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Abstract

We demonstrate the first biosensing strategy that relies on quantum dot (QD) fluorescence
blinking to report the presence of a target molecule. Unlike other biosensors that utilize QDs, our
method does not require the analyte to induce any fluorescence intensity or color changes, making
it readily applicable to a wide range of target species. Instead, our approach relies on the
understanding that blinking, a single particle phenomenon, is obscured when several QDs lie
within the detection volume of a confocal microscope. If QDs are engineered to aggregate when
they encounter a particular target molecule, the observation of quasi-continuous emission should
indicate its presence. As proof of concept, we programmed DNAs to drive rapid isothermal
assembly of QDs in the presence of a target strand (oncogene K-ras). The assemblies, confirmed
by various gel techniques, contained multiple QDs and were readily distinguished from free QDs
by the absence of blinking.
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In recent years, the field of biosensing has been introduced to colloidal luminescent
semiconductor nanoparticles, better known as quantum dots (QDs).1~9 QDs are composed of
a semiconducting core and a shell that protects against oxidation.19 Their size-tunable
optical properties, due to quantum confinement, yield narrow, wavelength-specific emission
spectra while maintaining a broad excitation range, resulting in polychromic fluorescence
with a relatively uniform excitation energy. QDs offer a better shelf life and a higher
resistance to photodegradation compared to small organic dyes, and their high surface area is
amenable to a wide range of chemical modifications.”11-13 These properties make them
attractive for biosensing applications* and have led to the development of inexpensive,
sensitive, and multiplexed assays,1® e.g., the detection of oncogenic mRNAs using QD DNA
conjugates,16:17

To date, all QD-based biosensing approaches have required a change in fluorescence
intensity or color to confirm the presence or absence of a biomolecule.1819 For this to occur,
QDs must be engineered with a local coordination environment that, after selective
interaction with an analyte, is able to undergo an electron or energy transfer reaction with
the QD. The signal from this type of sensor is usually straightforward to detect, but it is not
always convenient to design a QD system that can undergo such dramatic fluorescence
changes, which are inherently sensitive to donor—acceptor distances and small changes in the
local environment.

Here, we propose a more robust sensing strategy, which eliminates the need for any analyte-
induced changes in the fluorescence from individual particles. Instead, QDs are programmed
to aggregate after interaction with a target molecule and fluorescence differences between
aggregated and single (not aggregated) QDs are used to report its detection. The proposed
method relies on an intrinsic property of most QDs and many other chromophores known as
fluorescence blinking. Single QDs typically exhibit binary fluorescence blinking trajectories
(Figures 1 and S1) that alternate between bright (on) and dark (off) states,20 but when
several QDs are observed, all the individual trajectories add up to yield a quasi-continuous
fluorescence signal. By looking at the microscopic fluorescence and associated blinking
trace it is, therefore, relatively easy to distinguish between single QDs and multiple QDs,
even without the need for a reference sample.
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To prove this concept, we designed a QD-based biosensor that uses a DNA strand-
displacement method?1-26 to trigger the formation of QD lattices in the presence of a
specific target strand as shown in Figure 2. Programmable DNA nano-assemblies?’~30 have
been shown to have an important impact in biosensing,31-35 and DNA is a well-suited
biological material for the guided formation of QD assemblies because of its ability to self-
assemble with its complementary strand.36-38 The working principle of our current
biosensor is based on the thermodynamically driven reassociation of DNA strands assisted
by ssDNA toeholds and triggered by a specific binding to target strand (a fragment of
oncogene K-raswith codon 12 mutation3949), The reassociation cascade leads to the
formation of double biotinylated DNA duplexes, which rapidly cross-link the streptavidin-
decorated QDs. Using confocal fluorescence microscopy we show that the target strand
elicits a clear change in fluorescence trajectory from which we can infer the presence of the
analyte and even estimate the number of particles in the resulting assemblies.

EXPERIMENTAL SECTION

All specific experimental details are provided in Supporting Information.

Sequence Design and Sensor Preparation

Single-stranded DNAs entering the composition of biosensors were designed as
schematically shown in Figure S2. Correct assemblies were tested with NUPACK .41 The full
list of sequences used in this work is available in SI. All oligos were purchased from
Integrated DNA Technologies (IDT), Inc. All duplexes were assembled as detailed
elsewhere.26 All assemblies and reassociation experiments were analyzed by non-denaturing
polyacrylamide gel electrophoresis (native-PAGE). Formation of QD-based lattices was
analyzed with agarose gels.

