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Abstract

Single-molecule studies of protein-DNA interactions have shed critical insights into the molecular
mechanisms of nearly every aspect of DNA metabolism. The development of DNA curtains—a
method for organizing arrays of DNA molecules on a fluid lipid bilayer—has greatly facilitated
these studies by increasing the number of reactions that can be observed in a single experiment.
However, the utility of DNA curtains is limited by the challenges associated with depositing
nanometer-scale lipid diffusion barriers onto quartz microscope slides. Here, we describe a UV
lithography-based method for large-scale fabrication of chromium (Cr) features and organization
of DNA molecules at these features for high-throughput single-molecule studies. We demonstrate
this approach by assembling 792 independent DNA arrays (containing >900 000 DNA molecules)
within a single microfluidic flowcell. As a first proof of principle, we track the diffusion of MIh1-
MIh3—a heterodimeric complex that participates in DNA mismatch repair and meiotic
recombination. To further highlight the utility of this approach, we demonstrate a two-lane
flowcell that facilitates concurrent experiments on different DNA substrates. Our technique
greatly reduces the challenges associated with assembling DNA curtains and paves the way for the
rapid acquisition of large statistical data sets from individual single-molecule experiments.
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INTRODUCTION

Single-molecule fluorescence imaging approaches have shed critical insights into numerous
biological processes and have proven especially useful for understanding DNA transcription,
replication, and repair.1~6 However, acquiring statistically relevant data sets remains a
challenge for experiments that are performed on one molecule at a time. The recently
developed “DNA curtains” platform overcomes this limitation by permitting the observation
of hundreds of biochemical reactions in real time.”:® In this approach, individual DNA
molecules are anchored to a supported lipid bilayer (SLB) via a biotin—streptavidin
interaction and aligned along barriers to lipid diffusion by the application of hydrodynamic
force (see Figure 1 for schematic).” The immobilized DNA and proteins are imaged via total
internal reflection fluorescence (TIRF) microscopy (Figure 1A). This experimental platform
has recently been applied to a number of biochemical problems related to protein-DNA
interactions.9-11

Supported lipid bilayers have emerged as versatile surfaces for assembling DNA curtains
and offer multiple advantages for single-molecule studies of protein-DNA interactions.1?
First, the SLB charge is readily tunable by changing the lipid composition and
zwitterionionic head groups.1® Second, the bilayers can be doped with biotin, poly(ethylene
glycol)s, and other exogenous chemicals.141> The biomimetic lipid bilayer also provides
excellent surface passivation, thereby preventing nonspecific adsorption of nucleic acids,
and proteins to the flowcell surfaces.1216.17 Finally, lipid bilayers are readily manipulated
via external shear or electrophoretic forces, and the bilayers can be corralled at mechanical
barriers to lipid diffusion.18-25

The ability to manipulate and organize SLBs at mechanical barriers is at the core of the
DNA curtains single-molecule platform. However, widespread adoption of DNA curtains
has been hampered by the difficulty of fabricating custom microscope slides that are
required for organizing arrays of DNA molecules. Early approaches used a glass scribe to
mechanically etch such barriers,18:26 but in practice hand-etching does not produce
controllable lipid diffusion barriers. Microcontact printing of protein barriers has also been
used to rapidly fabricate lipid diffusion barriers, but these surface features are either too
large (>10 um) or are readily removed during stringent wash cycles.2’-31 To overcome these
limitations, an electron beam lithography (EBL)-based fabrication strategy has been used to
deposit chromium (Cr) patterns on glass slides.32:33 EBL is a high-resolution but low-
throughput fabrication method because it requires raster scanning of an electron beam along
each segment of the nanobarrier,34:35 thereby limiting the number of barriers that are
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deposited onto each quartz slide. The low-throughput nature of EBL, coupled with the high
cost and limited availability of this specialized instrument, prompted us to develop a new
approach for depositing Cr patterns on quartz microscope slides for DNA curtain imaging.

Here, we describe a UV lithography-based process for large-scale fabrication of Cr features
for assembling DNA curtains.36:37 Using this fabrication method, we organize hundreds of
thousands of DNA molecules within a single flowcell for high-throughput single-molecule
imaging. The UV-patterned flowcells are capable of organizing aligned arrays of both
single- and double-stranded DNA molecules. By patterning a large flowcell area, we also
demonstrate multichannel microfluidic flowcells with two different DNA substrates. As our
approach is both rapid and does not require advanced EBL or nanoimprint lithography
apparatus, it will facilitate the adoption of high-throughput DNA curtains by the broader
biophysical and analytical biosensor communities.

