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ABSTRACT

Real-time visualization of single-proteins or -
complexes on nucleic acid substrates is an essen-
tial tool for characterizing nucleic acid binding pro-
teins. Here, we present a novel surface-condition in-
dependent and high-throughput single-molecule op-
tical imaging platform called ‘DNA skybridge’. The
DNA skybridge is constructed in a 3D structure with
4 num-high thin quartz barriers in a quartz slide. Each
DNA end is attached to the top of the adjacent bar-
rier, resulting in the extension and immobilization of
DNA. In this 3D structure, the bottom surface is out-
of-focus when the target molecules on the DNA are
imaged. Moreover, the DNA skybridge itself creates a
thin Gaussian light sheet beam parallel to the immo-
bilized DNA. This dual property allows for imaging a
single probe-tagged molecule moving on DNA while
effectively suppressing interference with the surface
and background signals from the surface.

INTRODUCTION

Real-time single particle tracking of probe-tagged proteins
on DNA molecules is strongly advantageous for under-
standing their mechanistic behaviors in DNA transactions.
To follow individual proteins going through their physical
or chemical reactions on a DNA molecule, one or both
ends of the DNA molecule extended by an external force
are attached to the surface of an imaging chamber (1,2).
This strategy allows DNA-bound target molecules to move
within the penetration depth of the excitation beam in total
internal reflection fluorescence (TIRF) microscopy, which

provides a high signal-to-noise ratio (SNR) due to the thin
excitation depth (<200 nm) of the incident beam (3).

However, the probe-tagged proteins bound to DNA may
not be resolved from those bound nonspecifically to the
surface since both are located in the same imaging plane.
The probe-tagged proteins on the surface can introduce un-
desirable background signals that significantly reduce the
resolution of the target molecules. Thus, DNA surface im-
mobilization for single-molecule imaging using TIRF mi-
croscopy requires surface passivation to minimize the non-
specific binding of the probe-tagged proteins. Polyethylene
glycol (PEG) has been widely used to passivate quartz slides
or cover glasses for preventing nonspecific binding of pro-
teins (4); a lipid bilayer is also a traditional alternative (5).
In general, these methods efficiently block the nonspecific
adhesion of biomolecules in a few tens of nanomolar range,
which is much lower than the dissociation constant of typi-
cal biomolecular interactions (6,7). In addition, the thermal
fluctuation of extended and immobilized DNA can result in
nonspecific interactions between the DNA-bound proteins
and the surface due to the proximity of the DNA to the
surface. Although significant efforts have been dedicated to
improve surface passivation for avoiding nonspecific inter-
actions of biomolecules with the surface (8§-10), the imper-
fection of the surface passivation commonly results in non-
specific sticking of proteins at a concentration close to the
dissociation constant.

To minimize the potential interruption by nonspecif-
ically surface-bound proteins, we developed a single-
molecule fluorescence imaging platform that monitors sin-
gle fluorescently-labeled proteins on DNA molecules that
are located far away from the surface. We fabricated a 3D
structure with thin quartz barriers of a few wm height on
a quartz slide. DNA molecules were stretched and immobi-
lized on two adjacent ridges by a laminar flow, which results
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in DNA molecules aligned along the ridges. We successfully
imaged single fluorophore-labeled proteins on the DNA
with a high SNR at the critical angle of the incident beam,
while emitters bound nonspecifically to the bottom surface
were out of focus. Surprisingly, a thin light sheet near the
ridges was produced by the interference of excitation beams
refracted from the barriers, which allowed us to visualize a
single fluorophore. We named this surface-condition inde-
pendent and high-throughput single-molecule fluorescence
imaging platform as ‘DNA skybridge’. Using the DNA sky-
bridge, we successfully demonstrated single molecule flu-
orescence imaging of Cy5-conjugated PCNA diffusing on
DNA molecules.

