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Abstract

Single-molecule fluorescence methods offer the promise of ultrasensitive detection of
biomolecules, but the passive immobilization methods commonly employed require analyte
concentrations in the picomolar range. Here, we demonstrate that superparamagnetic FezOy
nanoparticles (NPs) can be used with an external magnetic field as a simple strategy to enhance
the immobilization efficiency and thereby decrease the detection limit. Inorganic nanoparticles
functionalized with streptavidin were bound to biotinylated single-stranded DNA
oligonucleotides, which were in turn annealed to complementary oligonucleotides labeled with a
Cy3 fluorescence dye. Using an external magnetic field, the superparamagnetic nanoparticles were
localized to a specific region within the flow chamber surface. From the single-molecule
fluorescence time traces, single-step photobleaching indicated that the surface-immobilized NPs
were primarily bound with a single Cy3-labeled oligonucleotide. This strategy gave a
concentration detection limit for the Cy3-labeled oligonucleotide of 100 aM, 3,000-fold lower
than that from an analogous strategy with passive immobilization. With a sample volume of 25
L, this method achieved a mole detection limit of approximately 2.5 zeptomoles (~1500
molecules). Together, the results support that idea that single-molecule fluorescence methods
could be used for biological applications, such as detection and measurements of nucleic acids
from biological or clinical samples without PCR amplification.
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Introduction

The sensitivity of detection assays depends on the efficiency of detecting the target
molecules above the level of background. Techniques utilizing ensemble measurements,
such as surface plasmon resonance imaging (1, 2), capillary isoelectric focusing (3), dot-
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blotting immunoassay (4) and pore-limit electrophoresis (5), have reached zeptomole
detection limits. In principle, single molecule methods have the ultimate detection limit of
individual molecules, either one at a time in solution or many in parallel when they are
immobilized on a surface. Thus, these methods, especially immobilization-based methods,
have potential applications in the amplification-free detection of individual DNA and RNA
molecules. The most common immobilization strategies for single-molecule fluorescence
experiments utilize biotin-streptavidin linkages (6), thiol crosslinking (7), and click
chemistry (7, 8). These strategies give detectable immobilization of molecules from
solutions containing 250 amol to 1 pmol of analytes (9, 10). In practice, the detection limits
for these methods are limited by the efficiency of immobilizing the molecules on the surface
of a microscope slide using passive diffusion. Typically, only a small fraction of the target
molecules are immobilized for detection, and they are spread over many fields of view.

We reasoned that a directed immobilization approach could increase the immobilization
efficiency and lower the detection limit. Inorganic superparamagnetic nanoparticles (NPs)
functionalized with biomolecules have extensive applications in biosensors (11-14), drug
delivery systems (15-17), and sample purification (18-20). The biomolecule confers the
specificity of the NP assembly towards the targeted molecules, such as DNA, microRNAS,
carbohydrates, and antigens. The superparamagnetic properties of these NPs allow them to
be manipulated with external magnetic fields during immobilization (21-23) and offer a
strategy to minimize the search volume for binding sites. Indeed, NPs have been used in
conjunction with a broad range of detection strategies, with analyte detection limits ranging
from 10 pM to 333 aM (Table 1).

Here, using superparamagnetic nanoparticles functionalized with streptavidin protein,
single-stranded DNA oligonucleotides labeled with single Cy3 dyes were captured and
immobilized for single-molecule imaging by total internal reflection fluorescence
microscopy (TIRFM). By applying an external magnetic field, the DNA-NP assemblies
were directed to the imaging surface, increasing the local concentration and greatly
improving the immobilization efficiency. The detection threshold for observing the target
DNAs was reduced to the attomolar range (~100 aM). This concentration limit represents a
3,000-fold improvement in immobilization efficiency, compared to passive immobilization
methods. With a sample chamber volume of ~25 pL, a mole detection threshold of ~2.5
zeptomoles (~1500 molecules) was attained. This detection limit is sufficiently low that it
would be expected to allow amplification-free detection of DNA and RNA molecules in
drawn blood samples (31).