EXPERIMENTAL SECTION

Quartz Wafer Fabrication

Chrome diffusion barriers were made on 1.58 mm thick, 101.6 mm diameter ground and
polished GE124 quartz disks (Technical Glass Products). A flat was made by grinding 2 mm
into the glass. Glass wafers were sequentially rinsed with acetone, isopropanol, and water
and dried with a stream of N5 gas. The wafers were spin-coated in a Lauell Technologies
Spinner, (4000 rpm for 45 s) with a layer of photoresist (Clariant, AZ5209E). The coated
wafer was heated to 95 °C on a hot plate for 2 min. UV lithography was performed using a
SUSS Microtec -MAG/BA6 mask aligner (MAG, hard contact mode, 6.5 s at 6.5 mW cm™2)
using a chrome-coated quartz mask (Photo Sciences). AutoCAD files of the quartz masks
are available upon request. The photoresist layer was developed by rinsing the wafer in
developer (Megaposit MF-26A,; 2—2.5% tetramethylammonium hydroxide (TMAH), DOW
Chemical Company) for 35-40 s. The wafer was rinsed in deionized water and dried in N,
flow. After development, the wafers were etched with oxygen plasma for 120 s at 100 W
(March CS-1701 etcher) to remove all the residual photoresist from the developed surface.
A 20 nm layer of chromium (99.998% Kurt J. Lesker) was then sputtered onto the wafer
(Cooke E-beam/ sputter deposition system at 8 kV). To lift off the photoresist and
chromium, the wafer was sonicated in acetone for 1 min, rinsed in ethanol, and dried in N,
flow. The wafers were covered with a clean-room-rated silicon wafer tape (ICROS) and
diced into six flowcell sized (50 mm x 22 mm) substrates (Disco 321 dicing saw).

Proteins and DNA

Plasmids overexpressing human RPA-GFP were generously provided by Dr. Mauro Modesti
and purified essentially as described previously.38 Phi29 DNA polymerase and FLAG-
epitope labeled S cerevisiae MIh1-MIh3 were purified as described previously.3940
Histones H2A, H2B, H3, and H4 were purified as described.*1:42 For fluorescent labeling,
H2A encodes an Nterminal 3xFLAG epitope tag. Detailed protocols for preparing DNA
substrates for single-molecule imaging are described in the Supporting Information.
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Nucleosome Reconstitution

Histone Octamer Assembly—~Each of the four histones was dissolved in unfolding
buffer (20 mM Tris-HCI pH 7.5, 7 M guanidinium-HCI, and 10 mM DTT) and gently
agitated for 1 h at RT. The histones were mixed in equimolar ratios of H3/H4 and a 10%
higher molar ratio of H2A/H2B relative to H3/ H4). The mixture was adjusted to a final
concentration of 1 mg/mL and dialyzed against refolding buffer (10 mM Tris-HCI pH 8.0, 1
mM EDTA, 5 mM B-mercaptoethanol, 2 M NacCl) using 3500 MWCO dialysis tubing with
several buffer exchanges over 48 h. The dialyzed mixture was centrifuged to remove
aggregates and concentrated using spin concentrators (Amicon Ultra-15; Millipore) to a final
volume of about 1 mL. Gel filtration over a Superdex-200 (GE Healthcare) using SAU-200
was performed to resolve histone octamers from dimers and tetramers in the refolding
buffer. The octamer peak fractions were combined, concentrated using a 10 000 MWCO
spin concentrator (Amicon Ultra-4, Millipore), and flash frozen using liquid Nj. The
resulting histone octamers were stored in =80 °C until use.

