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By incorporating STED (stimulated emission depletion) nanoscopy
into single-molecule spectroscopy, we demonstrate that the
concentration limit imposed by optical diffraction can be overcome
in diffusion-based single-molecule measurement. We showed that
single-molecule detection is feasible at a concentration of 5 nM,
which is 100-times higher than the limit of conventional single-
molecule measurements.

In the last two decades, single-molecule spectroscopy has provided
useful information about individual biomolecules, unclouded by
ensemble averaging, for problems in biochemical kinetics,
photophysical dynamics, conformational changes, inter- and
intra-molecular interactions, molecular movements, force
measurements, and even DNA sequencing.'™ Despite its many
advantages, however, use of the diffusion-based single molecule
technique has been restricted to dilute samples (with a concen-
tration down to tens of pM) due to the diffraction-limited
observation volume (typically ~ 1 fL with a conventional confocal
microscope).® Considering that many biomolecular interactions
of interest have a dissociation constant larger than ~nM,"° this
certainly poses a grave limit in applying the diffusion-based
single molecule technique to study such interactions.

Various methods have been developed to break the concen-
tration limit and detect a single molecule in high concentrations
of the order of ~nM. Total internal reflection is broadly used to
confine the detection volume to a depth of ~100 nm with
evanescent wave."! A zero-mode waveguide, whose diameter is
much smaller than the wavelength of the light used, is employed
to generate an evanescent field with a penetration depth of
tens of nm."”> The nanopores and other nanoparticle-based
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single-molecule sensors can also detect single DNA or RNA mole-
cules in nM scale through selective observation of targets.*>'*
Convex lens induced confinement (CLIC) utilizes the small contact
point of a plano-convex lens and coverglass to confine the z-axis
dimension down to 5 nm."” Concentration-independent single
molecule spectroscopy (ciSMS) uses UV and visible lights for
reversible photo-switching of a fluorophore in high concentration
of fluorescent protein.'® Most of these techniques have been
applied to only immobilized samples or spatially confined species,
however, and are subject to the possibility of surface-induced
perturbations in the presence of a high level of background.

The purpose of this study is to incorporate a super-resolution
nanoscopic technique that ensures a sub-diffraction-limit detec-
tion volume into an existing single-molecule detection platform to
achieve a concentration limit far beyond that of diffusion-based
single-molecule spectroscopy.

Like many single-molecule detection method that uses FRET
(fluorescence resonance energy transfer),'” the detection method
of our choice in this study, ALEX (alternating laser excitation)-
FRET, also uses FRET but it involves alternating excitation of
the fluorescence donor and acceptor to obtain information
about the inter-probe distance as well as their stoichiometric
composition.® ALEX-FRET has been applied to measuring four
inter-probe distances as well as their compositions'®'? in addi-
tion to other studies about conformations, kinetics, mechanisms
and millisecond dynamics of biomolecules.**"*

The super-resolution platform we employed is STED (stimulated
emission depletion) nanoscopy, which had been developed as a
means of breaking the optical diffraction limit in far-field
optical microscopy: d = 2/(2NA) (d: maximally resolved spatial
dimension, A: wavelength of the light, NA: numerical aperture
of the microscope). Stimulated emission is applied to conven-
tional confocal microscopy to actively switch off molecules in
the excited state in regions other than a tightly confined focal
volume using a doughnut-shaped STED beam.>*

Simultaneous employment of STED and ALEX-FRET to
respectively confine the excitation volume under the diffraction limit
and measure the inter-probe distance as well as stoichiometric
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Fig.1 (a) Conceptual illustration of ALEX-FRET combined with STED
("ALFRED"). The doughnut-shaped STED beam (dashed line profile)
“erases” the fluorescence signal from outside the central core confined
at a sub-diffraction limit. Although there exist multiple fluorophores in
the diffraction-limited volume (green) at a high concentration, only a
single molecule can be detected in the sufficiently reduced detection
volume (red). (b) Poisson distribution at a concentration of 5 nM for
different detection volumes (green: confocal, red: ALFRED). With a 10 aL
detection volume, we can observe individual molecules at a concentration
as high as 5 nM.

composition would allow one to overcome the concentration
limit in diffusion-based single-molecule detection for diverse
intermolecular interactions.

