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Abstract

Selective and sensitive detection of nucleic acid biomarkers is of great significance in early-stage
diagnosis and targeted therapy. Therefore, the development of diagnostic methods capable of
detecting diseases at the molecular level in biological fluids is vital to the emerging revolution in
the early diagnosis of diseases. However, the vast majority of the currently available ultrasensitive
detection strategies involve either target/signal amplification or involve complex designs. Here,
using a p53 tumor suppressor gene whose mutation has been implicated in more than 50% of
human cancers, we show a background-free ultrasensitive detection of this gene on a simple
platform. The sensor exhibits a relatively static mid-FRET state in the absence of a target that can
be attributed to the time-averaged fluorescence intensity of fast transitions among multiple states,
but it undergoes continuous dynamic switching between a low- and a high-FRET state in the
presence of a target, allowing a high-confidence detection. In addition to its simple design, the
sensor has a detection limit down to low femtomolar (fM) concentration without the need for
target amplification. We also show that this sensor is highly effective in discriminating against
single-nucleotide polymorphisms (SNPs). Given the generic hybridization-based detection
platform, the sensing strategy developed here can be used to detect a wide range of nucleic acid
sequences enabling early diagnosis of diseases and screening genetic disorders.
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There are several technologies available for nucleic acid detection and analysis such as
hybridization, strand displacement, and enzymatic and nonenzymatic amplification assays.
1-6 These techniques employ either single-molecule or ensemble approaches including
optical, electrochemical, and colorimetric assays.* /-1 Although hybridization-based assays
offer a simple and fast analysis of nucleic acid targets, they typically exhibit poor specificity
between the target with perfect complementarity and the one with a point mutation.12:13
Therefore, any sensing approach that is sensitive down to single-nucleotide mismatch can be
a very useful attribute to ensure specificity of diagnosis. Although enzymatic amplification
approaches such as polymerase chain reaction (PCR), reverse transcriptase PCR (RT-PCR),
and digital PCR are simple and highly sensitive, they rely on target amplification and are
susceptible to false negatives/positives.14-16 This is problematic because false negatives run
the risk of instilling a false sense of security and false positives may result in unnecessary
panic.14-16 Therefore, novel single-molecule and ensemble techniques including DNA
nanotechnology platforms with improved sensitivity and specificity are continuously
emerging in recent years.17-21 Nonetheless, most of these methods are rather complicated
and have limited applications.

For example, techniques including synthetic nanopores, barcodes, and force-based
approaches are limited by the need for precise and sophisticated engineering.22-26 Also,
most of these methods require targets to be labeled, modified, or amplified to enable
detection.2~29 Over the years, DNA-based sensing using single-molecule fluorescence
resonance energy transfer (SmFRET) has gained significant popularity due to its several
advantages. First, sensors made up of DNA can be used to detect any DNA or RNA
sequences using a hybridization approach, which offers a great deal of flexibility. Second,
the donor/acceptor fluorophores can be directly incorporated into sensors to enable FRET so
that the target does not need to be labeled. In this case, the change in the FRET level after
target binding can be used as a detection signal. Third, the SmFRET approach provides
quantitative information about the behavior of individual molecules, allowing simultaneous
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detection and quantitation.39-35 Additionally, the use of a total-internal reflection
fluorescence (TIRF)-based FRET technique, as we have used in this study, enables high-
throughput experiments by simultaneous imaging of several molecules in one movie.

In this manuscript, using a p53 tumor suppressor gene as our proof-of-concept target, whose
mutation accounts for more than 50% of human cancers,36:37 we have demonstrated a
simple background-free FRET-based sensor that enables an ultrasensitive detection of this
biomarker. Unlike conventional fluorescence-based sensors, which require either a complex
sensor design, signal amplification steps, or use of additional materials such as enzymes or
nanocomposites, the sensor presented herein is simple and allows a single-step ultra-
sensitive detection of DNA biomarkers without target/signal amplification. Further, in
contrast to other bulk FRET-based assays where detection relies on either increase or
decrease in the FRET signal or fluorescence life-time,38 the single-molecule approach used
here takes advantage of the dynamic nature of a four-way DNA junction,3%-41 which has
several advantages. First, since the dynamic FRET is observed only in the presence of a
target, this approach gives a zero background. In other words, there is no risk of a false
signal. Second, due to direct binding of the target (no competition), our technique is
ultrasensitive with a limit of detection of 50 fM (=5 attomoles considering the sample
volume of 100 yL) without the need for amplification and labeling. Third, the proposed
method is direct because it does not require labeling of targets to achieve low fM detection.
Fourth, unlike expensive enzymes or antibody-based sensors, this sensor can be readily
prepared from short synthetic DNA strands and can be easily designed to detect “any”
sequence of interest. Fifth, the sensor can discriminate targets even with single-nucleotide
mutations. Therefore, the proposed approach is novel and has the potential to benefit clinical
practices by allowing a high-confidence early diagnosis of diseases.

