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ABSTRACT: The ability of zero-mode waveguides (ZMWs)
to guide light energy into subwavelength-diameter cylindrical
nanoapertures has been exploited for single-molecule
ﬂuorescence studies of biomolecules at micromolar concentrations, the typical dissociation constants for biomolecular
interactions. Although epi-ﬂuorescence microscopy is now
adopted for ZMW-based imaging as an alternative to the
commercialized ZMW imaging platform, its suitability and
performance awaits rigorous examination. Here, we present
conical lens-based dark-ﬁeld ﬂuorescence microscopy in
combination with a ZMW/microﬂuidic chip for single-molecule ﬂuorescence imaging. We demonstrate that compared to epiillumination, the dark-ﬁeld conﬁguration displayed diminished background and noise and enhanced signal-to-noise ratios. This
signal-to-noise ratio for imaging using the dark-ﬁeld setup remains essentially unperturbed by the presence of background
ﬂuorescent molecules at micromolar concentration. Our design allowed single-molecule FRET studies that revealed weak DNA−
protein and protein−protein interactions found with T4 replisomal proteins.
KEYWORDS: Zero-mode waveguide, single-molecule FRET, dark-ﬁeld microscopy, nanofabrication, microﬂuidic chip,
T4 DNA replisome
ingle-molecule ﬂuorescence microscopy is among the
plethora of single-molecule techniques that have been
devised to interrogate individual molecules and complexes at
the molecular level.1−6 This imaging technique has shown the
capacity to discover and quantify the lifetimes and movements
of novel species obscured by ensemble averaging in a broad
spectrum of biological systems.7−19 The pursuit of detailed
behavior concerning biomolecules through single-molecule
ﬂuorescence imaging, however, encounters the impediment of
spatial resolution (∼250 nm in lateral) imposed by the wavelike
diﬀraction of light.20−28 As a result, to maintain single-molecule
resolution within the typical focal volume of an ∼attoliter
(10−18 L) of diﬀraction-limited microscopy, the accessible
concentration range of ﬂuorescent species is restricted to
nanomolar to subnanomolar, markedly lower than the typical
micromolar dissociation constants of biomolecular interactions.3,29,30
A common scheme to overcome this “concentration barrier”
in single-molecule ﬂuorescence imaging is to have the
ﬂuorescently labeled biomolecules at their optimal concentrations but to excite only a limited number of molecules in the
pool within the focal volume and have the majority of
molecules unexcited.29 This can be achieved by (1) stochastic
activation of photoactivatable/switchable ﬂuorophores, as in
the case of STORM/PALM-type super-resolution microscopy
and the photoactivation, diﬀusion, and excitation (PhADE)
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approach;31−34 and (2) decreasing the focal volume in
ﬂuorescence imaging,35,36 as in the case of total internal
reﬂection microscopy, confocal, and stimulated emission
depletion microscopies, and zero-mode waveguides
(ZMWs).37−46
In particular, ZMW technology is an attractive platform for
single-molecule imaging due to the high parallelism and most
importantly, to its tolerance of high concentrations of
ﬂuorescent species.47−50 ZMWs, the subwavelength-diameter
cylindrical nanoapertures clad in metal (e.g., aluminum)
(Figure 1A), guide the incident excitation beam in a
nonpropagating “zero mode” to form an evanescent excitation
ﬁeld at the entrance of the cylinder with a typical observation
volume of ∼zeptoliter (10−21 L) (Figure 1B), a volume ∼3
orders of magnitude smaller than that in diﬀraction-limited
microscopy. Because of this superior optical conﬁnement
property, single-molecule ﬂuorescence imaging using a ZMW
allows for the detection of single excited ﬂuorescently labeled
biomolecules despite the presence of up to 10 μM out-of-focus
background ﬂuorescent species.