Nucleosome Reconstitution—Human nucleosomes were reconstituted on the A-phage
DNA via stepwise salt dialysis.*243 First, A-phage DNA was ligated to biotinylated and
DIG-terminated oligonucleotides (IF7 and IF9, respectively) and gel-filtered through an
S-1000 column (GE). The DNA was concentrated using isopropanol precipitation and
dissolved to a final concentration of 70 ng uL=1 in TE with high salt (10 mM Tris-HCI pH
8.0, 1 mM EDTA, 2 M NaCl). For reconstitution, 30 uL of the DNA (final concentration of
~20 ng pL~1) was used in total volume of 100 uL. The octamer was diluted 10-fold in
dilution buffer (10 mM Tris-HCI pH 7.6, 1 mM EDTA, 2 M NacCl) right before use. The 100
uL mixture was dialyzed using a mini dialysis button (10K MWCO, BioRad) against 400
mL of storage buffer (10 mM Tris-HCI pH 7.6, 1 mM EDTA, 1 mM DTT) that contained
gradually decreasing concentrations of NaCl. Dialysis was performed in a cold room at 4 °C
for at least 90 min at each step: 1.5, 1, 0.8, 0.6, and 0.4 M NaCl. As a final step, the reaction
was dialyzed into 0.2 M NaCl overnight. At a nominal input ratio of 1:75 (DNA:octamer),
we counted about 1-5 nucleosomes per DNA molecules. The large nominal DNA:octamer
ratio probably stems from octamer loss due to aggregation onto the dialysis membrane and
polypropylene tubing during the extended dialysis procedure.43 The nucleosome-coated
DNA was stored at 4 °C for up to 2 weeks.

Single Molecule Microscopy—Flowcells and DNA curtains were assembled
accordingly to previously published protocols, with some modifications (see Supporting
Information).” Images were collected with a Nikon Ti-E microscope in a prism-TIRF
configuration. The inverted microscope setup allowed for the sample to be illuminated by a
488 nm laser light (Coherent) through a quartz prism. To minimize spatial drift, the
experiment was conducted on a floating TMC optical table. A 60x water immersion
objective lens (1.2 NA, Nikon), two EMCCD cameras (Andor iXon DU897, cooled to —80
°C), and Nis Elements software (Nikon) were used to collect the data with a 200 ms frame
rate. Frames were saved as TIFF files without compression, and further image analysis was
done in ImageJ (NIH).
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Observing Fluorescent MIh1-MIh3 on DNA Curtains

To fluorescently label MIh1-MIh3, 60 nM of the protein complex was mixed with 120 nM
anti-FLAG QDs (QD705, Life Technologies) and incubated in 10 uL of imaging buffer for
15 min on ice. The MIh1-MIh3-QD mixture was diluted 6-fold in imaging buffer and
injected into the flowcells via a 50 pL injection loop (at a flow rate of 50 uL min~1) and the
flowcell flushed thoroughly at a flow rate of 300 pL min~2 to remove all Mlh1-MIh3
molecules that did not associate with the DNA curtains. Then buffer flow was stopped, and a
movie was collected at a 200 ms frame rate. We did not fluorescently label the DNA during
the diffusion experiments. To ensure that the fluorescent MIh1-MIh3 trajectories
corresponded to DNA-bound proteins, the DNA molecules were stained with YOYO-1 after
the completion of each diffusion experiment. Only DNA-bound QDs were analyzed.
Fluorescent MIh1-MIh3 was tracked in ImageJ (NIH) with a custom-written particle
tracking script. For each frame the fluorescent particle was fit to a two-dimensional
Gaussian function to obtain trajectories with subpixel resolution. The resulting trajectories
were analyzed in Matlab (Mathworks). The mean-squared displacement and diffusion
coefficients were calculated as described previously.44