RESULTS AND DISCUSSION

Sensor Design and Working Principle.

The sensor design and working principle are outlined in Figure 1. The sensor molecules
were custom designed using the nucleic acid hybridization principle. A retrospective design
strategy was used to determine the single-stranded sequences that need to be incorporated
into the binding regions of the sensor to enable target binding. In other words, when the
target sequence is known, the target-binding region of the sensor can be created based on the
principle of complementary base-pair hybridization. The rest of the sensor sequences were
manually designed to obtain the desired sensor. A biotin was incorporated in one of the
strands to allow surface immobilization of sensors on the streptavidin-modified microscope
slide via biotin/streptavidin interaction (Figure 1).4243 To enable FRET, a donor (Cy3) and
an acceptor (Cy5) fluorophore were incorporated into the sensor molecules using
fluorophore-modified oligonucleotides. The detailed sequence and fluorophore-labeling
scheme of the sensor are shown in Figure S1. The formation of the sensor was characterized
using native polyacrylamide gel electrophoresis (PAGE) (Figure S2).

In this study, we took advantage of the unique nature of the four-way DNA junction (Figure
1) that spontaneously interconverts between two stacked (.X) conformers.39-4144 To |everage
this nature of the four-way junction in sensing, the sensor was designed to have an
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incomplete junction so that it exhibits a medium but nondynamic FRET level at the
experimental acquisition time (50-100 ms) in the absence of a target. However, binding of
the target completes the four-way junction resulting in a dynamic FRET. Therefore, a
characteristic FRET pattern exhibiting fluctuations between a low- and a high-FRET states
was expected as a detection signal.

Single-Molecule Sensing.

First, the sensor molecules were immobilized on the microscope slide using the biotin/
streptavidin interaction (Figure 1) as described in the Methods section. To remove unbound
sensor molecules, an imaging buffer containing an oxygen scavenger system (OSS) was
injected and incubated for ~2 min to let the OSS equilibrate. The OSS was used to retard
fluorophore blinking and photobleaching upon laser illumination.*>46 The fluorescence
movies were collected using a total-internal reflection fluorescence (TIRF) microscope as
described in our previous publications and in the Methods section.41:4748 Briefly, the flow
cell was then irradiated with a 532 nm laser to excite the donor (Cy3) fluorophore of the
surface-tethered molecules to enable fluorescence resonance energy transfer (FRET).30:32
The fluorescence emissions of both Cy3 and Cy5 fluorophores were recorded at 10 frames
per second (100 ms time resolution and camera gain of 200). The presence of a Cy5
fluorophore was confirmed by direct excitation using a red laser (639 nm) toward the end of
the movies. The movies were processed with IDL and MATLAB codes (see the Methods
section) to create intensity—time traces.#1:47:48 Only those single molecules showing
evidence for the presence of both donor/acceptor fluorophores and single-step
photobleaching of fluorophores were selected for further analysis.

We first examined the sensor alone in the absence of the target by analyzing intensity—time
traces and the corresponding FRET state. Some typical molecules from this experiment are
shown in Figure 2. As expected, the donor/acceptor emission traces were relatively flat
without any definite dynamic pattern (Figure 2). When the raw intensity traces were
converted to FRET traces (see the Methods section for detail), all of the molecules show
relatively static FRET—-time traces with a FRET value of ~0.5. These experiments suggested
that the sensor molecules behave uniformly.