In this paper, we demonstrate the feasibility of such simul-
taneous use of ALEX-FRET and STED (to be whimsically called
“ALFRED”) to detect a single diffusing molecule in a highly
concentrated solution. Fig. 1(a) shows that the observation
volume of conventional single-molecule detection as dictated
by the optical diffraction limit (green) can be drastically reduced
to a much smaller volume (red) upon applying the STED beam.
A high concentration situation that would have forbidden single-
molecule detection in the diffraction-limited volume (black dots
in green sphere) does not prevent single-molecule detection if
the detection volume becomes sub-diffraction-limited (yellow
dot in red sphere).

The probability for the number of molecules N that exist in
the detection volume at certain concentration is given by the
Poisson distribution, P(N; n) = n™e"/N!, where n represents the
average number of molecules in the volume. Fig. 1(b) shows
the Poisson distribution for two different detection volumes,
1 fL (diffraction-limited detection volume, green) and 10 aL
(100-times reduced STED detection volume, red), at a concen-
tration of 5 nM, which is 100-times higher than the conventional
concentration encountered in the detection of single diffusing
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molecule. The probability of more than two molecules existing
in the detection volume is >80% in the diffraction-limited
case, whereas it is drastically reduced to <0.05% in the STED
case. This shows that single-molecule detection is totally
ensured by ALFRED even at a concentration as high as 5 nM.

We investigated how small the detection volume can be
made in our system (Fig. 2(a)) using a home-built STED micro-
scope (Fig. S1, ESIt). The resolution was determined from the
full-width at half maximum (FWHM) value of the STED image
of 20 nm fluorescent Crimson beads in 97% thiodiethanol
(TDE) solution. We obtained a saturation intensity (I of
0.73 MW cm™ > from Fig. 2(a) off the resolution that equals to
ro/\/ 2 (r, = A/2NA, diffraction-limit resolution). The best resolution
we achieved was ~ 23 nm (at 13.4 MW cm > of depletion intensity),
which is >10-times better than the resolution without the
depletion laser (~300 nm). This result means that the concen-
tration limit in single-molecule detection can be easily enhanced
to >5 nM with a STED depletion beam.

As a model system to further demonstrate the feasibility of
ALFRED, we prepared a 30 bp double stranded DNA (dsDNA)
labeled with a FRET pair, DY510XL and Atto647N. In order to
efficiently deplete the excited state population of both fluoro-
phores with a single depletion laser, we chose DY510XL that
has a large Stokes’ shift and broad emission spectrum. We used
30% of poly(ethylene glycol) (PEG) to increase the viscosity and
diffusion time so that we could collect enough photons from
the fluorophores traveling across the reduced detection volume.
Moreover, the quantum yield of DY510XL, which is only 0.025 in
phosphate buffered saline solution, increases notably in the
viscous solution (Fig. S2, ESIt).

In single-molecule spectroscopy, the diffusion time (tp) of
target molecule plays an important role when we use an
intensity-based analysis method such as FRET. In this case, a
longer binning time than 7, is required to accurate obtain the
fluorescence intensity (Fig. S3, ESIT). Furthermore, the alternation
period of each excitation laser should also remain shorter than
Tp in ALEX-FRET.'® We performed fluorescence correlation
spectroscopy to evaluate the diffusion times of dsDNA under
the ALEX vs. ALFRED conditions with 30% PEG (Fig. 2b). The
diffusion time of dsDNA dropped markedly as we switched from
ALEX to ALFRED (3.18 ms — 0.74 ms), suggesting the detection
volume was accordingly reduced. Based on these FCS results, we
set the photon binning time at 3.5 ms for ALEX and 1.0 ms for
ALFRED (both slightly longer than the respective diffusion
times), while the alternation time of each excitation laser was
fixed at 50 ps in both cases.