MATERIALS AND METHODS
Fabrication of 3D structure

The 3D structure was formed by standard photolithogra-
phy processes on a (100) quartz wafer. Before the processes,
the quartz wafer was cleaned using the sulfuric acid per-
oxide mixture cleaning process. Then, a positive photore-
sist (TDMR AR87) was used for patterning; when coated
at 4500 RPM, a thickness of 400 nm was obtained. Af-
ter a soft bake at 88°C for 90 s, the patterns were exposed
through a chrome mask by using a MA-6 aligner. For the
MA-6 mask aligner, an i-line light source with a wavelength
of 365 nm and 25 mW was used. We obtained a resolution
of 2 pm using a soft contact mode. The exposed samples
were developed by an AZ300 MIF developer, and a hard
bake was performed at 113°C for 90 s. The patterns with 10
mm width used in the experiment were spaced from 3 mm.
When a chemical etching process was performed through
the thin gaps, the 3D structure with a concave edge and a
high hill was formed through the undercut structure. The
etching process was carried out using a diluted HF solution
(deionized water:HF = 6:1) at room temperature without
stirring, giving a resultant etching rate of 2000 A /min. As
one of the results, the 3D structure with a width of 0.5 pm
of a barrier, a depth of 4.0 pm and a spacing of 13.1 pm
was obtained through the 20 min etching process (Figure
1A). To make a strong adhesion between the quartz wafer
and the patterned photoresist, an additional photoresist an-
nealing was performed at 110°C for 90 s just before the wet
etching process. After all etching processes, the quartz wafer
was cut by 7.5 cm x 2.5 cm via a dicing process.

PDMS stamping

The 3D patterned quartz surface was passivated with a PE-
Gylation method previously reported (4,11). The quartz
slides were stringently washed by sequential sonication with
10% alconox for 20 min, deionized water (Milli-Q) for 5
min, acetone for 15 min, KOH for 20 min and methanol
for 10 min, and then were burnt with a torch for 30 s.
The clean quartz slides were incubated in a 2% (v/v) (3-
aminopropyl)triethoxysilane (Sigma) for 20 min. Polyethy-
lene glycol succinimidyl valerate (PEG-SVA, MW 5000,
Laysan Bio) and Biotin-PEG-SVA (MW 5000) with a mass
ratio of 40:1 were dissolved in 0.1 M sodium bicarbonate
(pH 8.3). The PEG solution was dropped on the surface of
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the quartz slide and then incubated for 6 h. The function-
alized quartz slides were washed with deionized water and
then dried with nitrogen gas. To make a PDMS stamp, we
mixed the PDMS base and the curing agent with a 9:1 ra-
tio (Dow Corning, SYLGARD® 184 SILICONE ELAS-
TOMER KIT), degassed the mixture by lowering the atmo-
spheric pressure to 0.2 atm using an air pump, and baked
it at 80°C for 1 h. The PDMS stamp surface was dipped
and incubated with streptavidin (Sigma-Aldrich, S4762; 25
wg/ml) in 0.025x PBS solution for 30 min; the solution on
the PDMS was removed from the surface with nitrogen gas.
We gently put the PDMS on the 3D structured quartz by
adding ~200 g mass for 10 min to make a reliable contact
between the top of the barriers and the PDMS stamp. The
quartz was rinsed with deionized water and then dried with
nitrogen gas.

Simulation for intensity profile

The algorithm of the OptiFDTD 32-bit software solves
both electric and magnetic fields in the temporal and spatial
domain using the full-vector differential form of Maxwell’s
equations for arbitrary geometries (Optiwave, photonic
software), which was used for the simulation of the exci-
tation intensity profile at the 3D structure. The simulation
space was 100 x 40 wm, the grid size was 36.48 nm, the
time step was 8.113e"!7 s, and the total run time was 6468-
time steps. The wavelength of the incident light was 532 nm,
its FWHM was 80 wm, and the incident angle was as de-
scribed in the text. The refractive indices of quartz and wa-
ter were set to 1.4585 and 1.3310, respectively. Using MAT-
LAB scripts (MathWorks), we calculated the intensity of an
excitation beam with the electric field obtained from Opti-
FDTD and drew the intensity profile in the space of a 3D
patterned structure (Figure 2).