Interestingly, when the experiment in Figure 2 was repeated after injection of a target (p53
tumor suppressor gene: 5 -TTCCTCTGTGCGCCGGTCTCTCCT)3749:50 and incubated for
~20 min, we observed a very different behavior of sensor molecules. In the presence of the
target, sensor molecules showed very clear dynamics of Cy3 and Cy5 fluorescence
intensities that were anticorrelated. The typical single-molecule traces from this experiment
are shown in Figure 3. When the raw intensity—time traces were converted to FRET-time
traces, all of the dynamic molecules showed a very clear switching pattern between ~0.3 and
~0.7 FRET states (Figure 3). Such dynamics is an inherent behavior of the fully formed
four-way junction,3%-4144 and it is important to note that such dynamic switching was
absent in the target-free experiments (Figure 2). Further, when we plotted FRET efficiency
histograms for without and with target data, we observed a single population in the absence
of the target but two populations with expected FRET levels in the presence of the target
(Figure S3). Therefore, this sensing approach demonstrated a high-confidence detection of
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the target. Inspired by these results, we next performed experiments at various
concentrations of the target to determine the analytical sensitivity of the sensor.

Determining the Analytical Sensitivity.

To determine the analytical sensitivity of the sensor, a series of experiments were performed
at various concentrations of the target. The percentage of dynamic molecules (~detection)
under each concentration of the target was then determined by dividing the number of
dynamic molecules by the total number of single molecules (see the Methods section for
details). Control experiments were performed in the absence of the target, which yielded no
dynamic molecules. Through single-molecule counting, we determined that there were ~2%
dynamic molecules (4 out of 204 total molecules) at 50 femtomolar (fM) target and no
dynamic molecules were observed below this concentration. Therefore, the limit of detection
(LOD) of this method was determined to be 50 fM under our experimental conditions. When
the percentage of dynamic molecules was plotted against the target concentration (Figure 4),
it showed a linearity up to around 10 pM target (Figure 4 inset), after which it was curved
and eventually plateaued. It is important to notice that there were no dynamic molecules in
the absence of the target (Figure 2), and thus this sensing approach exhibits a zero
background. Further, given the flow cell volume of ~100 /L, the detection limit of 50 fM
translates to 5 attomoles, which means that this sensing method is highly sensitive. In
addition, it has a large dynamic range (~3 orders of magnitude) extending to ~100 pM.

From the stability stand point, DNA-based sensors that are made up of short synthetic DNA
strands can have a stability issue if they have to be stored for a long period of time (weeks).
Since the sensor used in this study has short arms (11 bp each) and we observed a loss of
Cy3 signal after about a week from sensor assembly, we sought to increase the arm length of
the sensor and test it for dynamics and LOD. For this, we prepared a construct with slightly
longer D/E and B/C arms (increased by 2 and 1 bp, respectively) and extended the Strand E
by 4As to complement 4T in Strand B (Table S1 and Figure S1). Apart from these changes,
the revised construct was identical to the original design. We tested this revised design for
five different concentrations of targets (50 fM, 100 fM, 200 pM, 300 pM, and 800 pM) and
obtained similar results as in the original construct in terms of the fraction of dynamic
molecules. These results showed that the design can be tuned to enhance the sensor stability
without compromising the sensitivity of the sensor. Given that the vast majority of sensing
approaches available today require either amplification of target (enzymatic or
nonenzymatic), labeling of target, or some sort of signal amplification such as the use of
nanomaterials or nanocomposites to reach low nM to fM detection limits,51-52 the sensing
approach that we demonstrated here offers an ultrasensitive detection of nucleic acids in a
simpler format.

In addition to sensitivity, another requirement of a sensor is its specificity. Therefore, to test
the specificity of the sensor, we designed three mutant sequences and compared the results
with the original p53 target. As shown in Figure 5A, mutants 1 and 2 have their 12th
nucleotide altered from the 5”-end. The rationale for this design was that, since the dynamic
FRET is the result of an intact four-way junction, a single mismatch at the vicinity of the
junction could result in loss in dynamics so that the signal in the presence of mutant will not
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overlap with the one from the specific target. Interestingly, both of the mutants showed less
than 2% dynamic-like molecules even at nearly saturating concentration of mutants (100
pM). The typical single-molecule traces involving mutant 1 are shown in Figure S4. We also
tested another mutant with two mutation sites (one on each arm) and obtained similar results
as seen for single mutants 1 and 2. Overall, these experiments demonstrated that the four-
way-junction based sensing can easily discriminate a fully matched target from its single-
nucleotide mismatch mutants. In other words, these sensors can be retrospectively designed
such that the mutation site directly falls at the junction to fully discriminate the mutant from
the target.