Materials and methods

Synthesis of Fe304 nanoparticles

Fe304 nanoparticles were prepared via the chemical coprecipitation method (32). Briefly,
iron (I1) chloride and iron (I11) chloride were dissolved in deionized water, and the
nanoparticles were precipitated at room temperature with the addition of 1 M NaOH to
maintain a constant pH of 10. The precipitate was heated to 80 °C and washed several times
with water and ethanol. The NPs were magnetically pelleted and then dried at 70 °C.
Previous studies reported magnetization at saturation values ranging from 40 — 70 emu/g for
unmodified Fe304 nanoparticles (33, 34). Iron oxide-core nanoparticles conjugated with
streptavidin and coated with poly-glucose carbohydrate were purchased from Nanocs
(Boston, MA).
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Scanning-transmission electron microscope measurements

The NPs were diluted in ethanol and sonicated for five minutes. A drop of the suspension
was deposited onto a carbon-coated copper grid for imaging. The grid was dried at room
temperature for 20 minutes. The images were recorded with a Hitachi S-5500 scanning
electron microscope equipped with a bright-field detector for scanning-transmission
microscopy (STEM) imaging at a magnification of 600Kk.

Functionalizing the nanoparticles with streptavidin

The NPs were modified with the aminosilane 3-aminopropyltriethoxysilane (APTES; United
Chemical Technologies, Bristol, PA) to prepare the surface for conjugation with the
streptavidin (35). The NPs (20 mg) were washed several times with ethanol and then
sonicated for 5 minutes. They were added to a prepared solution containing 2% APTES in a
1:1 mixture of ethanol and water. The mixture was sonicated for 30 minutes and then
incubated overnight at 50 °C with rapid stirring. The NPs were pelleted, washed with
methanol, and dried at 50 °C. They were then conjugated with streptavidin as described (32).
Briefly, the APTES-coated nanoparticles (5 mg) were mixed with a 0.05 mg/mL solution of
the crosslinker 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDAC;
Thermo Fisher Scientific, Rockford, Illinois) dissolved in a hybridization buffer (100 mM
MES, 500 mM NaCl, pH 6). The mixture was sonicated for 25 minutes at 9 °C. The NPs
were pelleted using a magnet, and the supernatant was removed. A 5 pg/mL solution of
streptavidin (Sigma-Aldrich, St. Louis, MO) in 40 mM phosphate-buffered saline PBS
solution (pH 7.0) was added to the NPs, and the mixture was sonicated for 1 hour at 25 °C.
The NPs were magnetically pelleted and resuspended in 40 mM PBS solution. The amount
of streptavidin conjugated to the NPs was determined by measuring the protein content of
the supernatant with the Bradford protein assay (Bio-Rad). The decrease in the streptavidin
concentration in the supernatant was used as a measure of the amount of streptavidin bound
to the nanoparticles. The streptavidin-NPs were resuspended in PBS buffer to a
concentration of 20 M, based on the amount of conjugated streptavidin.

DNA binding assays

The DNA binding experiments were performed using the following oligonucleotides: 5'-
biotin-TGTGTAAGTTTTAGGTTGATTTTGGT-Cy3, 5'-biotin-
TGTGTAAGTTTTAGGTTGATTTTGGT, 5-Cy3-
ACCAAAATCAACCTAAAACTTACACA, 5-GGTGAAATCATGCCGAACATCCCG,
and 5-GGTGA/iCy3/AATCATGCCGAACATCCCG. For the biotinylated DNA capture
assay, the reaction mixture consisted of 5 wM streptavidin-NPs, 2 M biotinylated DNA
oligonucleotides, 50 mM Tris (pH 8.0), and 0.5 M NaCl. At each time point, the NPs were
magnetically pelleted, and the supernatant was removed to stop the reaction. The absorbance
at 260 nm (Aygo) Wwas measured to determine the DNA content of the supernatant, and the
absorbance at 400 nm (A4q0) Was measured to determine the background. The supernatant
was returned to the NP-containing reaction tube to reinitiate the binding reaction. The
binding reaction was stopped at several time points to measure the reduction in the DNA
content as a measure of DNA binding by the streptavidin-NPs. As a control, the nonspecific
adsorption to the streptavidin-NPs was measured by performing the reaction with a non-
biotinylated oligonucleotide of the same sequence. Prior to the DNA hybridization
experiments, the DNA-NPs were washed several times with PBS buffer to remove the
unbound oligonucleotides. For the DNA hybridization assays, the reaction mixture consisted
of 5 M DNA-NPs, 2 .M complementary Cy3-labeled oligonucleotide, 50 mM Tris (pH
8.0), and 1 M NacCl. The absorbance at 545 nm (As4s) Was measured to determine the
depletion of the Cy3-labeled oligonucleotides from the supernatant due to hybridization to
the DNA-NPs. A nonspecific reaction had the same reaction conditions except that the
oligonucleotide was not complementary in sequence to the DNA linked to the NPs.
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Surface immobilization