Confocal Imaging

QD-biosensor solutions were analyzed by laser scanning confocal microscopy. Excitation
was provided by a PicoQuant PDL 800-B pulsed laser with an LDH Series 470 nm laser
head at a 10 MHz repetition frequency and power of 1.15 /M. Excitation pulses were
coupled into a single-mode optical fiber, then directed to a 500 nm cutoff dichroic beam
splitter before being focused onto the sample by a Zeiss 100x 1.25 NA oil immersion
objective lens.

RESULTS AND DISCUSSION

The proof of concept biosensor is schematically explained in Figure 3A. A Target (4)
interacts specifically with the Guard DNA (1), releasing a biotinylated DNA strand (2),
which can then reassociate with a complementary strand (3) to form duplexes with two
biotins (2 + 3). These can then cross-link streptavidin decorated QDs, yielding QD lattices.
The lengths of the toeholds were defined based on the reassociation rules described
elsewhere.*2 The free energies of secondary structures were calculated*! to be —77 kcal/mol
for (1 + 2) duplex, —65 kcal/mol for (2 + 3) duplex, and =97 kcal/mol for (1 + 4) duplex. The
difference of —12 kcal/mol prevents (2 + 3) duplex formation in the biosensor setup ((1 + 2)
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+ 3); however, the presence of target strand makes the formation of (2 + 3) more favorable,
by -85 kcal/mol, due to (1 + 4) association. The melting temperatures shown in Figure 3B
for all duplexes were measured?3 to be 79.5 (77.8) °C for (1 + 2) duplex, 78.5 (76.3) °C for
(2 + 3) duplex, and 78 (78) °C for (1 + 4) duplex and are in agreement with the predicted
values (shown in parentheses).

Multiple electrophoretic mobility shift assays (Figure 3) were done, prior to blinking
analysis, to verify the working principle of this design. First, titration experiments showed
that the maximum number of streptavidin-biotin interactions per QD was ~15-20 (Figure
3C). Due to the increase of overall negative charge of QDs upon DNA binding, their
migration rate increases dramatically. However, the formation of lattices makes it difficult
for QDs to enter the agarose gel because of size limitations. We found (Figure 3D) that at
least a 4:1 ratio of (2 + 3) duplexes to QDs was required for lattice formation. By mixing the
preformed (2 + 3) duplexes with QDs (Figure 3E), the complete conversion of free QDs into
the lattices was found to take just 30 s. We then demonstrated that QD lattices can be easily
digested by DNase, releasing free QDs with shorter DNA fragments attached (Figure 3E).
This experiment additionally confirmed that the lattice formation is driven by DNAs.
Furthermore, the lowest concentration of lattices required for visualization with the gels was
~5 nM (Figure 3F).

To test the reassociation of DNA strands in the biosensor and release of duplexes (2 + 3), a
series of assemblies with and without target strands present were analyzed by native-PAGE
(Figure 3G). Reassociation experiments were carried out at different incubation
temperatures and the results confirm that the target sequence (4) causes the formation of
duplexes (1 + 4) that result in the release of the biotinylated duplexes (2 + 3). Duplexes (2

+ 3) were released most efficiently at an incubation temperature of 37 °C. In the same set of
experiments, QDs were added to the biosensor ((1 + 2) + 3) with and without target strands
(4) and analyzed on agarose gels, as shown in Figure 3H. Cleanest formation of QD lattices
occurred at 20 and 37 °C. To test for specificity, two different “dummy” target strands of
comparable lengths were tried (Figure 31). Lattice formation was detected only in the
presence of the correct target strands and was completely blocked in the presence of free
biotin (Figure 3J). The experiments with different amounts of (4) mixed with constant
amounts of (1 + 2) + 3 + QDs revealed the visible aggregation for ten times excess of sensor
to target molecule (Figure S3).