SNR measurement

We determined SNR for DNA skybridge, conventional
TIRF microscopy and epi-illumination by measuring an
emission intensity (/;) of Cy5 conjugated to PCNA dif-
fusing on DNA and a background intensity (7). To ob-
tain emission signals by homogenous excitation, we selected
only Cy5 signals in a circular area with a radius of 21.88
pm (128 pixels) around the center of a field of view because
a Gaussian excitation beam results in an inhomogeneous
excitation. Cy5 signals were at least 1.71 pm (10 pixels) far
away from the ridges and lasted for 2 s. We applied the radial
symmetric method to the intensity profiles of Cy5 signals to
determine the position of the curve peak that corresponds
to the center of the signal (12). I; was determined by the in-
tensity of the pixels in a circular area with a radius of 0.377
pm (2.2 pixels) around the center of the signal (Supplemen-
tary Figure S1). The signal area corresponds to two stan-
dard deviations (s.d.) of the Gaussian distribution. 7, was
obtained from the intensity of the outer pixels subtracting
the CyS5 signal region from a circular area with a radius of
1.71 pm (Supplementary Figure S1). The resulting SNR is
given by ((I;) — (I))/op, where (I;) and (I),) are the average
intensities of the signal and the background, respectively,
and o} is one s.d. of the background intensity.
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Figure 1. DNA immobilization on a 3D structure. (A) Schematic representation of DNA skybridge and an image of a wet-etched substrate taken by a
scanning electron microscope (FE-SEM; HITACHI S-4800). (B) The PDMS stamping with Alexa Fluor 488 (AF488)-conjugated streptavidin displays that
the streptavidin molecules are only associated with biotin on the top of the barriers (Top). (C) After DNA infusion into the flow chamber, DNA molecules
were stained with intercalators (Sytox Orange). Extended DNA molecules were aligned and organized on the barriers (Top). The top and bottom surfaces
of the barriers were focused, respectively. (D) DNA molecules were imaged over a field of view at total 96 x magnification using 60x objective with 1.6x

magnification.

DNA substrate construction

We prepared A-phage DNA molecules (48.5 kb; New Eng-
land Biolabs) containing biotin at both ends of the DNA
for all the experiments except the measurement in Figure 3A
(Bi-biotin A-phage DNA), and 44.5 kb long DNA molecules
containing Cy3 and a 100 nt gap were used for the mea-
surement of SNR in Figure 3A (Bi-biotin Cy3 gap DNA).
Detailed information on the construction of the DNA sub-
strates is described in Supplementary Data (see Supplemen-
tary Table S1 for information on oligos of the DNA sub-
strates).

CyS5 conjugation to PCNA

The PCNA ORF was cloned into the pET-Duetl vec-
tor (Novagen) in MCS1 to encode PCNA with an N-
terminal 6x His tag. The PCNA was purified over sequen-
tial chromatographic columns that included HisTrap HP,
Q-Sepharose and finally Superdex 16/600-75 pg size exclu-
sion using gel filtration. The buffer was 50 mM HEPES—

KOH pH 7.5, 100 mM NacCl and 0.5 mM TCEP. To la-
bel PCNA, a 5-fold molar excess of Cy5 maleimide (GE
Healthcare) was added to the PCNA and incubated for 6
h at 4°C. The labeling reaction was quenched by adding
DTT to a final concentration of 10 mM. The excess free dye
was separated from Cy5-labeled PCNA using a Superdex 75
10/300-GL gel filtration column. Fractions containing Cy5-
PCNA were collected and dialyzed against storage buffer
(25 mM Tris—HCI pH 7.5, 50% glycerol, 50 mM NaCl, 1
mM EDTA and 1 mM DTT). The purification of the PCNA
loading protein, RFC, is described in the Supporting Infor-
mation.