Since its inception, this nanostructure has found ample utility
in single-molecule investigations of a growing list of biological
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Figure 1. (A) Schematic of a zero-mode waveguide (ZMW) array. Typical ZMWs are subwavelength-diameter cylindrical nanowells in ∼100 nm
thick aluminum coated on top of a silica substrate. The magniﬁed square region shows the SEM image of the 90 nm diameter ZMW used throughout
this study. (B) The optical conﬁnement property of a ZMW for single-molecule ﬂuorescence studies. As light (i.e., 532 nm green laser) penetrates
into a 50−100 nm diameter ZMW from the silica side, its intensity exponentially attenuates to generate an evanescent excitation ﬁeld of ∼zeptoliters
(10−21 L). This optical property allows for single-molecule ﬂuorescence studies of biomolecular interactions (i.e., interactions between ZMWimmobilized DNA and a DNA-interacting protein in bulk solution) to be carried out in ZMWs at micromolar (μM) bulk concentrations of
ﬂuorescent biomolecules.

targets.51−57 The accessibility of a ZMW-based single-molecule
ﬂuorescence platform, however, remains limited to a handful of
specialized laboratories due to the stringent technical requirements in nanofabrication, surface passivation, and microscopy
instrumentation.58,59 Although these constraints have recently
been relieved somewhat as more eﬀorts have been directed to
the optimization of ZMW nanofabrication protocols and the
development of surface passivation methods, the simpliﬁcation
of a single-molecule ﬂuorescence microscopy setup for ZMWs
and the optimization of its performance have remained
challenging. Holographic confocal ﬂuorescence microscopy in
which sophisticated optics are employed in complex light paths
to generate thousands of subillumination spots and corresponding prism-dispersed emission spots that match the pattern of
ZMW arrays was originally developed for ZMW-based singlemolecule imaging.60 The level of complexity and the costly
investment of this microscopy setup are not amenable to its
widespread implementation, despite its superior performance.
Alternatively, epi-ﬂuorescence microscopy (Epi) was implemented in ZMW-based ﬂuorescence imaging;52 however, this
microscopy setup is not tailored for illuminating ZMWs and the
performance of Epi to image single ﬂuorophores residing in the
highly reﬂective aluminum clad ZMWs (Al/ZMWs) has not
been rigorously investigated. In short, a simple, optimized
microscope setup would facilitate the generalization of the
ZMW-based single-molecule imaging technique.
In this study, we developed a conical lens-based dark-ﬁeld
ﬂuorescence microscope tailored for ZMW illumination.
Through side-by-side comparison with Epi, we found that the
dark-ﬁeld setup eﬀectively decreased the background ﬂuorescence and noise levels by alleviating the leakage of ZMW
surface reﬂected illumination into the ﬂuorescence detection
module. In single-molecule photobleaching measurements with
Al/ZMWs, the dark-ﬁeld setup has an average signal-to-noise
ratio (S/N) of 5.13 compared to 1.78 for the Epi setup. This
substantial improvement in imaging performance permitted
ZMW-based single-molecule FRET studies at micromolar
background ﬂuorophore concentrations without substantial

deterioration of the S/N ratio. This in turn enabled real-time
investigation of a weak single-stranded DNA (ssDNA)-protein
interaction and a rare protein−protein interaction within the
T4 repliosome.
Results and Discussion. The accessibility of a highperformance, single-molecule ﬂuorescence microscope for
ZMW-based imaging has constrained the widespread implementation of this technology in biological studies. On one
hand, dissemination of this method has been hampered by the
complexity and high cost associated with the multiplexed
confocal microscopy designed for ZMW in which a collimated
laser beam is holographically split into thousands of sub-beams,
each one designated to a speciﬁc ZMW. On the other hand, an
alternative Epi setup was employed for illuminating the highly
reﬂective Al/ZMWs, which taxed the eﬃciency of conventional
Epi to ﬁlter the potentially strong reﬂected excitation beam
from the ﬂuorescence signal. We have demonstrated a proof-ofconcept ZMW/microﬂuidic hybrid chip as a prototype for a
future ZMW-based, on-chip single-molecule imaging platform.
We also improved the detection sensitivity of our singlemolecule platform through signal-to-noise ratio enhancement
from our customized optical design.
Conical Lens-Based Dark-Field Illumination on a ZMW/
Microﬂuidic Hybrid Chip. The working mode of a ZMW
demands that both the incident illumination laser and the signal
collection be carried out from the coverslip side of ZMW arrays
through an objective lens causing the reﬂected incident laser
light to overlap with the weak backscattering ﬂuorescent signals.