Higher order bands were sometimes observed in reassociation experiments with the target
strand, especially when elevated incubation temperatures (45, 50, and 55 °C) were used
(Figure 3G). These bands were located higher than expected for double-stranded DNA and
point to energetically stable complexes composed of more than two nucleic acids. These
complexes decrease the efficiency of lattice formation (Figure 3H) by producing smear
bands. To try to explain these bands we chose one possible complex composed of Guard,
Anti-guard, and Target (1 + 2 + 4), and ran molecular dynamics (MD) simulations at four
different temperatures: 27, 55, 60, and 95 °C. Simulation results, shown in Figure S4,
indicate that Target, Guard, and Anti-guard strands can form a stable complex which can be
maintained at high temperatures (55-60 °C) and can therefore explain the additional bands
observed when the target strand is present.
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Representative fluorescence micrographs (Figure 4A,B) show 75 um square fields
containing streptavidin decorated QDs mixed with sensor strands before (A) and after (B)
the target strand was introduced. The samples were analyzed at ~100 picomolar
concentrations, which produced relatively dense particle distributions (Figure 4A,B), which
points toward the feasibility of using much lower QD concentrations. Both images are scaled
to the same intensity ranges and apart from a few brighter spots in Figure 4B there is little
visual difference between them. Small regions in Figure 4A and B were reimaged and are
shown in Figure 4C and D, respectively. Diffraction limits the resolution of the fluorescence
spots to about 250 nm, so even moderately large QD lattices cannot be distinguished from
single QDs by spot size alone; however, the particle in Figure 4C exhibits streaking in the
fluorescence image, which is largely absent from the particle in Figure 4D. The streaking is
due to blinking during a vertical raster scan across the particle and it indicates the presence
of a single QD. The absence of streaking in Figure 4D strongly implies that multiple QDs
are located within the focal spot. Note that in the absence of the target strand, the majority
(>90%) of observed particles exhibited single QD blinking dynamics, while just a few were
indicative of small groups of colocalized QDs (estimated 2-3 particles). In the Supporting
Information Figures S5 and 6, we have also included fluorescence images, intensity
histograms, and blinking traces of QD lattices formed at different temperature and QDs to
biosensor ratios in the presence of target strands.

Further evidence of lattice formation comes from analysis of the intensity distribution in
Figure 4A and B, shown in Figure 4E. In the presence of the target strand the intensity
histogram (red curve, corresponding to Figure 4B) has a significantly longer tail than the
histogram recorded before the target strand was added (blue curve, corresponding to Figure
4A). The presence of high intensity spots in Figure 4B indicates the presence of QD lattices
that have many QDs within the detection volume, all of which can contribute to the
fluorescence intensity.

The key results that distinguish QD lattices (formed after introduction of target strands) from
individual QDs are presented in Figures 5 and S5. Representative fluorescence blinking
traces recorded on a bright spot from Figure 4A and B are shown in Figure 5A and B,
respectively. Each trace has been scaled over the same intensity range. The blue trace in
Figure 5A fluctuates randomly between bright (~380 counts per 10 ms bin period) and dark
(~90 counts/bin) periods and is typical for a single QD. An intensity histogram calculated
for this trace (Figure 5C) shows two peaks indicating the two intensity distributions.

After introduction of the target strand the blinking trace in Figure 5B looks considerably
different. Instead of binary blinking, the intensity fluctuates over a much wider range,
indicating the lattice formation. Although particles in the lattices are still blinking, the total
fluorescence for the whole lattice is rarely completely dark (off) or fully bright (on). This is
reflected in the blinking histogram (Figure 5D), which shows a broad intensity distribution
with a mean intensity greater than Figure 5C.

Assuming stochastic and independent blinking from each QD in a lattice we used a binomial
model with single QD bright and dark intensities from Figure 5C (marked by open circles)
to predict the expected blinking histograms for QD lattices. The intensity distribution for six

ACS Sens. Author manuscript; available in PMC 2018 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Roark et al.

Page 6

QDs closely matches the measured distribution in Figure 5D (open circles), suggesting that
there are at least six emitting QDs in this particular lattice. This type of analysis is
approximate since it relies on the intensity of an unrelated single QD as a basis for the
intensity distribution of the QD lattice; however, we illustrate in Figure S7 the intensity
distributions expected from lattices containing different numbers of QDs.