Single-molecule fluorescence imaging

DNA substrates (10 pM) in the 1 x blocking buffer [20 mM
Tris-HCI pH 7.5, 50 mM NacCl, 2 mM EDTA and 0.0025%
[v/v] Tween 20 (Sigma-Aldrich, P9416)] were infused into
the flow chamber (30 mm in length, 4 mm in width and 100
wm in height) at a flow rate of 0.06 ml/min by a syringe
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pump (Harvard Apparatus). Then, | nM Cy5-PCNA and 1
nM RFC in 1x reaction buffer [25 mM Tris-HCI pH 7.5,
100 mM potassium glutamate, S mM MgCl,, 0.0025% [v/v]
Tween 20, 0.1 mg/ml BSA (NEB, B9000S) and | mM DTT]
with 1 mM ATP and 0.1 mM ADP were introduced and
then incubated in the flow chamber for 1 min to load PCNA
onto DNA molecules. After incubation, free PCNA and
RFC molecules in the solution were washed out with 1x
reaction buffer. We imaged Cy5-PCNA on DNA in the
presence of the oxygen scavenging system [2 mM Trolox, 5
mM PCA (Sigma-Aldrich, P5630), 200 nM rPCO (Oriental
Yeast, 46852004)] to minimize photobleaching and suppress
photoblinking of the Cy5 fluorophore.

Emission signals of Cy5 excited with a 638 nm DPSS laser
(Cobolt Samba, 100 mW) were imaged and enlarged by a
1.6x magnifier in a prism-type TIRF microscope (Olym-
pus IX-71, water-immersion 60x objective, NA = 1.2) and
recorded using EMCCD (ImagEM C9100-13, Hamamatsu)
and MetaMorph 7.6 (Molecular Devices) imaging software
at a 100 ms time resolution. DNA molecules stained with
Sytox Orange (Thermo Fisher Scientific) were excited with
a 532 nm DPSS laser (Cobolt Samba, 100 mW). The data
were analyzed using DiaTrack 3.04 (13) and MATLAB
2013b (MathWorks). All experiments were performed at
room temperature (22°C).

RESULTS

To place target proteins on DNA away from the surface, we
constructed a 3D structure in a quartz slide with a 2D ar-
rangement of ~0.5 wm wide, ~200 pm long and ~4 pm
high barriers, which were built by standard photolithog-
raphy processes (Figure 1A; see ‘Fabrication of 3D struc-
ture’ in Materials and Methods). The space between ad-
jacent barriers is ~13 wm, which corresponds to ~80% of
the crystallographic length (0.34 nm/bp) of the 48.5 kb \-
phage DNA. To attach DNA molecules on the ridge, the
surface of the quartz slide was coated with polyethylene
glycol (PEG)-biotin (‘PDMS stamping’ in Materials and
Methods), and streptavidin molecules were introduced on
the top of the barrier to attach each biotinylated end of the
DNA to two adjacent barriers via streptavidin-biotin inter-
action. To achieve this, streptavidin-coated polydimethyl-
siloxane (PDMS) was gently placed and incubated on the
barrier-patterned surface, which induced the attachment of
streptavidin to the PEG-biotin only on the top of the barri-
ers (Supplementary Figure S2A; ‘PDMS stamping’ in Ma-
terials and Methods): we confirmed this attachment us-
ing AlexaFluor488 (AF488)-streptavidin (Figure 1B). The
modified \-phage DNA molecules containing biotin at both
ends were then infused into the sample chamber, resulting in
extended DNA molecules that were only arranged between
two adjacent barriers (Figure 1C; Supplementary Figure
S2B). We can visualize 247 4+ 19 (mean =+ s.d.; 10 experi-
ments) of individual DNA molecules on eight barriers per
field of view (8.3 x 103 wm?) at 96x magnification (Fig-
ure 1D). This indicates that a total of ~900 000 individ-
ual DNA molecules can be immobilized on the ridges of
the flow cell (10 mm x 3 mm). This yield is significantly
higher when compared to the yield of double-tethered in-
dividual DNA molecules obtained by the high-throughput
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DNA curtains method; ~100 DNA molecules were visual-
ized at 60 x magnification, indicating that only a few thou-
sand DNA molecules can be immobilized in the DNA cur-
tains flow cell (14). The bright signals at the ridges are likely
to be caused by unstretched DNA molecules with both ends
attached to the same ridge or only one end attached to the
ridge. This 3D structural organization of the DNA on the
top of the barriers is named DNA skybridge.

