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Abstract

Quantum dot (QD) molecular beacons were explored for sequence-specific DNA detection. The effectiveness of multiple linkage
strategies and fluorescence quenchers were compared in hybridization-based assays. To compare linkage strategies, covalent amide
linkage and streptavidin—biotin binding were used to link semiconductor QDs to molecular beacon DNA. Amide-linked beacons showed
a 57% greater fluorescence increase than streptavidin-linked beacons when hybridized to 200 pmol of target DNA. The specificity of the
molecular beacons, however, was similar for both linkage methods. Hybridization of both QD molecular beacons with non-
complementary target DNA resulted in approximately 50% lower fluorescence intensity than hybridization with complementary DNA.
The effectiveness of different quencher moieties was also evaluated. Iowa Black and 1.4 nm Nanogold-quenched molecular beacons
exhibited approximately 2-fold greater fluorescence increases than dabcyl-quenched beacons when hybridized to complementary target.
Specificity for target DNA was also confirmed through hybridization assays with non-complementary DNA. To provide insight into
differences between the QD molecular beacons and the linkage strategies used, the hydrodynamic radius of each was measured. These
measurements indicated that the larger radius of the streptavidin QDs (13.5nm) than the carboxyl QDs (7 nm) could have a negative
effect on FRET-based quenching for QD molecular beacons. These data outline the importance of choosing proper linkage methods and
quencher moieties for creating high-quality QD molecular beacons.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction The sensitivity of target detection is a function of the
intensity of the signal and the background noise of the

Semiconductor quantum dots (QDs) have become system. One method of increasing signal-to-noise ratios

attractive fluorophores for biosensing strategies. QDs are
much brighter and more photostable than organic fluor-
ophores, have narrow emission spectra (25-30nm full-
width at half-maximum), and have broad absorption
spectra [1-3]. Because of the broad absorption spectra
and large emission shift, QDs can be excited at wavelengths
far-removed from their emission peak. Additionally, nearly
all QDs of different emission peaks can be excited using a
single, short-wavelength excitation source. There have been
many recent reports of using QDs for biosensing applica-
tions [1,2,4,5], especially for multiplex detection strategies
[3,5-7].
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involves the use of fluorescence resonance energy tranfer
(FRET). FRET is a distance-dependent phenomenon that
occurs when a donor fluorophore and an acceptor
chromophore (quencher) are in close proximity [8]. When
the fluorophore and quencher are within a certain distance
from each other, excitation energy can be transferred from
the fluorophore to the quencher, preventing fluorescence
emission. The distance at which there is a 50% transfer in
energy is known as the Forster Radius (R,):

R, =9.78 x 10°[k*n*Q,J ()9

R, is dependent upon (k) the orientation factor for
dipole—dipole interactions, (n) the refractive index of the
medium, (Q,) the quantum efficiency of the donor, and
(J(1)) the spectral overlap integral between the donor and
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acceptor [4,9]. Once R, is known, the FRET efficiency (E)
can be calculated for various distances (R) between the
donor and the acceptor [9]:

6
= RO .
RS+ RS

Multiple detection techniques have been devised to
harness this effect, including molecular beacons [10-13].
Molecular beacons are comprised of a fluorophore and a
quencher moiety attached to opposite ends of a single
stranded DNA oligonucleotide. The sequence of the
oligonucleotide is designed such that it preferentially base
pairs with itself, forming a stem-loop structure. Included
inside the loop region is a probe sequence that can bind to
a complementary target DNA sequence. This hybridization
event causes the stem-loop structure to open and spatially
distance the fluorophore from the quencher. This decreases
the FRET efficiency and results in increased emission from
the fluorophore (donor). Molecular beacons are extremely
target-specific, primarily because of the competition
between internal hybridization within the stem structure
and hybridization between the target and the loop structure
[11]. These dynamic interactions require specific hybridiza-
tion between the target and loop structure to stabilize the
molecular beacon in the open position. Additionally the
stem and loop length of the molecular beacon can be
altered to achieve either higher specificity and/or increased
kinetic rate constants [13]. These features make molecular
beacons attractive for biosensor detection applications.