Dual-Channel Flowcells

To assemble the dual-channel flowcells, microfabricated quartz slides were drilled with two
inlet ports and a single outlet port. Y-shaped double-sided sticky tape (700 um nominal
thickness, type 666 from 3M) was cut using an Exacto and sandwiched between the quartz
slide and a microscope coverslip. After baking the flowcell at 140 °C for 60 min, each ~9
mm lane was separated by a 2 mm barrier. The lipid bilayers were deposited through the
inlet ports of lanes 1 and 2 (Figure S4A) keeping the single outlet port of the flowcell
closed. To inject different DNA substrates into each of the lanes, the outlet port was opened,
and 1 mL of an ~1 pM concentration of each DNA substrate was injected through the inlet
ports (Figure S4A). Both DNA solutions were injected in parallel to prevent backflow
between the two inlet channels (and cross-mixing between different types of DNA).
Fluorescent labeling of the 3xFlag-tagged histone H2A was conducted as described for
MIh1-MIh3 (see above). At the microscope, the antibody-QD solution was injected at 200
UL min~1 with a 700 pL loop (using a Rheodyne MXP7900 valve) between the syringe and
the lane containing nucleosomes (Figure S4B). The imaging buffer had 0.2 nM of YOYO-1
and was injected at 400 uL min~1 into each flowcell (Figure S4B). Images were taken after
the free antibody had been washed out the flowcells. Frames were taken every 200 ms when
the buffer flow was 400 pL min~L. Two additional valves (shut-off valve; IDEX Health
Science) were added right before the input of each lane to independently stop each flow. A
computer-controlled microscope stage (Prior ProScan I1) was used to sequentially image the
two lanes with a 1 s frame rate.

RESULTS AND DISCUSSION

We developed a UV lithography-based process for large-scale fabrication of quartz
substrates for DNA curtain imaging (Figure 2A). In this approach, quartz wafers are coated
with a UV-sensitive photoresist, exposed through a high-resolution photomask, and then
developed (see Experimental Section). Next, an ~20 nm layer of Cr is deposited onto the
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wafer, and a lift-off procedure is used to remove all Cr that is not affixed to the quartz
surface. Finally, the wafers are diced into 50 mm x 22 mm quartz slides, and each slide is
drilled to produce individual microfluidic flowcells. As this process can pattern the surface
of an entire wafer with a single UV exposure, we increased both the quantity and the types
of diffusion barriers per microscope slide. Figure 2B shows an optical image of a subset (72
in the figure), of the 792 total barrier sets that were deposited within each of the microfluidic
flowcells. Individual barrier sets were highly uniform over the whole flowcell area (Figure
2C,D). Atomic force microscopy (Figure 2E) and scanning electron microscopy (Supporting
Information Figure S1) confirmed that the UV-lithography barriers retained excellent
uniformity and that the quartz slides were largely free of Cr and other fabrication defects.
Although our UV lithography process is currently limited to ~1 um wide surface features,
this does not significantly impact the assembly or imaging of the 16 um long DNA
substrates (see below). With further optimization, conventional contact-mode UV
lithography can be used to produce ~200 nm wide features.*>46 Importantly, this process is
substantially more rapid, cost-effective, and easier to implement than EBL. The layout of the
Cr features can be readily changed by ordering the appropriate UV photomask, and each 106
mm wafer is diced to produce six microfluidic flowcells. We conclude that UV
photolithography can be used to rapidly fabricate Cr diffusion barriers for singlemolecule
DNA curtains.

Assembling DNA curtains requires a fluid SLB, which is critically dependent on the surface
chemistry of the quartz substrate.18:47:48 We therefore tested whether the microfabrication
process adversely affects DNA curtain assembly on UV-patterned slides (Figure 3). First,
lipid vesicles were incubated in the flowcell. Vesicles rupture and fusion facilitates the
formation of continuous sheets of fluid SLBs.4? One end of each DNA molecule was affixed
to the SLB via a biotin— streptavidin linkage, and buffer flow was used to organize and
extend individual DNA molecules at the Cr barriers (Figure 3B). When buffer flow was
turned off, all DNA molecules collapsed to the tether point at the Cr diffusion barrier
(Figure 3C). We further confirmed that these flowcells are also compatible with sSDNA
curtains (Figure $2).3950 To generate sSDNA curtains, we prepared a plasmid where one
strand contained a biotinylated 5’-ssDNA flap (Figure S2A; see Supporting Information).
This biotinylated DNA substrate was used as a template for rolling circle replication (RCR)
with phi29 DNA polymerase.3? The resulting ssDNA molecules were readily assembled at
the microfabricated diffusion barriers and were visualized with GFP-labeled replication
protein A (RPA), a heterotrimeric protein complex that binds ssDNA (Figure S2B).39:50
Together, these results demonstrate that lipid bilayers maintain their fluidity on UV-
fabricated quartz slides and that these slides can be used for large-scale organization of both
dsDNA and ssDNA molecules.