Quartz slides (G. Finkenbeiner Inc., Waltham, MA) were cleaned by incubation in
NOCHROMIX solution (Godax Laboratories, Cabin John, MD), followed by a series of 20-
min sonication steps, first in acetone, then in 70% ethanol, and finally in 1 M KOH, with
rinses and 10-min sonications in water after each of the three solvent wash steps. The slides
were stored in distilled water and were flamed for approximately two minutes prior to use. A
flow chamber was constructed from a cleaned quartz slide and coverslip separated by
double-sided tape. For directed DNA-NP immobilization, the flow chambers were pre-
treated with 1 mg/mL biotinylated bovine serum albumin (BSA; Sigma-Aldrich) for 2 min.
A ceramic block magnet (field strength ~ 2000 Oe; model 542000, Lowe's) was then placed
atop the flow channel, and 25 p.L of the diluted NP solution was pipetted into the chamber.
The NPs were incubated in the magnetized chamber for 5 min and then flushed with buffer
(500 mM NacCl, 50 mM Tris, pH 8.0). For the control immobilization of the biotinylated
DNA in the absence of NPs, the flow chambers were pre-treated with 1 mg/mL biotinylated
BSA and then with 0.1 mg/mL streptavidin (Life Technologies, Grand Island, NY). The
biotinylated oligonucleotides were pipetted into the flow chamber and incubated for 1, 5 and
30 min.

Single-molecule fluorescence microscopy

The slide was mounted on an inverted microscope (Olympus 1X-71) with a 60x water-
immersion objective. The samples were excited by prism-type total internal reflection with a
532-nm laser (Crystalaser, Reno, NV). The images were acquired with a cooled |-
PentaMAX IIC CCD (Princeton Instruments, Trenton, NJ). The image capture frequency
was 2 — 10 Hz. A deoxygenating imaging buffer, used to slow photobleaching, consisted of
50 mM Tris (pH 8.0), 500 mM NaCl, 0.8 mM Trolox, 12% glucose, 0.1 mg/mL glucose
oxidase (Sigma-Aldrich) and 0.04 mg/mL catalase (Roche). The molecules were imaged for
up to 60 s to observe complete photobleaching of the individual Cy3 dyes, seen as discrete
losses in intensity in the time traces. The photobleaching events were identified by a sliding
two-tailed t-test. The number of Cy3 photobleaching events per localized peak corresponds
to the number of oligonucleotides bound to the NP. The large fraction of detected molecules
with single-step photobleaching indicates that each observed NP captured a single Cy3-
labeled oligonucleotide, as expected because the binding reaction included a
substoichiometric amount of Cy3-labeled oligonucleotide relative to NPs.

Data analysis

The binding data were fit with the Sips isotherm to assess saturation and heterogeneity in
binding of the streptavidin-functionalized nanoparticles to the biotinylated surface (36).

cn
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Tt K @

where ¢ is the DNA concentration, K is the binding constant, and n is the heterogeneity
index. If n = 1, binding to the surface is homogeneous and can be described by a single

binding constant. Lower values of n indicate heterogeneity in binding modes, generating a
distribution of binding constants.

Results and discussion

The detection limit in single-molecule imaging is constrained by the efficiency with which
the molecules can be immobilized on the imaging surface and by the area size over which
these molecules are dispersed. Both to increase the immobilization efficiency and to
decrease the surface area, we developed the strategy shown in Fig. 1. Superparamagnetic
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nanoparticles were functionalized with streptavidin protein, and biotinylated
oligonucleotides were attached to the NPs through a biotin-streptavidin linkage. A
fluorescently labeled oligonucleotide target was then annealed by base-pairing with the
biotinylated oligonucleotide. For detection, the target-bound nanoparticles were directed to
the surface of a microscope slide using an external magnetic field and visualized using
TIRFM.