To avoid signal deterioration, a proper dichroic ﬁlter is often
installed in conventional microscopy to selectively collect the
ﬂuorescent emissions and block the unwanted reﬂected
excitation beam. When Al/ZMWs are illuminated in the Epi
mode, the strong reﬂected illumination beam caused by the
smooth, highly reﬂective Al ﬁlm surface imposes high demands
on the dichroic ﬁlter for complete reﬂection blocking. Unlike
the Epi conﬁguration, a multiplexed confocal microscope
sidesteps the interference from the reﬂected excitation beam
by generating a patterned illumination composed of numerous
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Figure 2. Conical lens-based dark-ﬁeld microscopy in combination with ZMW/microﬂuidic chip for single-molecule imaging. (A) The microscope
setup was built on an inverted microscope. The 532 nm (green), 635 nm (red), and 488 nm (blue) lasers were superimposed by mirrors (M1-M6)
and beam splitters (BS1, BS2). The merged beams were then expanded by lenses (L1 and L2) and rendered into a doughnut shape by a conical lens
(CL). Lenses L3 and L4, together with a dichromic mirror (DM) and a ﬁeld stopper (FS1), directed the beams to focus at the back focal point of a
water-immersion 60× objective. Placed on top of the objective, the ZMW/microﬂuidic channel connected with a syringe pump acted as a sealed
reaction chamber. Fluorescence emission signals (orange arrow) from Cy3 and Cy5 dyes collected through the objective were split by BS3, BS4, M7,
and M8 for the dual-channel EMCCD detection. Any peripheral reﬂected excitation beams (dotted line), which leaked into the detection module,
were removed by FS2. (B) ZMW/microﬂuidic chip for single-molecule ﬂuorescence measurements, (C) the doughnut-shape illumination beam (532
nm) rendered by the dark-ﬁeld illumination conﬁguration, and (D) optical image of a ZMW array.

split beams that pinpoint the silica bottom of the ZMWs.60
However, this confocal microscope arrangement is technically
challenging to implement.
We have attempted to address the issues with a simple yet
eﬀective conical lens-based dark-ﬁeld ﬂuorescence microscope.
We point out that commercially available dark-ﬁeld microscopes that work either by a transmission mode, as in the case
of an inverted dark-ﬁeld microscope, or rely on specially
designed objective lenses, as in the case of an up-right dark-ﬁeld
microscope, are incompatible with the reﬂection mode required
by ZMW imaging. We thus designed an inverted dark-ﬁeld
microscope that uses a reﬂection mode enabled by a conical
lens. The instrument has a customized optical path depicted in
Figure 2A, where the light from its three lasers is ﬁrst
superimposed by two beam splitters (BS1 and BS2) and then
rendered by a conical lens (CL) and lenses L1 and L2 to a
“doughnut” like beam with zero intensity at the center and
maxima at the rim (Figure 2C). This light pattern is then tuned
by lenses L3 and L4 to focus at the back focal plane of the 60×
objective to illuminate the ZMW array. A detailed view of our
setup and the superior dark-ﬁeld image of 2.8 μm diameter

polystyrene beads that the setup enabled are given in Figure
S2D in Supporting Information.
Our proposed design addresses the reﬂection issue in Al/
ZMW imaging because it separates the backscattering
ﬂuorescence signal from the reﬂected, incident light. Given
that the doughnut-shaped beam impinges on the ZMWs with a
large incident angle through the 60× objective (NA = 1.2), any
reﬂection from the metal interface would either escape by the
same illumination pathway or be cut oﬀ by the aperture of the
objective, thereby reducing any reﬂection that leaks into the
center region of the objective lens. This then essentially
separates the optical path of the desired ﬂuorescence signal
from that of the incident and reﬂected beams as the ﬂuorescent
signal (orange arrow, Figure 2A), collected by the objective
lens, localizes in the center region that is largely orthogonal to
both the incident and reﬂected excitation located at the
peripheral doughnut rim (dot line, Figure 2A).