As shown in Figure 1C and D, intercalating dye-DNA
complexes can be visualized by epi-fluorescence illumina-
tion due to the high density of fluorescent molecules in-
serted between DNA base pairs. However, in general, this
epi-fluorescence microscopy does not allow high enough
SNR to image a single fluorophore (15). Moreover, since flu-
orescently labeled target proteins on DNA in the DNA sky-
bridge are located over the penetration depth of the evanes-
cent wave in TIRF microscopy, an illumination method
appropriate for single-molecule imaging in the DNA sky-
bridge is required.

To obtain the excitation profile in our 3D structure,
we carried out a computer-aided simulation using an Op-
tiFDTD software (see ‘Simulation for intensity profile’ in
Materials and Methods) to find numerical solutions of the
time-dependent Maxwell’s equations for the electric field of
the incident beam at specific boundary conditions. For the
computer simulation, we constructed a barrier-formed 3D
structure that is similar to the fabricated one in Figure 1A
(Figure 2A). The square of the electric field amplitude dis-
plays the intensity profile of an excitation beam in space
(Figure 2B). Interestingly, an incident angle greater than the
critical angle for total internal reflection at the bottom sur-
face results in a thin layer of excitation with a full width
half maximum (FWHM) of 1.1 wm (a light sheet with ~1.1
pm thickness) at the top of the barriers (Figure 2B; Sup-
plementary Figure S3). The center of the light sheet is lo-
cated <500 nm from the top of the barriers and its intensity
is 2.5 times brighter than that of the incident beam (Figure
2B, right). The simulation also shows that additional excita-
tion beams can be formed near the bottom surface and ~1.5
pm below the top barrier (Figure 2B). In fact, an evanes-
cent wave is produced by the total internal refection at the
bottom surface. However, this evanescent wave with a pen-
etration depth of <200 nm was buried in the bright light
sheet at the bottom surface (Supplementary Figure S4). In
our 3D structure, the interference between incident and re-
flected light beams produced bright and dark fringes in the
quartz region (Figure 2B). Therefore, the light sheet exci-
tation beams result from the interference among incident
light waves that are refracted at the interface of the barriers.
Thus, the formation of a thin light sheet generated at the
top of the barriers strongly depends on the incident angle
and the boundary conditions of the 3D structure (Supple-
mentary Figures S3 and S5).

The simulation predicts that at a certain incident angle,
the probe-tagged proteins on the immobilized DNA can
be imaged with high SNR. To illustrate the simulation re-
sult, we measured the SNR of a single Cy3 fluorophore at-
tached to DNA at different incident angles using prism-
based TIRF microscopy (Figure 3A), which is defined by
the ratio of the change of mean intensities of the signal and
the background to the s.d. of the background (see ‘SNR
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Figure 2. Computer-aided simulation for the intensity profile of excitation in DNA skybridge. (A) A 3D structure for the simulation was built with angled
slope blocks for 4.0 wm barriers in height and 13.1 wm spacing between two barriers. The angled boundary barrier resulted from the superposition of two
equilateral trapezoids. One isosceles trapezoid has an upper base of 0.4 wm, a lower base of 5.0 pm and a height of 4.0 wm. The other trapezoid has an
upper base of 0.4 pwm, a lower base of 8.1 wm and a height of 2.0 wm. The center of the bottom line of both trapezoids is located at an identical position on
the quartz surface for the simulation. The width of the bottom surface is 5.0 wm. (B) The intensity profile of the excitation light with a wavelength of 532
nm in a computer simulation. The incident angle and laser power are set to 75° and 1, respectively. The red line corresponds to the barrier boundary of the
3D structured quartz. The origin of the vertical distance is the top of the barriers (right). We took the average of the intensity of horizontal components,

which is presented with the vertical distance (right).