The difference in blinking dynamics provides us with a reference-free way to distinguish the
presence of QD lattices triggered by the addition of a target strand. A sample that yields
bright spots with bimodal trajectories, like Figure 5A, clearly contains single QDs, while a
sample that yields widely distributed intensity trajectories, like Figure 5B, must contain
aggregated QD lattices and therefore indicates the presence of the target strand. The
concentration of QD lattices required for the blinking study is in the picomolar range, which
would be hard to detect using an ensemble of fluorescence techniques. Although the
analytical performance of this method is a complex function of the absolute concentrations
of sensor and target strands as well as QD concentration, false positives can be eliminated by
surveying a representative number of fluorescent spots. Finally, we recognize that single
particle fluorescence microscopy is complex compared to the ensemble of techniques used
in other QD biosensing methods; however, previous studies have demonstrated the
integration of confocal fluorescence with microfluidics for single particle analysis, which
suggests that our proposal is realistic.#4:45

CONCLUSION

In conclusion, we have demonstrated, for the first time, the application QD fluorescence
blinking for biosensing. As a proof of concept, we constructed a DNA-based sensor that
triggered QD lattice formation after introduction of a target molecule. These lattices could
then be unequivocally identified by analysis of blinking trajectories using picomolar QD
concentrations. Although this is currently a binary sensor, further investigation of the
blinking response in different-sized lattices or with different interparticle distances could
enable us to distinguish a wider range of situations. We anticipate that the current technique
can also find multiple applications in the emerging field of RNA nanotechnology#6-4° as a
quick and parsimonious method for visualization of various programmable assemblies and
their interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative QD fluorescence microscopy image (A) and blinking trace (B) of free QDs.
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Figure 2.
Schematics explaining the concept of biosensing with fluorescent blinking.
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Thermodynamically driven strand displacement in the presence of target sequence results in
the formation of double biotinylated duplexes (in red) that upon addition of free quantum
dots (QD) promotes formation of QD lattices. The additional blue section of the strand is

required to stabilize biosensor formation.
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Figure 3.

Recognition of target nucleic acids by programmable biosensor. A: Schematics explaining
the working principle of biosensor and nomenclature. B: Melting temperatures measured for
all duplexes participating in biosensing. C: Titration experiments carried out to determine
the highest number of biotinylated DNAs to be bound to QDs. D: Titration experiments
carried out to determine the ratio of double biotinylated (2 + 3) duplexes to QDs required for
lattice formation. E: Time course of QD lattice formation and treatment of QD lattices with
DNase. Red bands on all agarose gels stained with EtBr appear due to composition of the
QD buffer that contains BSA. F: Series of dilutions of QD lattices performed in QD buffer.
G: Total EtBr staining native-PAGE showing the strands displacement and biosensor
activation (formation of 2 + 3) upon the presence of target strand (4). DNA for anti-guard
strand (3) is the shortest and appears dim in (1 + 2) + 3 lanes; however, the formation of (2

+ 3) duplexes is well observed in the following lanes. H: Target strand triggered formation of
QD lattices analyzed with agarose gel. For (G,H), different incubation temperatures were
tested. I: Target-specific formation of QD lattices is promoted by target (4) and not by
“dummy” strands (D1 or D2). J: The formation of QD lattices is blocked in the presence of
free biotin.

ACS Sens. Author manuscript; available in PMC 2018 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Roark et al.

Page 13

Image height (um)

bt
sl

2 <
Josaind i il o

20 30 40 50 g ) 20 30 40 50 60 70 100 200 300 400

Image width (um) Image width (um) Counts / pixel

Figure 4.
Representative QD fluorescence microscopy images. A: QDs incubated with the biosensor

(1:10 ratio). B: QDs incubated with biosensor after addition of target strand. C: Single QD
reimaged from the field in A, exhibits streaking due to blinking. D: QD aggregate from B,
exhibits little streaking. E: Intensity histograms for the images in A and B.
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Figureb.

Representative blinking traces. A: Recorded on a bright spot in a fluorescence image from
QDs incubated with biosensor (1:10 ratio). B: Recorded from a bright spot from QDs plus
biosensor after incubation with target strands. Corresponding intensity histograms are shown
in C and D. The white dots in D are derived from the two white intensity markers in C using
a binomial model described in the text.
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