.5). It was then fractionated on a Cygreverse-phase col-
umn (Bio-Rad Laboratories, Hercules, CA) with a linear elution gradient of
0 to 75% acetonitrile dissolved in 0.1 M triethylammonium acetate (pH 6.5)
at a flow rate of 1 ml/min. The fractions that absorbed at 260 nm and at the
dye maximum absorption were isolated. The fractions collected were partial-
ly dried in a SpeedVac (Savant, Farmingdale, NY) and purified again using a
Sephadex column equilibrated with 0.1 M sodium bicarbonate (pH 8.3). The
elution volume was concentrated with Ultrafree-0.5 centrifuge columns with
a M, 5,000 cutoff (Millipore, Bedford, MA)) to a final oligonucleotide con-
centration of 15 uM. The disulfide bond was cleaved with dithiothreitol
(DTT), and the oligonucleotide was purified of excess DTT before coupling
to the gold. Then, 10 pl of 1 M DTT were added to 25 pl of oligonucleotide
mixed with 75 pl of sodium bicarbonate, pH 8.3. After a 1 h incubation, the
oligonucleotide solution was purified using reverse-phase chromatography,
as described. The fractions containing the activated oligonucleotide were
purified using a Sephadex column (NAP-5) equilibrated with water. Part of
the elution product (37 pmol to 370 pmol of DNA, suspended in 180 pl of
water) was immediately reacted with 6 nmol of the monomaleimido—gold
particles (Nanoprobes) in aqueous 20 mM NaH;POy4, 150 mM NaCl, 1 mM
ethylenediamine tetraethyl acetate (EDTA) buffer, pH 6.5, containing 10%
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isopropanol at 4°C for 24 h. Reaction products were analyzed by gel elec-
trophoresis on a 10% nondenaturing acrylamide gel performed in 1x Tris-
borate EDTA (TBE) at 10 V/cm.

Measure of the gold quenching efficiency. The quenching efficiency (QE) of
the gold-oligonucleotide—dye is defined as 100 x (1 — (iciosea/ iopen)), Where igioseq
is the fluorescence intensity of a molecular beacon in the absence of target,
and igpen is its fluorescence when bound to target. It is computed from the
experimental intensities as 100 x (ly,— Ii)/(li— lii)) (see Table 1). Here, liy = igpen
+ liji and 1 = igiosea + i

Fluorescent measurements were performed on a spectrofluorometer
(Photon Technology International, Monmouth Junction, NJ) using a 10 mm
pathlength quartz cuvet (NSG Precision Cells, Farmingdale, NY) with tem-
perature fixed at 20°C with a circulating waterbath. The background fluores-
cence of 3 ml of the buffer containing 1 M NaCl, 10 mM cacodylic acid,
0.5 mM EDTA (pH 7.3) was monitored for a few minutes. Then, 10 to 100 pl
of the mixture of uncoupled gold and gold-DNA-dye conjugate was added to
the hybridization buffer and fluorescence was measured. After confirming
that there was no change of fluorescence with time, an excess of target
oligonucleotide (5'-AAAAAAAAAAAAAAACTCGC-3') was added, and the
level of fluorescence was recorded. This experiment was repeated with four
different dyes. For each dye, the excitation and the emission wavelengths of
the fluorometer were adjusted to match those given by the manufacturer:
(494 nm; 520 nm) for fluorescein (524 nm; 557 nm) for rhodamine 6G
(583 nm; 603 nm) for Texas red, and (649 nm; 670 nm) for Cy5. The change
in the fluorescence level due to the gold particles alone was measured at the
wavelengths used for each dye. From 1.2 to 3 nmol of pure Nanogold particles
were suspended under the same conditions as the gold used for coupling to
the oligonucleotide. The change of fluorescence background was measured as
the gold was added to the hybridization buffer.

The molecular beacons were synthesized by reacting a succinimidyl ester
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dye to the primary amine located at the 5' end of an oligonucleotide (5'-NH,-
GCGAGTTTTTTTTTTTTTTTCTCGC-3'-DABCYL) that had a DABCYL
covalently linked at its 3' end.

Mismatch detection. For the mismatch detection, the hybridization buffer
was composed of 90 mM KCI, 10 mM Tris, pH 8.0. We successively tested the
detection of one mismatch in a sequence of 16 bases with two probes having
the same oligonucleotide sequence and the same dye (rhodamine 6G) with
either Nanogold or DABCYL as the quencher. A 180 pl aliquot of a solution
containing 37 pmol of oligonucleotide and 4.8 nmol of
monomaleimido—gold particles was equally divided in three vials (1-3), each
containing 60 pl of the product. The contents of vial 1 were mixed with 3 ml
of the hybridization buffer and after a few minutes with 100 pl of 160 uM of
target 4 (Fig. 1B). This pool of oligonucleotides acts as random targets com-
peting with the perfect and the mismatched targets. We checked that the level
of fluorescence did not change over 30 min. The same procedure was repeat-
ed with vial 2, but immediately after the addition of the random sequences,
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apart. The target concentration gradually increased from 67 pM to 13 uM.
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the hybridization buffer so that the composition of the buffer did not change
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