measurement’ in Materials and Methods). We first con-
firmed a rough critical incident angle (6. ~ 68°) for total
internal refection by visualizing a single Cy3 on the sur-
face of a flat quartz slide since there is a poor accuracy to
measure the 0, in our TIRF microscopy system. To deter-
mine the SNR in the DNA skybridge as a function of the
incident angle, we measured the SNR of a Cy3 fluorophore
on the DNA extended between adjacent barriers at an arbi-
trary incident angle (68) that is certainly greater than 6, and
then at the incident angles increased by 0.7° 4+ 0.4° (mean £
s.d.). The result clearly shows that the greatest value of SNR
occurs at a certain incident angle (69 + 1.7°) (Figure 3A),
which is consistent with the simulation result that shows an
optimal light sheet at the top of the barriers depending on
the incident angle (Supplementary Figure S3).

We also expect that the background signals from the bot-
tom surface will be dramatically reduced because emitters
on the bottom surface appear to be out of focus, resulting in
high SNR of the probe on the DNA. We confirmed this hy-
pothesis by clearly visualizing a single Cy5 fluorophore con-

jugated to PCNA that is bound to DNA even though many
Cy5-PCNA molecules are nonspecifically bound to the sur-
face (Figure 3B; see ‘Single-molecule fluorescence imag-
ing’ in Materials and Methods). Figure 3C displays indi-
vidual Cy5-PCNA diffusing along DNA molecules that are
aligned between two adjacent ridges, demonstrating a sig-
nificant feasibility of a high-throughput method for study-
ing protein-DNA interactions (Supplementary Video 1).
The PCNA molecules move substantially faster along DNA
as the salt concentration increases (Figure 3D), which is
consistent with the previous measurement using the conven-
tional surface-tethered TIRF microscopy (16). The diffu-
sion constant (D) of PCNA on DNA was determined from
the mean squared displacement (MSD) curve over time (7)
using the diffusion equation (MSD = 2Dr). Taken together,
these results are achieved by illuminating the fluorophores
on the DNA with a thin light sheet perpendicular to the
imaging axis, thereby only illuminating the focal plane of
the imaging object. Unfocused emitters excited by other ex-
citation beams see less light.
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Figure 3. Real-time visualization of a single fluorophore with DNA skybridge. (A) Cy3-labeled DNA molecules (44.5 kb) are extended and immobilized
on top of the barriers. The SNR for DNA skybridge was measured at a given incident angle (6¢) that is greater than the critical incident angle (6.) of total
internal reflection at a flat quartz slide. The SNR suddenly increases at a certain incident angle (6 + 1.7°) as the increase of the incident angle from 69 and
then gradually decreases as the incident angle increases. The error bars indicate s.d. (B) The top (Top) of the barriers and the bottom surface (Bottom) of the
3D structured quartz were focused. The blue arrows indicate Cy5-PCNA molecules on DNA. (C) The colocalization of Cy5-PCNA and DNA molecules
immobilized on the top of the barriers. (D) Diffusion constant (D) of Cy5-PCNA at various concentrations of potassium glutamate (KGlu). D = 0.61
+ 0.05 pwm? /s at 25 mM KGlu, 0.64 4+ 0.05 pm?/s at 50 mM KGlu, 0.93 & 0.09 pm?2/s at 100 mM KGlu, 1.04 + 0.06 pum?/s at 150 mM KGlu, 1.30 +
0.07 wm? /s at 200 mM KGlu, 1.92 +0.12 um? /s at 300 mM KGlu. These diffusion constants are similar to those measured in a previous report (16). Black
box: s.d., Transparent white box: standard error, Red line: mean. n: the number of events.