We have also demonstrated an integration of ZMWs with a
microﬂuidic system (Figure 2B) to take advantage of the highprecision ﬂuidic control enabled by microﬂuidic techniques.61−63 Mounted on the microscope stage, a coverslip with
1954
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Figure 3. EMCCD images of the background ﬂuorescence in emission detection channels for (A) Cy2, (B) Cy3, and (C) Cy5 for ZMWs in dark
ﬁeld (DFI, left panel) and Epi (EPI, right panel) conﬁgurations illuminated by the blue (488 nm), green (532 nm), and red (635 nm) lasers,
respectively. The ZMWs were free of ﬂuorescent molecules. The ﬂuorescence intensity in the image was color-coded according to the spectral
gradient from blue (intensity minimum) to red (intensity maximum). (D) A representative time trace for the background ﬂuorescence in the Cy3
detection channel of ZMWs in Epi (gray) and dark ﬁeld (black) conﬁgurations illuminated with the green (532 nm) laser. (E) Fluctuations of the
background ﬂuorescence of a representative time trace. The histograms were plotted using the data in (D) and were ﬁt to a Gaussian function to give
standard deviations for the noise level of 832 AU for Epi and 312 AU for dark-ﬁeld. AU: arbitrary units. (F) Distribution of the background
ﬂuorescence intensity in the Cy3 detection channel of ZMWs in Epi (gray) and dark-ﬁeld (black) conﬁgurations illuminated with the green (532
nm) laser. The mean background values from 250 ﬂuorescence traces from either illumination conﬁguration were plotted in histograms, which were
ﬁt to a Gaussian function to give the median background ﬂuorescence levels of 853 ± 417 AU for Epi and 376 ± 61 AU for dark-ﬁeld.

microﬂuidic systems also help to ensure consistent reaction
conditions for each experiment, increasing reproducibility for
large quantities of data collection and analysis. (3) The
microﬂuidic channels can eﬀectively seal the reaction solutions
inside the microﬂuidic channel, protecting and isolating the
reactants and the reaction from the environment. (4) Using
microﬂuidic systems, we are able to achieve numerous parallel
reactions on one chip permitting automated high-throughput
screening and analysis. A prototype of the integration of a
microﬂuidic chip and a ZMW single-molecule detection
platform is shown in Figure 2. All of our experiments are
conducted using this lab-on-a-chip platform (also shown in
Figure S2 in Supporting Information).
Background Noise Levels and Fluorescence of Epi and
Dark-Field Fluorescence Microscopes. To evaluate the
collection of the reﬂected incident excitation beam by Al/
ZMW arrays in the conventional Epi and the conical lens-based
dark-ﬁeld microscope setups, we measured the background
ﬂuorescence and noise levels of the two setups using the three
diﬀerent colored lasers (488, 532, and 635 nm) to illuminate
the Al/ZMW chip without any ﬂuorescent molecule present.
The incident lasers were set at 50% power output (measured
∼165 mW) with a proper dichroic ﬁlter installed for each laser
to block the reﬂected excitation beam. As shown in the colorcoded EMCCD images of ZMWs illuminated by the three
lasers individually (Figure 3A−C), the background ﬂuorescence
of the Epi setup was substantially stronger than that of the dark-

a 90 nm diameter ZMW array (Figure 2D) was integrated with
a polydimethylsiloxane (PDMS) microﬂuidic channel and a
syringe pump system to form a ZMW/microﬂuidic chip (Figure
2B) as a reaction chamber for single-molecule ﬂuorescence
imaging. The precise, uniform dimensions (10 mm × 2 mm ×
0.2 mm) of the microﬂuidic channels not only require very
small volumes of the reaction mixture (∼4 μL), but they also
permit deploying multiple microchannels in a 25 × 25 mm2
area with ZMWs for parallel reactions. Equipped with a syringe
pump system, the ZMW/microﬂuidic chip was functionalized/
passivated by sequentially injecting one at a time antidigoxigenin antibody (Anti-Dig), BSA, 5′-Dig-ssDNA primer labeled
with Cy3, and dye-labeled ﬂuorescent molecules with washes
between each injection in a programmable fashion. In addition,
the PDMS microﬂuidic molding served to seal the ZMW
reactors helping to maintain the pH value of the reaction
mixture by isolating the acid-producing antiphotobleaching
oxygen scavenger system from ambient oxygen.