To this end, we have developed several QD-based
molecular beacons to be used for DNA-based detection
strategies. Although the use of QDs as fluorescence donors
in molecular beacons is not unprecedented [9], we present
here a variety of methods for QD-molecular beacon
synthesis, as well as a comparison of different fluorescent
quenchers. Additionally, we demonstrate the effective use
of QD-molecular beacons for DNA sequence detection.

2. Materials and methods
2.1. Reagents

Phosphate buffered saline (PBS) pH 7.4 was obtained
from Sigma-Aldrich (St. Louis, MO). Bovine serum
albumin (BSA) was obtained from New England Biolabs
(Beverly, MA). 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide hydrochloride (EDC) was obtained from Pierce
Biotechnology Inc. (Rockford, IL). Carboxyl-modified and
streptavidin-modified 525 nm quantum dots were obtained
from Quantum Dot Corporation (Hayward, CA). All
DNA (oligonucleotide primers and molecular beacon
oligonucleotides) were obtained from Integrated DNA
Technologies (Coralville, IA). Mono-sulfo-NHS Nanogold
conjugates (1.4nm) were obtained from Nanoprobes Inc.
(Yaphank, NY). Microcon molecular weight cut-off
(MWCO) spin filters were obtained from Millipore

Corporation (Bedford, MA). PicoGreen fluorescent dye
was purchased from Molecular Probes (Eugene, OR).

2.2. Molecular beacon design

The molecular beacon used in this study was designed
using the nucleic acid manipulation software Vector NTI
(Invitrogen, Carlsbad, CA). The molecular beacon was
designed to hybridize to a 17 base portion of the
Salmonella typhimurium invasin gene (invA). Using Vector
NTI and BLAST (www.ncbi.nlm.nih.gov/BLAST/) [14], a
sequence was selected that did not have significant
similarity to other reported sequences and had no predicted
secondary structure formation. A 5 base “‘stem’ was added
to the 5 and 3’ ends of this sequence that would enable
stem-loop formation through internal hybridization to
create the molecular beacon. The resulting sequence is 5
CGCTCGTGTTTATGGGGTCGTTGAGCG 3 where
the bold, underlined portions represent the 5 base stem.
To determine the effectiveness of this molecular beacon for
sequence-specific detection, two DNA sequences were
chosen. The first, “invAF2” (YTGCTGCTTTCTCT-
ACTTAACAGTGC 3') is complementary to the 5 end
of the invA gene, but does not overlap with the molecular
beacon sequence. The second, “MB Comp” (5 AACGA-
CCCCATAAACACY) is exactly complementary to the
loop portion of the molecular beacon.

Molecular beacons were designed to use a quantum dot
(QD) as the fluorophore and a variety of quenching
moieties to provide fluorescence quenching. These included
the Towa Black FQ quencher (Integrated DNA Technol-
ogies), dabcyl, and 1.4nm gold particles (Nanoprobes).
For dabcyl and Iowa Black FQ quenched carboxyl-
modified QDs the molecular beacon DNA was modified
with a 5 C6 amino modifier and either a 3’ dabcyl or Iowa
Black FQ molecule. For Iowa Black FQ quenched
streptavidin-modified QDs the molecular beacon DNA
was modified with a 5 biotin and a 3’ Iowa Black FQ.
Finally, for Nanogold quenched molecular beacons the
molecular beacon DNA was modified with a 3’ C6 amino
modifier (for linkage to the Nanogold) and a 5 biotin for
linkage to streptavidin-modified QDs.

2.3. Quantum dot—molecular beacon synthesis

Several methods were used to attach quantum dots to
the molecular beacon DNA backbone. As described above,
multiple molecular beacon DNA molecules were synthe-
sized with different attachment chemistries and quencher
molecules attached to their 5 and 3’ ends. The different
molecular beacons that were synthesized included dabcyl-
and Towa Black FQ-quenched carboxyl-modified QDs,
Iowa Black FQ-quenched streptavidin QDs, and finally
Nanogold-quenched streptavidin-modified QDs (as shown
in Fig. 1 and listed in Table 2). These represent a range of
chemistries available for DNA-QD attachment, and
include the most widely used quenchers for molecular
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beacons and other FRET-based assays. A list of the DNA
molecules used for QD molecular beacon synthesis is
provided in Table 1, while the various molecular beacons
that were synthesized are shown in Table 2.