To maximize the types of experiments that can be conducted within a single microfabricated
flowcell, we also deposited a subset of barriers with additional pedestals that facilitate
tethering of the DNA molecules by both ends. These double-tethered DNA molecules
remain extended without any buffer flow, permitting the observation of protein~-DNA
interactions without continuous application of a hydrodynamic force (Figure 4A).32 For
double tethering, one end of the DNA was labeled with a biotin and the second end was
labeled with a digoxigenin (DIG).” We patterned the quartz slides with pedestals that were
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deposited 13 um away from the diffusion barriers. These pedestals were first decorated with
a goat antirabbit antibody (Immunology Consultants Laboratory, Inc.), followed by a
primary rabbit anti-DIG antibody (ABfinity, Life Tech.). The primary—secondary antibody
pair serves as an attachment point for DNA molecules that present their DIG ends near these
pedestals (see Supporting Information for detailed methods). Figure 4B shows that
individual DNA molecules were readily tethered between the barriers and pedestals. In the
absence of buffer flow, the double-tethered DNA molecules remained fully extended for 29
+ 0.2 min (half-life + standard error, N = 163; Figure S3). Gradual loss of double-tethered
DNA may be due to (i) photodamage-induced DNA breaks, (ii) removal of the biotinylated
lipid from the SLB, (iii) disruption of antibody—antigen interactions (either DIG-antibody or
primary/secondary interactions), and (iv) desorption of the secondary antibody from the Cr
pedestals. We confirmed that the double-tethering lifetime was identical when the laser was
shuttered at 1 or 5 min intervals (data not shown), indicating that laser-induced DNA
damage is not the primary cause of the observed lifetime. Based on the force— extension
curve of A-phage DNA 51 individual molecules are under ~0.5-2 pN of tension when
extended to a length of 12— 14 um (corresponding to the minimum and maximum distance
between the Cr barrier and pedestal). Lipid-rupture forces are in the ~20 pN range,
suggesting that loss of the biotinylated lipid is also unlikely.>2-55 We favor a model where
the DNA is lost due to rupture of the antibody—antigen interactions, as the observed lifetime
is consistent with the off rates (k°) reported for antibody-DIG interaction.>¢:57 We cannot
rule out that double-tethered DNA molecule are also lost due to desorption of the secondary
antibodies from Cr pedestals. Regardless, the observed lifetime is sufficient for many
experiments involving protein~-DNA interactions (see below). Incorporating handles with
multiple DIG molecules to increase the total number of DNA-pedestal tethers may further
increase the double-tethered DNA lifetime,58-60

To demonstrate that UV-fabricated slides can support single-molecule studies of protein—
DNA interactions, we monitored the DNA binding properties of S cerevisiae MIh1-MIh3 on
double-tethered DNA curtains. MIh1-Mlh3 is a heterodimeric protein complex that
participates in DNA mismatch repair and in resolution of meiotic recombination
intermediates.#0:61.62 To fluorescently label MIh1-MIh3, we exploited a single FLAG
epitope tag that has been inserted after amino acid 448 in Mlh1. Previous studies have
shown that MIh1 maintains full biochemical activity with this FLAG epitope.#0:63 The MIh1
subunit was fluorescently labeled by conjugating the enzyme with an anti-FLAG antibody
covalently linked to a quantum dot (QD; Life Tech.), as described previously.54 Figure 4B
shows that fluorescently labeled MIh1-MIh3 was able to bind to the double-tethered DNA
molecules. MIh1-MIh3 readily diffused on the DNA (Figure 4C,D), and the diffusion
coefficient was 0.026 + 0.03 pm? s~ (mean + std dev; N = 25). The MIh1-MIh3 diffusion
coefficients are within the range reported for other mismatch repair complexes, including the
MIh1-Pms1 complex (0.020 + 0.023 um? s~1 at 50 mM NaCl),%° suggesting that both
complexes may share similar diffusive behaviors on dsDNA. %465 Proteins scan DNA via
several facilitated diffusion mechanisms, including (i) sliding by tracking and rotating along
the DNA backbone, (ii) hopping via a series of microscopic protein—-DNA dissociation and
rebinding events, and (iii) intersegment transfer, in which a protein can move from one
location to another via a looped intermediate.®6-68 Individual molecules may stochastically
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interconvert between these states, leading to the large range of diffusion coefficients
observed in these and prior studies.89-72 Additional studies will be required to define how
MIh1-MIh3 diffusion on DNA facilitates its functions in both mismatch repair and meiotic
recombination.4%:62 Here, we conclude that wafer-based UV lithography can be used for
fabricating universal microscope slides that support both single-stranded and double-
stranded DNA curtains for high-throughput studies of protein-DNA interactions.