This proof-of-concept ZMW/microﬂuidic hybrid design
beneﬁts single-molecule experiments from the following
aspects: (1) Microﬂuidics help to reduce the sample
consumption of reagents that are diﬃcult to obtain, such as
human proteins. It can eﬀectively deliver such reagents
precisely to where the experiment will be monitored and
signiﬁcantly reduce the sample consumption. (2) The microﬂuidic systems can precisely control the reaction ﬂuids in terms
of reaction amount, volume, time, and so forth. The
1955
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ﬁeld setup, most likely caused by the leakage of the strong
reﬂected excitation beam despite the installation of the dichroic
ﬁlter in the Epi setup. From representative time-resolved
ﬂuorescence traces for the ﬂuorescence in the Cy3-detection
channel of ZMWs illuminated with the green (532 nm) laser in
both conﬁgurations (Figure 3D), we found that the background
ﬂuorescence levels (mean values, 1039 versus 363 in arbitrary
units, AU), as well as the ﬂuctuation of the background
ﬂuorescence levels deﬁned as noise (832 vs 312 in AU) were
substantially higher in the case of the Epi setup (Figure 3E).
The distribution histograms of the background ﬂuorescence
levels based on the statistics of 250 traces obtained from both
setups (Figure 3F) consistently showed that the dark-ﬁeld
setup has a lower average value (376 AU) than the Epi setup
(853 AU) and a much narrower distribution of the background
ﬂuorescence ﬂuctuations also.
Single-Molecule Photobleaching Measurements with
ZMWs in the Presence/Absence of Fluorophores in Bulk.
We have shown that the conical lens-based dark-ﬁeld
microscope suppresses the background ﬂuorescence and noise
levels as a result of the reduced collection of reﬂected excitation
beams by the Al/ZMWs surface. We next set out to examine
the impact of the reﬂected excitation beams on the performance
of the dark-ﬁeld and Epi setups in single-molecule ﬂuorescence
measurements with ZMW arrays using S/N from Cy3 as the
criterion. First, we studied single-molecule ﬂuorescence
bleaching of Dig- and Cy3-labeled DNA primers immobilized
in ZMWs. The 532 nm laser in either the Epi or dark-ﬁeld
mode excited the tethered primers until completely photobleached. The laser power was measured ∼50 mW (measured
at the objective) for all measurements. Noting that the power
density calculated from measured illumination intensity over
the illumination region may be diﬀerent for each case,
depending on the focusing condition and region; however, it
is not a critical factor as the intensity is strong enough for
ﬂuorophore excitation in each experiment. The S/N ratio
improvement has been achieved through splitting ﬂuorescence
and directing reﬂections away from our dark-ﬁeld detection
path. The Cy3 detection channel of the EMCCD-recorded
images was used to identify ﬂuorescent spots, which were then
analyzed to generate time-resolved single-molecule ﬂuorescence
traces. As shown in Figure 4A, the ﬁrst recorded color-coded
EMCCD images of the Cy3 primers excited by Epi gave an
overall blurred image of the ZMW array pattern due to the
signiﬁcantly higher background ﬂuorescence. Accordingly,
numerous false emitters in addition to the ones residing in
ZMWs were recognized and lead to uninformative time traces.
In marked contrast, the image from the dark-ﬁeld setup
displayed suppressed background ﬂuorescence and a clear view
of ZMW array containing excited Cy3 primers, which were
identiﬁed as individual ﬂuorophores with little or no false
positives.