Characterization and surface modification of Fe304 nanoparticles

For characterization, the chemically precipitated Fe304 NPs were imaged by STEM, and
their average diameter was measured to be 13.9 + 7.9 nm (Figure 2). The surfaces of the
NPs were initially modified by treatment with 3-aminopropyltriethoxysilane (APTES) to
make amino groups available on the nanoparticle surface. To biofunctionalize the NPs, the
crosslinking carbodiimide EDAC was added with the streptavidin solution to facilitate direct
conjugation of the streptavidin molecules to the amine-coated surface of the APTES-NPs.
The protein assay of the supernatant following the biofunctionalization reaction indicated
that 5 mg of NPs depleted approximately 1 nmol of streptavidin from the reaction
supernatant. Using the average NP diameter to estimate the NP concentration, the mole ratio
of streptavidin/NP was 1.5, indicating that the NPs were conjugated with an average of 1 — 2
streptavidin molecules.

Depletion assays to monitor DNA binding

The functionality of the streptavidin-conjugated NPs was tested by measuring the binding of
a biotinylated oligonucleotide by the streptavidin-NPs. The streptavidin-NPs were incubated
with biotinylated DNA oligonucleotides, and the binding was tracked using a depletion
assay, as binding to the streptavidin-NPs resulted in a decrease in the DNA concentration of
the supernatant. This DNA concentration was measured by Aogg readings of the supernatant
following magnetic pelleting of the NPs. Within five min, the DNA concentration of the
supernatant was reduced from 2.0 M to 0.8 pM, and this 60% reduction in the supernatant
DNA concentration reflects the amount of DNA that was precipitated with the NPs due to
binding (Figure 3). After an hour, the percentage of DNA bound to the NPs was 70%,
corresponding to 1.4 M from the solution. Nonbiotinylated oligonucleotides were used in a
control reaction to establish whether DNA binding to the NPs occurred through biotin-
streptavidin linkages or instead through nonspecific adsorption to the NPs. The depletion of
the non-biotinylated oligonucleotides to the NPs was very low, less than 0.2 M after one
hour. Thus, the streptavidin molecules remained functional after conjugation to the NPs and
were binding the biotinylated DNA oligonucleotides primarily through biotin-streptavidin
linkages.

The single-stranded DNA oligonucleotide linked to the NP provides a sequence-dependent
binding site to capture targeted complementary DNAs through base pairing. To test the
ability of the NP complex to capture sequence-specific oligonucleotides by hybridization,
the NP complexes were incubated with a 5' Cy3-labeled oligonucleotide that was
complementary to the DNA bound to the NPs. The absorbance of the supernatant at 545 nm
was measured at various time points to follow the depletion of the complementary Cy3-
labeled oligonucleotides from the supernatant by hybridization to the DNA-NPs. The DNA-
NP complexes depleted 0.9 pM of 1 M complementary DNA (Figure 4). When incubated
with a mixture of Cy3-labeled, complementary and unlabeled, noncomplementary DNA
oligonucleotides of equal length (26 nt), the complementary DNA concentration was
similarly reduced (~0.9 uM of 1 uM) based on the Asss measurements. The Aygo
measurements showed that ~45% of the total DNA was depleted, which is equivalent to the
amount of complementary DNA depleted according to the Asys data, and indicates that the
noncomplementary DNA was at most marginally depleted (data not shown). This result
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indicates that the DNA-NP can capture the targeted oligonucleotides through base pairing.
The single-stranded oligonucleotide that is linked to the NP represents a customizable
binding site for targeting sequence-specific single-stranded DNA.

Single-molecule detection using directed oligonucleotide immobilization

The response of the superparamagnetic nanoparticles to external magnetic fields can be used
to enhance the immobilization efficiency by localizing them near the surface where the
binding sites are located. For the directed immobilization experiments, the flow chambers
were pretreated with denatured biotinylated BSA. Prior to assembly of the flow chambers,
the quartz slides were rigorously cleaned to reduce the background (see Methods). A magnet
was placed on the opposite side of the surface to be imaged, creating a defined magnetized
region. The DNA-NP complexes, isolated by magnetic retrieval from the previous
incubation, were pipetted into the magnetized flow chamber. A magnetic field was applied
orthogonal to the flow direction, with the expectation that the magnetic moments of the
nanoparticles would become aligned with the field (37, 38), causing the nanoparticles to
move in solution toward the microscope slide where they could be retained by formation of
a stable complex between the conjugated streptavidin and biotin immobilized on the slide
surface (see Fig. 1). Unbound nanoparticles were washed out from the flow chamber, and
then fluorescence signals from the immobilized molecules were collected upon 532-nm
excitation using wide-field TIRFM (see Panel 8 in Fig. 1). Figure 5 shows a representative
time trace for the Cy3 fluorescence intensity from an immobilized DNANP complex. The
Cy3 fluorescence from the observed molecules gives a strong signal, more than seven-fold
greater than the background noise. The time trace exhibits a single stepwise decrease in the
intensity, which corresponds to the photobleaching of a single Cy3 dye. The number of
photobleaching steps per detected molecule serves as a readout for the number of dye-
labeled oligonucleotides per immobilized NP. Further analysis, described below, showed
that single-step photobleaching occurred for nearly all of the observed molecules, indicating
that most of the NPs were bound to a single Cy3-labeled oligonucleotide.