For the first set of molecular beacons, Qdot ITK
carboxyl-modified 525nm quantum dots (Quantum Dot
Corporation) were covalently linked to the 5" amino linker
of molecular beacon DNA modified with both dabcyl and
Iowa Black FQ. The carboxyl surface groups of the QDs
were activated with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) [15] and allowed to
react with the 5 amino groups on the DNA. Approxi-
mately 100 pmol of Qdots were mixed with 300 nmol of
EDC and 2 nmol of amino-labeled DNA in 400 uL of PBS
in a 1 mL glass vial. The mixture was allowed to react for
2h at room temperature. Unreacted DNA and free EDC
were removed from the QD-modified DNA by spin

O

(A) B) ©)

Fig. 1. A representation of the three different quantum dot molecular
beacon labeling strategies is shown. Carboxyl-modified quantum dots
were modified with amino-labeled molecular beacons (A) while strepta-
vidin-modified quantum dots were modified with biotin-labeled molecular
beacons (B). Both dabcyl and Iowa Black FQ quenchers (small dark
circles) were used, as well as 1.4 nm Nanogold (light colored circle) (C).

Table 1

filtration in Millipore Microcon 50,000 molecular weight
cut-off (MWCO) spin filters. Reactions were spun at
7000 x g for Smin and the retentate (QD-modified DNA)
resuspended in 400 uL PBS while the flow-through was
discarded. This was repeated two times and the final
retentate was resuspended in 200 pL of PBS.

For the second set of molecular beacons, biotinylated
molecular beacon DNA was attached to Qdot 525nm
streptavidin conjugate (Quantum Dot Corporation) by the
well-established streptavidin—biotin interaction [15]. Ap-
proximately 100 pmol of streptavidin-modified QDs were
mixed with 1 nmol of biotinylated molecular beacon DNA
and 40uL of 10mg/mL BSA in 400uL of PBS. The
mixture was incubated for 1h, washed, and resuspended as
described above for the carboxyl-modified QD-molecular
beacons.

Finally, for preparation of Nanogold-quenched molecu-
lar beacons, mono-sulfo-NHS 1.4nm Nanogold (Nanop-
robes Inc.) was modified with amino-labeled molecular
beacon DNA. Approximately 1 nmol of mono-sulfo-NHS
Nanogold was mixed with 10nmol of amino-labeled,
biotinylated molecular beacon DNA in 300 uL of PBS.
The mixture was incubated for 2h at room temperature
and then quenched with 10pL of 10mM glycine to
deactivate any remaining NHS on the surface of the
Nanogold. The reaction was then washed two times with
PBS in a Millipore Microcon 10,000 MWCO spin filter
with centrifugation at 7000 x g and was resuspended in
200 uL. PBS. One hundred micro liters of the resuspended
nanogold was mixed with 10pmol of Qdot 525nm
streptavidin conjugate, 40yl of 10mg/mL BSA, and
400 uL PBS. This mixture was incubated 1h at room

Comparison of DNA sequences for molecular beacons, target DNA, and PCR primers used

Sequence Name

Sequence (5'-3')

invAF2

invAF2—NH2 labeled

invAR4

Mol Beacon—NH2, Dabcyl

Mol Beacon—NH2, Iowa Black FQ
Mol Beacon—Biotin, Iowa Black FQ
Mol Beacon—NH2, Biotin

MB Comp

5" TGCTGCTTTCTCTACTTAACAGTGC

5" NH2—TGCTGCTTTCTCTACTTAACAGTGC

5" CGGCATCGGCTTCAATCAAGAT

5 NH2—CGCTCGTGTTTATGGGGTCGTTGAGCG—Dabcyl

5" NH2—CGCTCGTGTTTATGGGGTCGTTGAGCG—Iowa Black FQ
5" Biotin—CGCTCGTGTTTATGGGGTCGTTGAGCG—Iowa Black FQ
5" Biotin—CGCTCGTGTTTATGGGGTCGTTGAGCG—NH?2

5 AACGACCCCATAAACAC

The tail sequences of the molecular beacons are shown underlined and in bold text. For each molecular beacon DNA backbone used, the 5 and 3’
modifications are shown. The following abbreviations are used in the table: NH2—amine group, FAM—fluorescein dye, MB comp—complementary

sequence to the loop region of the molecular beacon.