Figures 4B and 4C show examples of time-resolved
ﬂuorescence traces with single-step photobleaching events
from the Epi and dark-ﬁeld setups, respectively. Consistent
with the reduced background ﬂuorescence and noise, and the
high S/N ratio of the dark-ﬁeld arrangement in general, this
conﬁguration had an overall higher S/N ratio (5.13) compared
to Epi (1.78) averaged from the measured ratios of ∼250
photobleaching events in both cases (Figure 4D). In addition,
the probability of a S/N ratio ≥3, a criterion for unambiguous
identiﬁcation of single-molecule events in microscopy analysis,64 was 85.3% for the dark-ﬁeld setup and 22.4% for the Epi

Figure 4. (A) Schematic of single-molecule photobleaching of the
immobilized Cy3-DNA primer in a ZMW using the green (532 nm)
laser in either the Epi or dark-ﬁeld microscopy conﬁgurations. ZMWs
were functionalized with antidigoxigenin antibody and then passivated
with BSA. A Cy3-DNA primer was immobilized through a
digoxigenin: antidigoxigenin antibody interaction. EMCCD images
and IDL analysis results of the Cy3-primers immobilized in ZMW
arrays excited by the 532 nm laser in the Epi or dark-ﬁeld
conﬁguration are shown. Fluorescence intensity was color-coded
according to the spectral gradient from blue (intensity minimum) to
red (intensity maximum). AU indicates arbitrary units. Representative
single-step photobleaching trajectories of the Cy3-DNA primer excited
by the 532 nm green laser in the (B) Epi and (C) dark-ﬁeld
conﬁgurations. (D) Distribution of the signal-to-noise ratio (S/N) in
the single-molecule photobleaching measurements using the Epi
(gray) and the dark-ﬁeld conﬁgurations (black). The S/N was
calculated as described in the in the section of “Single Molecule Data
Acquisition and Analysis” in the SI. Histograms were plotted using the
S/N values from 240 (Epi) and 253 (dark-ﬁeld) photobleaching
events. The mean S/N ratios for the Epi and dark-ﬁeld microscopies
were 1.78 and 5.13, respectively. (E) Distribution of the ﬂuorescence
duration of the immobilized Cy3-DNA primers in single-molecule
photobleaching measurements using the Epi (red) and dark-ﬁeld
(gray) conﬁgurations. Single-exponential ﬁtting yielded the ﬂuorescence durations (τ) of 11.11 ± 1.22 s (n = 373) for the Epi and 13.80
± 2.43 s (n = 412) for dark-ﬁeld setup.

setup. To warrant these S/N ratio comparisons, we tested the
excitation/bleaching of the immobilized Cy3 primers in ZMWs
under the same excitation intensity and statistically analyzed the
ﬂuorescence duration of ∼400 photobleaching events using
both setups (Figure 4E). Because of the near-linear relationship
between ﬂuorescence duration and excitation intensity, the
1956
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Figure 5. (A) Schematic of single-molecule photobleaching of the immobilized Cy3-DNA primer in ZMWs in the presence of bulk gp59(C42)-Cy5
excited by the green (532 nm) laser in the dark-ﬁeld illumination conﬁguration. Representative time traces of the single-molecule photobleaching of
the Cy3-DNA primer in the presence of (B) 1 μM, (C) 100 nM, and (D) 10 μM gp59(C42)-Cy5. The ﬂuorescence intensities of the Cy3 and Cy5
channels are in green and red, respectively. (E) Distribution of the S/N ratio in the single-molecule photobleaching measurements of the Cy3-DNA
primer in the presence of 0 nM (blue), 100 nM (black),1 μM (dark gray), 3 μM (gray), 6 μM (red, dot line) and 10 μM (red, dash line) gp59(C42)Cy5. (F) Mean S/N ratios (⟨S/N⟩) and probability of S/N ratio larger than 3 as a function of gp59(C42)-Cy5 concentration.

replisome (Figure 5A).66−69 Because gp59 is known to bind to
single-stranded DNA, the representative ﬂuorescence time trace
of tethered Cy3-DNA primer in ZMWs in the presence of 100
nM or 1 μM gp59(C42)-Cy5 displayed clear FRET events
between the dyes on the DNA and gp59 before photobleaching
of the Cy3 dye (Figures 5B,C).70 In the case of 10 μM bulk
dye-labeled gp59, FRET events were less discernible in the
representative time trace, owing to the increased level of cy5
emission (Figure 5D). The occurrence of FRET events was
dependent on the gp59 concentration. As shown in Figure 5E,
the overall S/N ratio distribution remained largely unperturbed
by the presence of up to 3 μM of background gp59(C42)-Cy5.