The effect of the magnetization area on the number density (the number of observed
molecules per field of view) was investigated by varying the size of the magnetization area
(1 cm? — 0.08 cm?) by using magnets with different cross-sectional areas (Table 2). The
expectation was that the number density would increase as the magnet area was reduced
because more NPs would be attracted to a smaller area. For an oligonucleotide concentration
of 10 fM, 8 dye-labeled molecules were expected to be immobilized within each field of
view, based on a model in which all of the NP complexes were uniformly distributed over a
magnetized area of 1 cm? and included the background that was determined as the average
number of fluorescent “spots' in the absence of Cy3-labeled oligonucleotide. Indeed, the
number detected per field of view was 5 + 2, similar to the expected value. Reducing the
area of the magnetized region to 0.08 cm? increased the expected number density to 49, and
the detected number of immobilized DNA-NP complexes was 59 + 15. Thus, the average
number density of detected complexes was responsive to the size of the magnetized region
and agrees well with the calculated values based on a uniform distribution model.

The number of detected molecules exhibiting single-step photobleaching or a fluorescence
signal consistent with a single Cy3 dye was counted for several fields of view from 10 aM —
10 pM (Figure 6). To determine the detection limit, we measured the background by
incubating the NP-DNA with non-complementary target DNA labeled with Cy3 dye. The
number of detected molecules per field was collected over the same range of concentrations.
This background value then includes non-specific interactions of any free DNA with the
surface or with the magnetized nanoparticles, as well as unrelated background fluorescence
present on the microscope slide. The number of detected complexes exceeded the average
background value plus three standard deviations at a concentration of 100 aM (with
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Student's t-test p value of 0.004), and this value therefore represents the concentration
detection limit (39). Using the expected detection values based on the uniform distribution
model, the predicted concentration detection limit was 1000 — 3000 aM. The decreased
detection limit, even modestly beyond this calculated value, could be a result of the non-
uniform distribution of the nanoparticles across the magnetized region, with a higher number
density of nanoparticles at the front of the magnetized region due to the average velocity
towards the surface being greater than the flow velocity.

With higher concentrations of DNA-NP, the signal continued to increase with concentration
up to approximately 100 fM and then reached a plateau. The nanoparticle surface-binding
curves were best fit with Sips isotherms (Equation 1), giving a heterogeneity constant of ~
0.6 and indicating multiple binding modes. The binding data were also fit using single-state
and two-state Langmuir isotherms to test for discrete classes of binding states. However,
these isotherms gave larger Chi-squared values and were rejected. The multiple binding
modes could reflect heterogeneity associated with the surface-immobilized BSA-biotin
conjugates or with the streptavidin conjugate on the surface of the nanoparticles.

In addition to saturation of the surface binding sites, the plateau could arise from
aggregation of the nanoparticles at these concentrations. To consider these two models
further, we determined the fractions of the detected particles that exhibited single-step
photobleaching across the concentration range. If the plateau arose solely from saturation of
the surface sites, then the fraction of detected molecules showing single-step photobleaching
would not be expected to change, whereas it would decrease if aggregation occurred. When
the entire range of DNA-NP concentrations tested (10 aM — 10 pM) was considered
together, approximately 95% of the detected molecules showed single-step photobleaching.
For the lowest concentrations, 98% of the traces showed single-step photobleaching,
indicating that each observed NP had captured a single Cy3-labeled oligonucleotide and that
aggregates were not appreciable. On the other hand, from 100 fM to 10 pM, the fraction of
detected molecules showing single-step photobleaching decreased from 97% to 91% (Figure
7). This increase in multi-step photobleaching could originate in part from two immobilized
NPs fortuitously binding sufficiently close together that their fluorescence emissions are not
spatially resolved, but it most likely also reflects some aggregation of DNA-NPs. This effect
does not represent a major limitation of the method, as the primary purpose is to work at
very low concentrations where aggregation is insignificant.