Molecular beacon DNA sequence

Table 2

QD molecular beacon summary

Molecular beacon name Fluorphone/quencher

Carb-1B Carboxyl 525nm Qdot/Iowa Black
Carb-Dabcyl Carboxyl 525 nm Qdot/Dabcyl

SA-IB Streptavidin 525 nm Qdot/Iowa Black
SA-Gold Streptavidin 525nm Qdot/1.4nm Nanogold

5" CGCTCGTGTTTATGGGGTCGTTGAGCG
5" CGCTCGTGTTTATGGGGTCGTTGAGCG
5" CGCTCGTGTTTATGGGGTCGTTGAGCG
5" CGCTCGTGTTTATGGGGTCGTTGAGCG

The abbreviated names and compositions of the various molecular beacons are shown.
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temperature and was washed two times with PBS in a
Millipore Microcon 100,000 MWCO spin filter at 7000 x g.
The final retentate was resuspended in 200 pL. PBS. All
QD-molecular beacons were stored in the dark at 4 °C and
were used within 1 month of their initial synthesis.

2.4. Fluorescence measurements and particle sizing

To measure the fluorescence intensity of QD-molecular
beacons we used a standard microplate fluorometer (Tecan
Genosys FL, Durham, NC). Microplate fluorescence
measurements of QD-molecular beacons were made with
excitation at 360nm and detection at 520 nm. Particle
sizing was achieved using a Malvern Instruments (Worch-
estershire, UK) Zetasizer Nano ZS instrument. This
instrument uses light scattering to measure the average
hydrodynamic radius of particles in solution. Samples were
placed in 0.5mL plastic cuvettes and three measurements
consisting of 10 runs with 5s duration were performed at
25°C. The instrument was standardized with 1 pm poly-
styrene beads and particle size was reported as the average
of the three measurements with an error measurement of
one standard deviation.

2.5. Calculation of FRET efficiency

The FRET efficiency for 525 nm Qdots with both dabcyl
and Iowa Black FQ were calculated for a range of
distances. This was done by first calculating the Forster
Radius (R,) as described by the above equation using
previously described values reported by Clapp et al. [9,17].
A value of 2/3 was used for the orientation factor for
dipole—dipole interactions (k) while a value of 1.40 was
used for the refractive index of the medium (). A value of
0.60 was used for the quantum efficiency of the donor (Q,)
as specified by Quantum Dot Corporation. The spectral
overlap integral between the donor and acceptor (J(4)), was
found by using the Qdot emission spectrum (from
Quantum Dot Corporation) and from empirically deter-
mined absorbance spectra of dabcyl and Iowa Black FQ.
The overlap integral was calculated numerically using a
Inm step size. The overlap integral for the 525nm
Qdot-lowa Black FQ interaction was calculated to be
2.62 x 107'3, and for the 525 nm Qdot-dabeyl interaction,
7.4 x 107", The Forster Radius (R,) for 525nm Qdots—To-
wa Black FQ was calculated to be 50.2A and for 525nm
Qdots—dabcyl, 40.6 A. Once R, was calculated, the FRET
efficiency (E) was calculated for a variety of distances from
1 to 20 nm using the previously described equation (above).

3. Results

The goal of this research was to develop QD molecular
beacons that could be used for DNA detection assays.
Although Kim and co-workers have reported the use of
QDs for molecular beacons [9], we sought to evaluate
different attachment chemistries as well as different

quencher moieties to determine which combination would
yield the best molecular sensor. Our initial approach to
creating QD molecular beacons was to attach amino-
labeled molecular beacon DNA to carboxyl-modified QDs.
The molecular beacon DNA sequence was designed to
hybridize with a 17 bp portion of the Salmonella typhimur-
ium invA gene. One end of the DNA was labeled with Iowa
Black FQ for FRET-based quenching of the QD during
hairpin formation. Using the zero-length crosslinker, EDC,
we were able to successfully attach Towa Black FQ-labeled
molecular beacon DNA to QDs and could visually observe
quenching of QD fluorescence (Fig. 2).