Fig. 2(c) shows the fluorescence time trace of the dual-
labeled dsDNA in 30% PEG solution at 5 nM concentration.
In this measurement, we binned the collected photons with the
afore-mentioned binning times (3.5 ms for ALEX and 1.0 ms for
ALFRED). For ALEX measurement (light green/light red), there
may exist more than two molecules in the diffraction-limited
detection volume at this concentration, which results in a
time trace of their average values with considerable stochastic
fluctuations. In contrast, for ALFRED measurement (dark green/
dark red), at most only one molecule can exist in the reduced
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Fig. 2 (a) Plot of depletion intensity vs. spatial resolution, which char-
acterizes the optical system we used. The saturation intensity (/sad) is
calculated to be 0.73 MW cm™2 at the focal plane. (b) Autocorrelation
function from FCS of Atto647N-labeled dsDNA in solution containing 30%
of PEG. The diffusion time (zp) drops to 0.74 ms when the depletion laser is
applied. (c) Time trace of fluorescence from 5 nM dual-labeled dsDNA in
30% PEG solution. Bursts from single molecules observed by ALFRED are
not seen in the confocal case (ALEX) because its focal volume contains too
many molecules.

detection volume, yielding only fluorescence ‘bursts’ above
zero background. These bursts are regarded as the sum of all
photons from individual molecules, and therefore one can
extract information about the target at the single-molecule level
by analyzing each burst.

Next, we tested whether ALFRED can distinguish two different
dsDNAs, each labeled with only either the fluorescence donor or
acceptor in a highly concentrated solution. Comparison between
ALEX-FRET measured at 100 pM and ALFRED measured at
1 nM concentration of the same sample shows a good agreement
(Fig. S4, ESIT).

We then employed a dual-labeled dsDNA in heterogeneous
compositions with a deliberate design of a large or small inter-probe
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Fig. 3 ALEX-FRET (left) and ALFRED (right) diagrams for 5 nM dsDNA in
30% PEG solution. At this concentration, too many molecules exist in the
confocal volume of ALEX-FRET, which gives rise to broad, unresolved
ensemble-averaged distributions. In contrast, using ALFRED with its greatly
reduced focal volume, only one diffusing molecule is detected at a time.
The signals from the donor-only species (green circle), the accept-only
species (red circle), the low-FRET donor-acceptor species (blue circle),
and the high-FRET donor-acceptor species (purple circle) in the sample
are all clearly resolved.

distance, in addition to the inevitable populations of partially
labeled species (donor-only and acceptor-only). The 2D E-S
diagrams of Fig. 3 (right panel) show how clearly ALFRED can
resolve these 4 distinct species, in contrast to the ALEX-FRET
data obtained at the same concentration, which appear all
lumped together (left panel). In ALEX-FRET, the signals from
multiple species having different fluorophore compositions were
collected together in the binning time, yielding the averaged
FRET value in the diagram. On the other hand, in ALFRED, the
condition for single-molecule detection is warranted by the
reduced detection volume, allowing extraction of information
about individual dsDNA molecules.

Although all possible 4 compositions of the labeled dsDNA
were unambiguously identified by ALFRED, the standard devia-
tion of their signals is larger than that of ALEX-FRET measure-
ment. The lower signal-to-noise ratio of ALFRED is likely a
result of smaller photon counts, which must be due to the
reduction in the time of passage through the detection volume
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and/or the photobleaching of the fluorophores by the intense
depletion laser. Photobleaching may also account for the higher
populations of the donor- and acceptor-only species detected
with the application of the depletion laser (Fig. S5, ESIT), since
photobleaching would turn some of the doubly labeled species
into singly-labeled (or even unlabeled) species.

In conclusion, we demonstrated successful incorporation of
super-resolution STED nanoscopy into single-molecule spectro-
scopy (ALEX-FRET in this study) to drastically reduce the
detection volume below the diffraction-limited size. We showed
that the concentration limit in the conventional single-molecule
detection is completely overcome now to reach 5 nM, which is
100-times higher than in conventional diffusion-based single
molecule spectroscopy. Since this level of concentration is
comparable to the dissociation constant of many enzymes
interacting with their substrates, this new method will allow
one to investigate many enzyme-substrate reactions at the
single-molecule level. The concentration limit of ALFRED is
now restricted by the quantum yield and stimulated emission
cross-section of the fluorophores, which can be overcome by
developing new fluorophores with more suitable properties to
enable single-molecule detection at even higher concentrations.
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