A noticeable shift of the distribution curve occurred at 6 μM
gp59. The mean S/N ratio (⟨S/N⟩ ) and probability of S/N

comparable characteristic duration time (τ) obtained by singleexponential ﬁtting of the distribution plots (11.11 s (Epi)
versus 13.80 s (dark-ﬁeld)) proved that despite the diﬀerent
illumination modes, the two microscope arrangements
generated excitation ﬁelds in the ZMW arrays with essentially
equivalent intensities.65
ZMWs are known as nanostructures in which singlemolecule imaging can be carried out in the presence of
micromolar bulk ﬂuorophores. To test whether the dark-ﬁeld
conﬁguration was successful with ZMWs at high concentrations
of bulk ﬂuorophores, we determined the S/N ratios again in
similar single-molecule photobleaching measurments, but in the
presence of up to 10 μM Cy5-labeled gp59 (gp59(C42)-Cy5),
the helicase loader protein in the T4 bacteriophage DNA
1957
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Figure 6. (A) Representative FRET and FRET eﬃciency trajectories for the interaction between the Cy3-ssDNA primer and gp59(C42)-Cy5 in a
ZMW. gp59(C42)-Cy5 was at 1 μM bulk concentration. The ﬂuorescence intensities of the Cy3 and Cy5 emissions are in green and red,
respectively. (B) A magniﬁed view of the FRET events and their FRET eﬃciency in the square region of (A). (C) FRET and FRET eﬃciency time
trajectories show the presence of three major FRET states with apparent FRET eﬃciencies of 0.37, 0.45, and 0.6. (D) Representative FRET and
FRET eﬃciency time trajectories between the gp59(C42)-Cy3 and Cy5-N-gp43(exo-) on the immobilized DNA primer in a ZMW.

larger or equal to 3 (% (S/N > 3)) remained constant at ∼4.5
and 80% at less than 3 μM gp59. The deterioration of the two
parameters was displayed when gp59 was greater than 6 μM. At
10 μM gp59, ⟨S/N⟩ decreased to 3.16 and % (S/N > 3) to
45%. In order to ﬁnd out why the S/N ratio decreased as
ﬂuorophore concentration increased, we measured the background ﬂuorescence level in the Cy3 emission channel for
ZMWs with up to 8 μM bulk Cy5-labeled gp59. A ZMW chip,
free of surface immobilized Cy5-ﬂuorophores, was illuminated
with the 532 nm laser. In good agreement with the above S/N
changes, mean background ﬂuorescence and the breadth of the
distribution showed a substantial increase in the range of 4−6
μM bulk g59 concentration (Supporting Information Figure
S3J,K) Thus, the decrease in S/N ratio at >6 μM bulk
ﬂuorophore originated from the deterioration of the background ﬂuorescence. We attributed this to the increased
nonspeciﬁc binding of the protein on ZMW surfaces at higher
concentrations and the relatively high focal volume of our darkﬁeld setup. In light of these ﬁndings, we conclude that conical
lens-based dark-ﬁeld microscopy achieves a substantial
improvement in the S/N ratio in ZMW single-molecule
imaging by alleviating the interference of the Al/ZMW
surface-reﬂected excitation beam. Moreover, the optimal
background ﬂuorophore concentration range of 0−4 μM is
comparable to the previously reported range (up to 10 μM) of
the commercialized ZMW imaging platform. These advantages,

as well as the ease of implementation, make the dark-ﬁeld
microscope a more reliable alternative to the Epi setup, and a
more implementable alternative to the commercialized one for
ZMW-based imaging.
ZMW/Single-Molecule FRET between DNA−Protein and
Protein−Protein among the T4 Replisomal Proteins. The T4
DNA replication model system duplicates large DNA substrates
at a rate of 400 bp/s by precisely orchestrating the complex
interactions among the eight component proteins.66,71 This
multiprotein complex has been a fertile ground for the practice
of single-molecule ﬂuorescence techniques, particularly singlemolecule ﬂuorescence resonance energy transfer (smFRET) by
total internal reﬂection ﬂuorescence microscopy (TIRFM) for
unveiling dynamic behaviors of the interacting proteins within
the T4 replisome.72−74 The concentration barrier of TIRFM,
however, prevents single-molecule ﬂuorescence studies on the
T4 proteins at their physiological concentrations of submicromolar to micromolar.74 We demonstrate here that a
conical lens-based dark-ﬁeld microscope in combination with
the ZMW/microﬂuidic chip is positioned to remove this
obstacle in single-molecule dynamic studies on the T4
replisomes.