Given that the body responds to the onset of diseases by the altered release of certain
molecules such as miRNAs or hormones,®3 sensors that are compatible with biological
fluids warrant a wider range of applications. The serum is a suitable biological fluid for this
purpose; therefore, we employed human serum and tested the performance of the sensor at
0, 10, and 100 pM of target and directly compared the results obtained in a regular 1x Tris
buffer. Interestingly, the percentage of dynamic molecules determined in serum (10%) and
regular buffer were the same within the error (Figure 5B). Further, similar to the regular
buffer result, there were no dynamic molecules detected in the absence of the target in
serum, demonstrating that the sensor offers a background-free detection in serum.

CONCLUSIONS

We have developed a novel single-step fluorescence-based sensor to detect DNA
biomarkers, which we demonstrated using a p53 tumor suppressor gene as a proof-of-
concept target. Since the detection relies on the target-induced formation of dynamic
molecules, this sensing strategy enables a background-free, ultrasensitive, and high-
confidence detection of DNA without the need for target/signal amplification. Further, a
LOD of ~5 attomoles can be achieved without labeling the target. The sensor design is
comprised of four-way junction with a 22-nucleotides binding site (11 nucleotides on each
arm), which is a perfect size to implement for miRNA detection as the average mature
miRNAs size falls between 20 and 23 nts.54-66 Further, the detection is based on the direct
hybridization of sequences, which is a great advantage as the sensor can be easily designed
to detect any sequence of interest by simply swapping the two unlabeled DNA strands. In
addition, the LOD of 50 fM (~5 attomoles) is in the range of typical nucleic acid biomarkers
including miRNAs, pathogenic DNA, and circulating tumor DNAs in biological samples and
thus this sensor may offer direct applications in biotechnology to detect trace amounts of
nucleic acid biomarkers or other pathogenic DNAs.

METHODS

Chemical Reagents and DNA Sequences.

Biotinylated bovine serum albumin (bBSA) was purchased from Thermo Scientific. It was
dissolved in filtered sterile water at 1 mg/mL and stored at =20 °C until needed. The
reagents for the oxygen scavenging system including protocatechuate 3,4-dioxygenase
(PCD), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), tris-
(hydroxymethyl)-aminomethane (Tris), ethylenediaminetetraacetic acid disodium salt
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(EDTA), and acetic acid were also purchased from Fisher Scientific. Protocatechuic acid
(PCA) and streptavidin were purchased from VWR. All DNA sequences were purchased
from Integrated DNA Technologies (IDT Inc.) and stored at —20 °C until needed.
Biotinylated and fluorophore-labeled sequences were purchased HPLC purified.

Sensor Design and Preparation.

The sensor was prepared by thermal annealing of five single-stranded DNA (ssSDNA)
oligonucleotides at 1 £M concentrations in 1x TAE-Mg buffer (40 mM Tris, 20 mM acetic
acid, 1 mM EDTA, and 100 mM Mg?2*, pH 7.4). Among the five oligonucleotides, two were
modified with either a Cy3 or Cy5 fluorophore to enable FRET and another strand was
modified with a biotin so that sensors could be immobilized on the microscope slide via
biotin/streptavidin interaction. The sample was heated at 95 °C for 5 min and then the
temperature was gradually ramped down to 4 °C in the duration of <2 h.4348.67 A donor
(Cy3) and an acceptor (Cy5) fluorophore were introduced using labeled ssDNA to
incorporate a FRET pair in each molecule.

Electrophoretic Mobility Shift Assay (EMSA).

The formation of the DNA sensor was characterized using native polyacrylamide gel
electrophoresis (PAGE) (Figure S2). A 12% PAGE gel was prepared at 10 mL of total
volume by mixing polyacrylamide, 1x TBE, 0.1% ammonium persulfate, 10 xL
tetramethyethylenediamine (TEMED), and double sterile water. The gel was run at 75 V for
90 min in 1x TBE buffer and was stained with ethidium bromide (EtBr) for 20 min before
imaging and visualized using an UV-transilluminator.

Single-Molecule Fluorescence Imaging.

The sensor molecules were immobilized on the surface of a quartz slide flow cell
functionalized with biotin-BSA and streptavidin as described elsewhere.4”48 Briefly, after
mounting the flow cell on the microscope stage, a 60-80 pM sensor solution prepared in 1x
TAE buffer consisting of 100 mM MgCl, and an oxygen scavenging system (OSS: 4 mM
Trolox, 10 mM PCA, 100 nM PCD) was injected into the flow cell and incubated for ~30 s
to allow surface immobilization of sensor molecules via biotin/streptavidin interaction. The
unbound molecules were then removed by flushing the flow cell with 400 /L of imaging
buffer (OSS containing 1x TAE buffer spiked with 100 mM Mg?2*, pH 7.4).