To further extend the utility of our wide-field surface patterning strategy, we integrated
DNA curtains with a two-lane microfluidic device (Figure 5). Multichannel microfluidic
devices can be used to simultaneously observe enzyme function on different substrates or
solution conditions.”3-7> As a proof of principle, we exploited the large number of UV-
patterned DNA curtain arrays to construct a dual-lane flowcell with two distinct DNA
substrates in each of the two fluidically independent lanes (Figure 5A, bottom panel).
Biotinylated lipid bilayers were deposited concurrently in both channels by flowing all
reagents through the single flow port located at the bottom of the Y-shaped flowcell (Figure
S4). The left lane was incubated with A.-DNA while the right lane was incubated with
nucleosome-coated A-DNA. The flowcell was mounted into the TIRF microscope, and both
channels were rinsed with anti-Flag antibody conjugated QDs. The fluorescent antibody
recognizes a 3xFlag epitope on histone H2A and is only expected to label nucleosome-
containing DNA (lane 2). Figure 5C demonstrates that we could readily image arrays of
single-tethered DNA molecules in both channels, with only the right channel (lane 2)
containing nucleosome-conjugated DNA. We anticipate that these flowcells will prove
especially useful for studies that require side-by-side observation of protein behavior on
different DNA substrates or to image protein activity under different buffer conditions (e.g.,
as a function of salt concentration or nucleotide state).

CONCLUSIONS

Here, we described a UV-lithography-based approach for rapidly creating arrays of DNA
molecules on the surface of microfluidic flowcells. These universal slides support the
assembly of both single- and double-tethered DNA molecules. Using this approach, we are
able to rapidly pattern the entire surface of a quartz wafer without using EBL or other more
specialized nanofabrication equipment. Furthermore, this method yields an order-of-
magnitude increase in the density of tethered DNA molecules on the surface of each
flowcell. Increasing the size of the field of view via a larger camera or a lower magnification
objective can further increase the rate of data acquisition and multiple fields of view or
additional flowcell lanes can be acquired by scanning a computer-controlled microscope
stage. Additionally, we demonstrate that this approach is compatible with multichannel
microfluidic flowcells for multiplexed single molecule imaging and manipulation.”® The
method presented here will greatly facilitate single-molecule fluorescence studies of
protein— nucleic acid interactions through the acquisition of large statistical data sets from
individual experimental runs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
AFM atomic force microscopy
CCD charge coupled device
Cr chromium
DIG digoxigenin
DNA deoxyribonucleic acid
dsDNA double-stranded DNA
EBL electron beam lithography
GFP green fluorescence protein
MSD mean-squared displacement
QD quantum dot
RCR rolling circle replication
RPA replication protein A
SLB supported lipid bilayer
ssDNA single-stranded DNA
std dev standard deviation
TIRF total internal reflection fluorescence
uv ultraviolet.
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Figure 1.
An illustration of the DNA curtains platform. (A) DNA molecules are immobilized on the

passivated surface of a microfluidic flowcell. The DNA is illuminated via a laser beam (488
nm) that impinges on a prism in total internal reflection fluorescence (TIRF) mode, thereby
generating an evanescent excitation wave at the interface between the lithographic patterned
surface and the imaging buffer. The evanescent wave penetrates ~200 nm away from the
micropatterned flowcell surface to selectively illuminate surface-bound DNA and protein
molecules. The resulting fluorescent signals propagate through a coverslip and are collected
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via a high numerical aperture objective, passed through two excitation clean-up filters (490
and 500 long pass; Chroma), and dispersed through a dichromic mirror onto two different
charge coupled device (CCD; ANDOR) cameras. (B) Side view of a DNA molecule (green)
that is affixed to a lipid bilayer (circles) via a biotin—streptavidin (magenta) linkage. In the
presence of buffer flow, the DNA molecule moves within the fluid lipid bilayer and is
captured at a Cr diffusion barrier (gray).
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Figure 2.