Different linkage strategies and compositions for QD
molecular beacons were also explored. We used a popular
alternative to covalent chemical attachment, linking the
QD and DNA by streptavidin—biotin binding. We also
used the alternative organic quenchers Iowa Black™
(Integrated DNA Technologies, Coralville, IA) and dabcyl.
Since FRET-based quenching can also be achieved through
interactions between fluorophores and gold surfaces [18] or
gold nanoparticles [19,20], we also developed a QD
molecular beacon using 1.4nm Nanogold as a quencher.
The various QD-DNA linkage and molecular beacon
quenching strategies that were used are shown schemati-
cally in Fig. 1. The abbreviated names and a short
description of each QD molecular beacon are shown in
Table 2.

To confirm modification of QDs with molecular beacon
DNA, we measured the average diameter of the QD
molecular beacons and compared them to unmodified QDs
and QD conjugates using a laser-based particle-sizing
instrument (Malvern Zetasizer Nano ZS) that has

Fig. 2. Fluorescence quenching of quantum dots through the attachment
of lIowa Black-modified molecular beacon DNA is shown. Carb-IB
quantum dot molecular beacons are shown (left, Tube #1) as well as
unmodified Qdot 525 nm ITK quantum dots (right,Tube #2). Images were
acquired with a Canon PowerShot A60 digital camera using a Labnet
DyNA Light transilluminator as an excitation source. Abbreviated names
are described in detail in Table 1.
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previously been used to measure nanometer sized particles
[21,22]. Because the measured particles are in aqueous
solution, these measurements represent the average hydro-
dynamic diameter of the particles. Light scattering
measurements demonstrated an increase in hydrodynamic
radius after modification of QDs with molecular beacon
DNA. Unmodified carboxyl-QDs had an average hydro-
dynamic radius of 7+2.2nm and increased to between
13.54+3.2 and 184+ 6nm after modification with various
DNA molecules. As expected, these measurements showed
that Qdot streptavidin conjugate was significantly larger
(15.743.7nm) than the Qdot ITK carboxyl QDs
(7+2.2nm). These measurements agree with the manufac-
turer’s specifications (Quantum Dot Corporation) that
Qdot ITK carboxyl QDs are approximately Snm in
diameter and the streptavidin conjugate is between 10
and 15nm in diameter. The larger diameter of the
streptavidin conjugate is due to the attachment of large,
approximately 4 nm diameter [23] streptavidin proteins to
the QD surface. Although we could not resolve differences
in diameter between DNA-modified and unmodified
Qdot streptavidin conjugates, there was a 6-fold increase
in hydrodynamic radius between DNA modified
(73+16nm) and unmodified (11+2.4nm) SA-Gold bea-
cons. This increase could be due to aggregation of particles
in solution, or to cross-linking of particles during attach-
ment of the Nanogold-DNA to the Qdot streptavidin
conjugate.

To quantitatively compare the effectiveness of the
various QD molecular beacons for biosensing, we mea-
sured the fluorescence intensity of molecular beacons
mixed with complementary and non-complementary
DNA. Fixed concentrations of each of the different QD