We focused on one of the T4 proteins, gp59. Known as the
helicase loader, gp59 also plays additional roles in homologous
recombination, DNA repair, and initiation of DNA replication.74−77 Furthermore, it has remained elusive whether this
1958
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study the dynamic interactions that occur between the T4
replisomal proteins during the DNA replication process.
Furthermore, we expect that this microscope will provide
ample adaptability for add-on features extending the
applications of ZMWs for single-molecule imaging studies on
the T4 replisome. Particularly, integration of an alternatinglaser excitation module for multicolor FRET or direct excitation
using the multiple lasers would allow simultaneous imaging of
the dynamic interactions of two or more diﬀerentially labeled
T4 proteins at their physiological concentrations using ZMW
arrays.

protein acts as an integral component in the T4 replisome post
DNA replisome assembly. We ﬁrst studied smFRET between
the immobilized Cy3-ssDNA primer in ZMWs and gp59(C42)Cy5 in bulk. Previous ensemble studies showed that gp59 binds
to a short ssDNA weakly with submicromolar binding aﬃnity in
multiple proposed binding modes.70 Using the ZMW/darkﬁeld microscope, we carried out experiments with 1 μM gp59
enabling single-molecule imaging at an adequate concentration
for its interaction with the short ssDNA. We observed smFRET
events and determined the FRET eﬃciency of each event
(Figure 6A). In addition, consistent with the proposed binding
modes, we found that there were three main FRET states as
indicated by populations with apparent FRET eﬃciencies of
0.37, 0.45, and 0.60 (Figure 6B,C).
The real-time monitoring opened a new avenue of
investigation into the kinetic characterization of the FRET
states (binding modes) of gp59 on ssDNA, which would
enormously contribute to the understanding of helicase loading
by gp59. Through various ensemble investigations,69,78 it has
been proposed that in the absence of the gp32 single-stranded
DNA binding protein, gp59 through its interactions with DNA
substrates recruits and orients the helicase on a DNA as a
hexameric assembly. Thus, a description of the dynamics of
gp59 interacting with DNA is integral to a comprehensive
knowledge of the assembly process. The identiﬁcation of the
three main FRET states of gp59 on ssDNA by single-molecule
imaging at physiological concentrations using our developed
platform could be construed as an initial step to this end.
Further characterization of the states is in progress.
In addition to the interaction with DNA, gp59 is also known
to interact with other T4 replisomal proteins, including the
gp43 polymerase, the gp32 single-stranded DNA-binding
protein, the gp61 primase, and the gp41 helicase on DNA
substrates, implicating its multiple roles in replication.69,76,79
We next attempted to study the dynamic interaction between
gp59(C42)-Cy3 and Cy5-N-gp43(exo-) on the tethered
ssDNA primer in ZMWs. Note that the interaction between
gp59 and gp43 occurs preferably on forked-DNA substrates
and that there is no report of such interaction on a short
ssDNA primer.79 Figure 6D shows a long (>80 s), rare FRET
event between gp59 and gp43 on short ssDNA that was
previously obscured in ensemble studies. As exempliﬁed by this
FRET study of a protein pair, our ZMW/dark-ﬁeld singlemolecule ﬂuorescence microscope is poised to reveal a
comprehensive kinetic picture of the interaction network
involving gp59 and other proteins, and its functional relevance
to the replication activity of the T4 replisome.
Conclusion. In this work, we aimed at addressing the
constraints of the microscope conﬁguration associated with the
Al/ZMW nanostructures for single-molecule ﬂuorescence
imaging. With the advantages of simple optical deployment
and eﬀective suppression of the background ﬂuorescence and
noise levels by spatially separating the light path of the
ﬂuorescence emissions from the reﬂected excitation beam, the
conical lens-based dark-ﬁeld ﬂuorescence microscope we
employed has allowed single-molecule ﬂuorescence measurements with high S/N ratios. We also showed that this
microscopy setup in combination with the ZMW/microﬂuidic
chip enabled smFRET studies on the weak interaction between
a DNA primer (Cy3) and gp59 (Cy5) at up to micromolar
concentrations, and rare binding events between gp59 (Cy3)
and gp43 (Cy5) on a short DNA primer. This strongly suggests
that this simple single-molecule instrument can be extended to
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