To evaluate the effects of the directed immobilization on the detection limit, we performed
parallel experiments with passive surface immobilization of biotinylated oligonucleotides.
The flow chambers were pretreated with denatured biotinylated BSA and streptavidin, and
then biotinylated Cy3-labeled DNA oligonucleotides were pipetted into the flow chamber
and incubated up to 30 minutes. Here, the surface binding of the oligonucleotides depends
on the free diffusion of the molecules to the imaging surface, where they can be
immobilized through biotin-streptavidin linkages. The concentration detection limit initially
improved with incubation time, from 10 pM with a 1-min incubation to 1 pM with a 5-min
incubation. Further increases in incubation time suggested an approach to equilibrium, as a
30-minute incubation gave only a small further decrease in detection limit to 300 fM. At
high concentrations, saturation behavior was observed (Fig. 6), and the concentrations
required for saturation decreased with incubation time in parallel with the detection limit
(data not shown). In contrast to the immobilization behavior of the NPs, the biotinylated
DNA molecules that were passively immobilized gave a heterogeneity constant of ~1,
indicating homogeneous surface binding.

A comparison of the detection limits with and without the magnetic field-directed
localization of NPs reveals a 3,000-fold improvement in the immobilization efficiency
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compared to freely diffusing oligonucleotides. With the sample volume of 25 L, a mole
detection limit of 2.5 zeptomoles was attained with the directed immobilization method,
which corresponds to ~1500 molecules. It is likely that further reductions in the size of the
magnetized region would give additional decreases in the detection limit.

To test the general applicability of this method, we performed analogous measurements
using commercially available NPs of a similar size (25-30 nm, see Methods). We obtained a
limit of detection that was in the same range (1 fM, data not shown). These NPs did require
longer incubation times on the slide surface than the synthesized NPs (10 min instead of 1
min) and did not give as low a detection limit, most likely because the commercial NPs have
a poly-glucose coating, which would be expected to reduce the magnetization (40 — 42).
Nevertheless, the detection limit with these NPs was 100-fold lower than for freely diffusing
oligonucleotides, indicating that commercially available NPs can also be used productively
with this method.

Conclusions

By conjugating inorganic nanoparticles with functional biomolecules, these complexes can
be used to capture targets selectively through biorecognition. The superparamagnetic
response of Fe304 nanoparticles to external magnetic fields, in combination with the
sensitivity of single-molecule fluorescence methods, offers a simple strategy to improve the
immobilization efficiency by more than three orders of magnitude, into the zeptomole range.
The detection level approaches the copy number of circulating nucleic acids found in plasma
and serum samples, which can be used as biomarkers for cancer, tissue injuries, and genetic
disorders (43-47). This assay could be extended for the direct detection of unmodified
ssDNA or microRNAs by conjugating self-quenching molecular beacons to the NPs, such
that hybridization to the sequence-specific target would induce a conformation change that
gives a fluorescence signal (48). The ability to detect simultaneously several hundred
individual molecules offers the potential to employ multiple excitation and multiple
emission wavelengths to detect a range of analytes with zeptomole sensitivity.
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Figure 1.

Schematic for the assembly, directed immobilization, and single-molecule detection of
captured DNA targets by magnetic nanoparticles. 1) The Fe3O4 nanoparticles are prepared
by the coprecipitation method. 2) The nanoparticles are treated with APTES to activate the
surface. 3) Streptavidin molecules (filled blue square) are conjugated to the surface via the
EDAC-mediated coupling reaction. 4) The DNA recognition site is attached through a
biotin-streptavidin linkage (biotin is indicated by a filled yellow circle). 5) The dye-labeled
target DNA is captured by hybridization. The Cy3 dye is shown as a filled green circle. 6)
The nanoparticle assembly is added to the flow chamber, and a magnet is applied to attract
the nanoparticles to the BSA-biotin-treated surface, thus reducing the search volume. 7) The
immobilized nanoparticles are detected by single-molecule TIRFM. 8) Within a single field
of view, the fluorescence signals from individual molecules are acquired. The inset shows
the time trace for the indicated molecule. The stepwise decrease in fluorescence corresponds
to dye photobleaching.
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Figure 2.