molecular beacons (approximately 2 pmol for each) were
mixed with 200 pmol of complement DNA (MB comp) or
non-complement DNA (invAF2). The fluorescence inten-
sity of each mixture was measured and then normalized to
the fluorescence intensity of QD molecular beacons with-
out added DNA. The results of this experiment are shown
in Fig. 3. The results of the DNA hybridization-based
unquenching of QD molecular beacons demonstrate that
there are clear differences between the attachment methods
used to link the molecular beacon DNA to the QDs, as well
as differences in the effectiveness of different quencher
moieties. When the same quencher (Iowa Black FQ) was
used with different attachment strategies (covalent amino-
carboxy versus streptavidin—biotin) a notable difference
was seen in hybridization-based unquenching. The cova-
lently linked molecular beacons yielded a 3.3-fold increase
in fluorescence while the streptavidin—biotin linked beacons
yielded only a 2.1-fold increase in fluorescence. When
comparing different quencher moieties, it was clear that the
ITowa Black FQ quencher was a better quencher than
dabcyl. We used covalent amide linkage for both lowa
Black FQ and dabcyl-labeled molecular beacons. The Iowa
Black FQ labeled beacon, however, yielded a 3.3-fold
increase in fluorescence (after hybridization with target
DNA) whereas the dabcyl labeled beacon yielded only a
1.1-fold increase in fluorescence. This difference could be
due to multiple effects including differences in the ability of
dabeyl and Iowa Black FQ to effectively quench QDs. In
another comparison SA-IB beacons (2.1-fold increase)
demonstrated a similar amount of activity to SA-Gold
beacons (1.9-fold increase). This demonstrates that Nano-
gold may have similar quenching properties to lowa Black
FQ in this application.
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Fig. 3. DNA hybridization-based unquenching of QD molecular beacons. Approximately 2 pmol of QD molecular beacons were mixed with either

200 pmol of complement DNA (MB comp) or 200 pmol of non-complement

DNA (invAF2). For each measurement, the fluorescence intensity of the

mixture was normalized to the fluorescence intensity of 2 pmol of QD molecular beacons in PBS buffer only. These values are expressed as fluorescence
ratios (QD MB with target DNA: QD MB with buffer only). These data represent the average of three separate measurements for each QD molecular

beacon and error bars represent one standard deviation.
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To better understand if fluorescence unquenching of QD
molecular beacons was due to DNA hybridization, we
performed additional particle sizing measurements. Both
carboxyl-QDs and streptavidin-QDs linked to ITowa Black
FQ molecular beacon DNA were mixed with 200 pmol of
complement DNA (MB comp) and their average particle
size was measured with the Malvern Zetasizer Nano ZS
instrument. Molecular beacon modified and unmodified
QDs were also measured for comparison (Fig. 4). These
results demonstrate that the average hydrodynamic radius
of the QD molecular beacons increased upon addition of
complementary DNA. The increase in diameter is likely
due to hybridization of the molecular beacon DNA with
the complement DNA, resulting in an extended DNA
structure. For Carb-IB beacons, the average hydrodynamic
radius was measured at 13.54+2.8nm and increased to
15.7+ 3.8 nm upon addition of complement DNA. For SA-
IB beacons the hydrodynamic radius increased from an
average of 15.6+3.7nm to 21+3.1 nm upon addition of
complement DNA. This represents a 2.2nm increase in
hydrodynamic radius for the carboxyl QD molecular
beacons and a 54nm increase for streptavidin QD
molecular beacons. The difference in measured diameter
for the Carb-IB beacons, however, is within the standard
error, and therefore may not be significant. Taken with the
large increase in diameter for the streptavidin QD
molecular beacons, however, these data could suggest that
fluorescence unquenching is caused by hybridization of
complement DNA that opens the beacon hairpin and
spatially separates the QD from the quencher.

4. Discussion

This research effort demonstrates that molecular bea-
cons can be synthesized using QDs as a fluorophore and