Cr?romium barriers are deposited via UV lithography. (A) First, a quartz wafer is coated
with photoresist and exposed to UV light through a high-resolution (chrome-on-quartz) UV
photomask in contact mode geometry. The UV resist is developed, and 20 nm of Cr is
deposited onto the wafer. Excess Cr is lifted off by gently dissolving the residual developer
in acetone, leaving behind only the Cr that had bonded directly to the quartz surface. Finally,
the wafer is diced to generate six (~22 mm x ~50 mm) quartz slides. Each slide is drilled
using a diamond-coated drill bit to allow fluidic access to the flowcells. (B) An optical
image of 72 barrier sets (from a total of 792 barrier sets) that are deposited onto each
flowcell. Scale bar: 1 mm. A close-up view of a set of barriers used for single-tethering (C)
and double-tethering DNA (D). The barriers sets are nearly free of residual Cr and other
fabrication defects. Scale bars in (C) and (D) are 50 um. (E) An AFM scan of the rectangular
region in (D) shows that the Cr barriers have an average height of 20 nm.
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Figure 3.
UV-fabricated Cr barriers support the assembly of DNA curtains. (A) An illustration of

single-tethered DNA curtains. A fluid lipid bilayer (yellow) is deposited onto the
micropatterned quartz surface (blue). DNA (green) is anchored to the lipid bilayer at one
end, and buffer flow is used to organize the DNA molecules at the Cr diffusion barriers
(gray). (B) A 170 x 103 um field of view with individual DNA molecules (derived from A-
phage, ~48 500 bp long) assembled at five Cr barriers (red triangles). The DNA molecules
are stained with the fluorescent intercalating dye YOYO-1 (Life Tech.), and there are >1200
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DNA molecules within this field of view. (C) In the absence of buffer flow, the extended
DNA molecules retract to the barriers. Scale bar: 20 um.
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Figure4.
Ilustration of the scheme used for double-tethering DNA molecules on UV-fabricated Cr

barriers. (A) The DNA is functionalized with biotin at one end and digoxigenin (DIG) at the
other end. To extend and immobilize the DNA by both ends, oval-shaped Cr pedestals (1.3 x
1.5 um; gray) are deposited 13 pm away from the linear barriers. Pedestals and barriers have
the same Cr height. Secondary antirabbit antibodies (red) are adsorbed onto the pedestals.
Primary rabbit anti-DIG antibodies (blue) are washed through the flowcell and captured by
the secondary antibodies. Finally, the A.-DNA is tethered to the lipid bilayer surface via a
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biotin—streptavidin linkage, pushed to the barriers, and anchored on the pedestal via a DIG—
antibody interaction. (B) Fluorescent DNA molecules (green) that remain fully extended
between the barriers (red triangle) and oval pedestals (red circle) in the absence of buffer
flow. Fluorescent MIh1-MIh3 (magenta; labeled with a QD) binds the DNA molecules. In
the absence of buffer flow, MIlh1-MIh3 diffuses freely on the extended DNA. Scale bar: 5
pum. (C) Kymograph of a representative MIh1-MIh3 (black) diffusing on DNA. Blinking of
the fluorescence signal (blue arrows) indicates that MIh1-MIh3 is labeled with a single QD.
To avoid photodamage, the DNA is not fluorescently labeled. (D) The mean-squared
displacement (MSD) of five diffusing Mlh1-MIh3 molecules. A linear fit to the MSD curves
is used to calculate the diffusion coefficient of each molecule.
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Figure5.
A dual-lane flowcell for imaging two DNA substrates in the presence of buffer flow. (A)

Cartoon schematic of the Y-shaped flowcell with two inlets and one outlet port. Each lane is
9 mm wide and separated by a 2 mm tape spacer (gray). Bottom panel: an image of yellow
and blue food dye loaded into each of the two lanes. Scale bar: 5 mm. The lanes remain
fluidically isolated for over 1 h. (B) Images captured from each lane during a single
experiment. Lane 1 was assembled with A-DNA, while lane 2 contained nucleosomecoated
L-DNA.. Both channels were labeled with YOYO-1 DNA intercalating dye (Life
Technologies). Nucleosomes were tagged with anti-FLAG QDs (magenta; 705 nm) and
were exclusively observed in the right channel. Scale bar: 4 pm.
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