STEM characterization of the Fe3O4 nanoparticles. a) An STEM image of unmodified
nanoparticles. b) Size distribution of the nanoparticles (N = 217). The histogram was fit with
a unimodal Gaussian distribution (diameter = 13.9 nm, o = 7.4 nm, R? = 0.9933).
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Figure 3.

Time course for binding of the biotinylated oligonucleotides (filled circles) and non-
biotinylated oligonucleotides (open circles) by the streptavidin-conjugated nanoparticles as
monitored by the depletion assay. The data were fit with a single exponential (solid line),
y(t) = A(1-exp~XY), giving 0.9 min~1 as a lower limit for the rate constant of biotin-
streptavidin binding.
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Figure 4.
Time course for capture of the Cy3-labeled, complementary oligonucleotides by

hybridization to the DNA-NPs. The data were fit with a single exponential (solid line). The
observed rate constant for DNA hybridization was 0.6 min1.
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Figureb5.

A representative time trace and intensity distribution for the Cy3 intensity of a single NP-
immobilized oligonucleotide. The single-step decrease in intensity corresponds to the
photobleaching of a single Cy3 dye. The histogram on the right shows the total time
distribution of the intensities from the trace. The number of instances for each intensity bin
was converted to total time by multiplying the number of instances by the frame capture
time (100 ms). Two well-separated populations that correspond to the fluorescent and
photobleached states are observed. The fluorescence intensity is shown in arbitrary units
(A.U)).
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Figure6.

The surface-binding curves for the directed and passive immobilization of different
concentrations of Cy3-labeled oligonucleotides. The nanoparticles directed to the biotin-
BSA surface by a constant magnetic field and immobilized are shown as open circles. The
passively immobilized biotinylated oligonucleotides that were allowed to incubate for 30'
are shown as open triangles. At each concentration, 7 — 10 fields of view were imaged. The
open squares show the expected number of molecules based on a uniform distribution
model. The filled circles show the average number of background counts and errors bars
corresponding to the three standard deviations. The background was measured for
nanoparticles incubated with a non-complementary Cy3-labeled oligonucleotide over the
full range of DNA concentrations. The experimental data were best fit with the Sips model,
giving parameters for directed immobilization of K = 4.48 fM, n = 0.63, R? = 0.994, and for
passive immobilization of K =11.4 pM, n = 1.05, R2 =0.993.
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Figure?.

The fraction of detected NPs that show multi-step photobleaching. The increase in multi-
step photobleaching with concentration most likely results from limited aggregation of
nanoparticles and the increased likelihood of small distances between two or more NPs,
such that they are diffraction limited. It is unlikely that these signals represent NPs with
multiple Cy3 dyes, because the Cy3-labeled target concentration was limiting during
hybridization and the hybridizations were performed under the same concentrations and
conditions for all reactions, with dilution to various extents prior to immobilization. In
principle, the Cy3-labeled dye could become redistributed after this dilution, but the
unwinding of these hybrids is expected to be negligible on the time scale of the experiments.
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Comparison of the limits of detection achieved by magnetic nanoparticles in different analyte detection assays.

Method of detection Analyte LoD® References
Microplate fluorescence Herpes simplex virus 6 pM 24
Microplate fluorescence DNA oligonucleotides 1pM 25

Grating-coupled surface plasmon resonance B human chorionic gonadotropin 450 fM 26
Particle counting immunoassay BPDE-DNA 180 fM 27
Surface-enhanced Raman scattering Rift Valley Fever virus, West Nile virus 20 fM 28
Digital ELISA with polymeric arrays Prostate specific antigen 14 fM 29
Microfluidic GRAVI-Chip DNA sequences of Legionella pneumophila 333 aM 30

aLoD: Limit of detection
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The effect of the magnetization area on the immobilization efficiency.

Table 2

Concentration (fM) 10
Volume (uL) 25
Magnetization area (cm?) 1
Expected number density 8

Measured number density?+sd, 5%2

10
25
0.2
27

32+9

10
25

59+ 15

Page 20

The expected number density was determined from the ratio of the total number of added dye-labeled oligonucleotides to the number of fields of

view within the magnetized area.

aNumber density is the average number of detected molecules per field of view (n = 7 — 10).
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