121

both organic and inorganic moieties as quenchers. More-
over, these results compare the relative effectiveness of two
different binding chemistries for QD molecular beacon
synthesis. For this research effort, we used two different
methods to attach molecular beacon DNA to semiconduc-
tor QDs: (1) covalent linkage of amino-labeled DNA to
carboxylated QDs (carboxyl-linked) and (2) linkage of
biotinylated DNA to streptavidin-modified QDs (strepta-
vidin-linked). Both of these methods have been
demonstrated previously for attachment of DNA to QDs,
but the two methods have not been quantitatively
compared within a single study. We observed that the
linkage method used had measurable effects on the
properties of the molecular beacons. As shown in Fig. 4,
DNA hybridization-based unquenching of QD molecular
beacons yielded larger increases in fluorescence for
carboxyl-linked beacons (3.3-fold) than for streptavidin-
linked beacons (2.1-fold) when using the same quencher
(Iowa Black FQ). This fluorescence increase was mediated
by binding of the molecular beacon DNA to single-
stranded DNA that was perfectly complementary to the
loop region. The difference between the carboxyl-linked
and streptavidin-linked molecular beacons could be due to
several reasons. First, there could be differences in the
number of molecular beacon DNA hairpins attached
to the two types of QDs. This could be due to differences
in binding efficiency between the two linkage methods
and the number of accessible reactive groups (carboxyl
or streptavidin) on the QDs. Close packing of molecular
beacon DNA on the surface of the QDs could interfere
with secondary structure hairpin formation. This
could result in inefficient quenching of the QD molecular
beacon (in the absence of target) and result in a smaller
change in fluorescence intensity during hybridization to
target DNA.
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Fig. 4. Particle sizing measurements of QD molecular beacons both alone and hybridized to complement DNA. Approximately 2 pmol of each QD or QD
molecular beacon was measured in PBS buffer in a Malvern Instruments Zetasizer (Worchestershire, UK). To some samples, 200 pmol of complement
DNA (MB comp) was added to 2 pmol of both Carb-IB and SA-IB beacons to measure changes in hydrodynamic radius due to DNA hybridization. Each
measurement is the average of three separate measurements and the error bars represent one standard deviation.
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Another difference between the two linkage strategies is
the relative distance of the molecular beacon DNA (and
therefore the quencher) from the core of the QD. Carboxyl-
modified QDs were measured to have an average diameter
of 7nm while streptavidin-modified QDs had an average
diameter of 13.5nm. The difference in diameter is due to
the large streptavidin protein molecules that are bound to
the surface of the streptavidin-modified QDs. Using large
proteins as spacers on the surface of the QD greatly
increases the distance between the core of the QD and the
quencher molecule, a parameter that is critical to FRET-
based quenching. The Forster Radii (R,) for the QD-Iowa
Black FQ pair and the QD-dabcyl pair were calculated to
be 5.0 and 4.1nm, respectively. These represent the
distances at which FRET efficiency is approximately
50%. Using the average measured diameter for carboxyl-
modified and streptavidin-modified QDs, it is clear that the
closest possible distance between the center of the QD and
the quencher molecule would be 3.5 and 6.75nm,
respectively. From FRET efficiency calculations, distances
greater than 5nm from the center of this QD should result
in less than 50% FRET efficiency. In fact, based on
their measured diameter, it can be estimated that the
carboxyl-modified QD-Iowa Black interaction would
have a maximum FRET efficiency of 89% while the
streptavidin-modified QD-Iowa  Black interaction
would have a maximum FRET efficiency of only 14%.
Although these values would change relative to the exact
number of quencher molecules associated with each QD,
this demonstrates that FRET-based quenching of QDs is
highly dependent upon the distance of the quencher from
the QD. Therefore, the differences in between covalently-
linked and streptavidin-linked QD molecular beacons
could be dependent upon their initial quenched state. If
the covalently-linked molecular beacons were initially
better quenched than the streptavidin-linked molecular
beacons, then hybridization-based unquenching would be
more pronounced for the covalently-linked molecular
beacons.

In addition to comparing linkage methods we also
compared the effectiveness of different quencher moieties.
We compared the dark quencher Towa Black FQ with both
dabcyl and 1.4nm Nanogold particles. Dabcyl has been
used previously to create QD molecular beacons through
carboxyl linkage [9]. Other groups have used gold
nanoparticles to quench QDs through a variety of
attachment methods [19,24]. Gueroui and co-workers [19]
demonstrated that modifying the spatial separation be-
tween 1.4nm Nanogold and a 522 nm QD (Qdot Corpora-
tion) resulted in varying quenching efficiencies. At a
distance of 10nm, the QD was quenched 20% while
distances of 7.5 and 5.9nm quenched the QD 50% and
80%, respectively. For our study, we attached both dabcyl
and Iowa Black FQ quenched molecular beacons to
carboxyl-linked QDs and also attached 1.4nm Nanogold
molecular beacons to streptavidin-linked QDs. To directly
compare these quenchers, we mixed the QD molecular