The fluorescence imaging was carried out using a prism-based total-internal reflection
fluorescence (pTIRF) microscope as described previously*267 in a 1x TAE buffer spiked
with 100 mM Mg?* (pH 7.4). Using a 532 nm laser, the Cy3 fluorophores were continuously
excited while emissions from Cy3 and Cy5 fluorophores were simultaneously recorded
through green and red channels (512 x 256 pixels) on an EMCCD camera at a 100 ms time
resolution. In all sensing experiments, a target DNA solution of a given concentration was
injected into the flow cell and incubated for ~20 min before fluorescence imaging. The
imaging was performed at room temperature (23 °C).
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Single-Molecule Data Acquisition and Analysis.

The single-molecule movies were processed using IDL and MATLAB scripts and
fluorescence-time trajectories of individual molecules were obtained as described
previously.*267 The presence of an active FRET pair was confirmed by turning on a 639 nm
laser to directly excite the Cy5 fluorophore toward the end of each movie. Only those
molecules that show the presence of both fluorophores and a single-step photobleaching
were selected for further data analysis. The FRET efficiency value was calculated using the
equation: /a/(/p + /n), where /5 and /p represent the background-corrected fluorescence
intensities of the acceptor and donor fluorophores, respectively.39:68 The dynamic vs static
molecules were assigned by manual counting of two types of molecules as the dynamics was
visually clear on the FRET-time traces exhibiting many transitions between the FRET levels
of ~0.3 and ~0.7. A standard curve was prepared by plotting the percentage of dynamic
molecules at different concentrations of target DNA. This calculation was performed by
dividing the number of dynamic molecules by the total number of selected single molecules.
The standard deviation of the percentage of dynamic molecules was determined using at
least three groups of independent movie files at each concentration of the target.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Working principle of the sensor. The sensor is composed of synthetic DNA strands, two of
which are labeled with either a Cy3 or a Cy5 fluorophore. The DNA construct exhibits a
relatively steady FRET efficiency in the absence of a target due to averaging of fast
transitions among multiple states. However, binding of the target forms a four-way structure
resulting in a dynamic switching between a high (FRET;) and a low (FRET>) FRET state.

FRET represents FRET efficiency.
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Figure 2.

Typical single-molecule traces in the absence of a target. Typical intensity—time (left) and
corresponding FRET-time traces (right). Five representative molecules are shown. The
molecules exhibit static fluorescence intensities of Cy3 and Cy5 in the absence of a target,
and a static FRET level of ~0.5 is observed in the absence of target DNA. All experiments
are done at room temperature (23 °C). FRET represents FRET efficiency.
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Figure 3.
Detection of a target sequence (p53 tumor suppressor gene) using single-molecule FRET.

Typical intensity-time (left) and corresponding FRET-time traces. Five representative
molecules are shown. The molecules exhibit dynamic and anticorrelated fluorescence
intensities of Cy3 and Cy5. Such dynamic FRET-time traces with FRET levels of ~0.3 and
~0.7 are obtained only in the presence of target DNA. All of the experiments are performed
at room temperature (23 °C). FRET represents FRET efficiency. Note that a slightly revised
design to improve the sensor stability will be discussed later.
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Figure 4.
Determination of the limit of detection (LOD). A calibration curve is obtained by plotting

the number of dynamic molecules (~target-bound molecules) as a function of the target
concentration. The inset shows the linear range of the calibration curve with a LOD of 50
fM. Considering our experimental volume of ~100 zL, this LOD is equivalent to 5 attomoles
of the DNA target (1 attomoles = 1 x 10718 moles). The results for both the original and
revised designs are shown. The percentage of dynamic molecules is determined from more
than 150 single molecules at each concentration. The error bars represent the standard
deviation from three groups of independent movie files.
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Figureb.

Specificity of sensors and their compatibility in serum. (A) Specificity test of the sensor
using 100 pM target/mutants. While the target is perfectly complementary, mutants have one
or two mismatched nucleotides (bolded and underlined). We found that 70% of molecules
were dynamic in the presence of 100 pM target, while a negligible fraction of molecules
showed dynamic behavior in the presence of 100 pM mutant, thus demonstrating a high
specificity of our approach. (B) Sensors behave similarly in 1x Tris HCI and 10% human
serum. Notice the zero background in the absence of the target.
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