In the absence of free Cy5 fluorophores in a solution, the
SNR for DNA skybridge is higher than that for conven-
tional surface-tethered TIRF microscopy (Figure 4). This
is surprising since the thickness of the light sheet (~1.1 wm)
in the DNA skybridge is greater than the penetration depth
(~100 nm) of an evanescent wave in our TIRF microscopy.
These results suggest that autofluorescence on the quartz
slide surface has a greater effect on the background noise
than in the solution. However, since the excitation volume
in the DNA skybridge is larger than in the surface-tethered
TIRF microscopy, it is expected that SNR will be lower
in the DNA skybridge when excess Cy5-PCNA is present

in the solution. To evaluate this, we preloaded Cy5-PCNA
onto modified A\-phage DNA and then added excess Cy5 flu-
orophores in the imaging chamber. As the concentration of
CyS5 increases, the SNR for the DNA skybridge decreases
faster than that for the TIRF microscopy (Figure 4). We
found that the DNA skybridge can clearly resolve a single
fluorophore in the presence of up to 3 nM of probe-labeled
target proteins, which is 3-fold lower than in the TIRF
microscopy (Figure 4). In epi-illumination, Cy5-PCNA on
DNA was barely seen even in the presence of 0.02 nM Cy5
in the solution. Taken together, these results suggest that
the DNA skybridge not only separates target proteins from



PAGE 7 OF 8
15 5 B DNA skybridge
] g ® TIRF microscopy
— A Epi-illumination
S 10 -
< n
Z
n S °
=
14 m m e o
A ]
0 T v T v T v T v T v T

0O 2 4 6 8 10
[Cy3] (M)

Figure 4. Cy5-PCNA diffuses on A\-phage DNA in the presence of vari-
ous Cy5 concentrations in a solution. The SNRs for DNA skybridge were
compared with those for conventional surface-tethered TIRF microscopy
or epi-illumination. The error bars indicate s.d.

false signals on the surface but it also has high SNR that al-
lows for visualizing individual fluorophore-labeled proteins
in the presence of low concentrations of protein. However,
similar to conventional TIRF microscopy, DNA skybridge
is not suitable for imaging transient interactions character-
ized by high dissociation constant.

DISCUSSION

Here, we introduce a high-throughput single-molecule
imaging platform called DNA skybridge for the interaction
between proteins and nucleic acids. In the DNA skybridge,
an optimal incident angle greater than the critical angle of
the total internal reflection can generate a thin light sheet of
the excitation beam (~1.1 wm; Figure 2B) on the ridge of
the skybridge that allows for imaging a single fluorophore
with a high signal-to-noise ratio, such as a small organic dye,
by reducing the background noise from fluorophores on the
surface. This design could be extended for imaging molec-
ular motors on protein filaments, such as actin filaments
or microtubules extended on the top of barriers. We could
achieve various shapes of barriers and spaces between the
barriers (Supplementary Figure S5). They all produce a thin
light sheet on the ridge at a critical incident angle, which can
be used for single-molecule imaging for proteins dynamics
on DNA molecules or actin/microtubule filaments of dif-
ferent lengths.

DNA substrates are extended and aligned between the
barriers in this platform, which seems similar to the
‘DNA curtains’ method in which target proteins on DNA
molecules are aligned on the flat surface of the imaging
chamber and visualized by using TIRF microscopy (17,18).
However, DNA curtains cannot avoid the interruption of
targeted signals on the DNA by nonspecific binding of tar-
get proteins to the surface. In fact, there is an independent
surface-condition method called ‘DNA tightrope assay’
(19). However, this assay is not suitable for use as a high-
throughput platform. Moreover, since the target probe is ex-
cited by epi-fluorescence illumination, a very bright probe,
such as a quantum dot, is required for single-molecule imag-

Nucleic Acids Research, 2019, Vol. 47, No. 18 el07

ing. DNA skybridge combines the best features of light
sheet imaging and high-throughput: SNR is enhanced by a
thin light sheet when compared with a standard widefield il-
lumination, false signals from fluorescently-labeled proteins
bound nonspecifically to the surface appear to have no ef-
fect on imaging, and organized DNA substrates allow effi-
cient data collection.
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