beacons with both complement and non-complement DNA
and measured their fluorescent intensity (Fig. 3). These
data showed that Iowa Black FQ molecular beacons
yielded a maximum increase in fluorescence of 3.3-fold;
however, dabcyl molecular beacons did not show any
relative increase in fluorescence during target DNA
hybridization. These data differ from a previous report
by Kim et al. [9], where dabcyl was used for successful QD
quenching. Kim and co-workers, however, used 490 nm
QDs that have considerably better spectral overlap with the
absorbance maximum of the dabcyl quencher. Therefore,
the quenching efficiency of the dabcyl quencher for the
490 nm QDs used by Kim and co-workers is expected to be
much higher. Fig. 5 shows the calculated spectral
overlap of these QD-quencher pairs. As indicated
in the spectra, lowa Black FQ is a much better quencher
for 525nm QDs than dabcyl, due to the better overlap
between the QD emission spectrum and quencher
absorbance spectrum. The spectral overlap integral for
the Iowa Black FQ-525nm QD interaction was calculated
to be 2.6x 107 cm 'M™!, while that for the dab-
cyl-525 nm QD interaction was only 7.4 x 10~ em~'M~".
This indicates that the Iowa Black FQ quencher is a
significantly better quencher than dabcyl when using
525nm QDs.

For the 1.4nm Nanogold quencher, we observed a 1.9-
fold increase in fluorescence upon interaction with com-
plementary DNA target. As described above, there may be
some differences in quenching ability due to the linkage
method used. Using the hydrodynamic radius measure-
ments of the streptavidin-modified QDs, the minimum
separation distance between the 1.4 nm Nanogold particle
and the QD, is approximately 7.5nm. Gueroui and co-
workeres [19] reported that, based on single molecule
observations, a distance of 7.5nm between a QD and
Nanogold particle resulted in only 50% quenching
efficiency. This corresponds well to our data, in which
there was nearly a 2-fold increase in fluorescence intensity
upon interaction with target DNA.

Finally, for any molecular sensing system, there must be
specificity between target and non-target molecules. For
each of the QD molecular beacons that were synthesized,
specificity was determined by comparing hybridization
with perfectly complementary DNA and non-complemen-
tary DNA. Regardless of the linkage method or the
quencher moiety that was used, hybridization with
complementary DNA yielded approximately 2-fold higher
fluorescence intensity than hybridization with equal con-
centrations of non-complementary DNA. Dabcyl-
quenched molecular beacons, however, did not exhibit
changes in fluorescence for complementary or non-
complementary DNA and the Nanogold-quenched
beacons yielded only 1.6-fold higher intensity for comple-
mentary DNA. These data indicate significant specificity
of the molecular beacons for the target DNA sequence
and suggest that they could be used for discriminatory
assays.
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Fig. 5. Normalized spectra for 525 nm Qdots (grey squares), dabcyl (grey triangles) and Towa Black FQ (black) and their overlap spectra (inset graph).
The absorbance and emission spectra for the quenchers and Qdots, were normalized according to previous work by Medintz et al. [4]. The overlap integral
(J(\)) was calculated using these normalized data over a step size of 1 nm. For the inset graph, the overlap integral for dabcyl-Qdot 525 is shown in grey
triangles, while the overlap integral for lowa Black FQ-Qdot 525 is shown in black squares.

5. Conclusions

In summary, we have shown that QD molecular beacons
are viable substrates for fluorescence-based DNA detection
assays. We have also shown that a variety of attachment
chemistries and quencher moieties can be used for QD
molecular beacon synthesis. As expected, our data demon-
strate that the spectral overlap of the QD fluorophore and
the quencher directly affects the quenching efficiency of the
molecular beacon. We have also shown that the QD to
DNA linkage method has a direct effect on this efficiency.
As with all FRET-based systems, the distance between the
donor and acceptor must be tuned to provide the optimal
efficiency for energy transfer. These data outline the
importance of choosing proper linkage methods and
quencher moieties for creating high quality QD molecular
beacons.
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