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We report real-time detection of single fluorescent mol-
ecules in solution with a simple technique that combines
confocal microscopy, diffraction-limited laser excitation,
and a high-efficiency photon detector. The probe volume,
~5.0 x 10718 L, is defined latitudinally by optical diffrac-
tion and longitudinally by spherical aberration. With an
unlimited excitation throughput and a low background
level, this technique allows fluorescence detection of
single rhodamine molecules with a signal-to-noise ratio
of ~10 in 1 ms, which approaches the theoretical limit
set by fluorescence saturation. Real-time measurements
at a speed of 500 000 data points/s yield single-molecule
fluorescence records that not only show the actual transit
time of a particular molecule across the probe volume but
also contain characteristically long (~50 gs) and short (~4
us) dark gaps. Random-walk simulations of single fluo-
rescent molecules provide evidence that these long and
short dark periods are caused mainly by boundary re-
crossing motions of a single molecule at the probe volume
periphery and by intersystem crossing into and out of the
dark triplet state. We have also extended the use of
confocal fluorescence microscopy to study individual,
fluorescently tagged biomolecules, including deoxynucle-
otides, single-stranded primers, and double-stranded
DNA. The achieved sensitivity permits dynamic structural
studies of individual A-phage DNA molecules labeled with
intercalating fluorescent dyes; the results reveal large-
amplitude DNA structural fluctuations that occur on the
millisecond time scale.

A single molecule in liquid samples can be detected by
combining the high sensitivity of laser-induced fluorescence (LIF)
and the spatial localization and imaging capabilities of optical
microscopy. In this procedure, the target molecule in solution is
irradiated by a beam of light tuned to some electronic absorption
feature. Because of rapid internal-state relaxation in both the
excited and ground states, an individual molecule repeatedly
undergoes an absorption—emission fluorescence cycle. This
process continues as long as the irradiated molecule remains in
the field of view and is not quenched by crossing over into some
dark state, such as a triplet state, or by irreversible photochemical
reaction (photobleaching). The characteristic fluorescence from
the single molecule signals its presence and permits its identifica-
tion and realtime monitoring of its behavior. Single-molecule
detection in this manner depends on the ability to sense molecular
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fluorescence and concomitantly reject interference from scattered
light (Rayleigh, Raman) and from fluorescence that originates from
impurities. Real-time fluorescence detection of a single molecule
has recently been made possible by two important advances. The
use of confocal microscopy reduces the depth of field to 1 #m or
less,! which leads to a sampling volume of subfemtoliters (less
than 10-%5 1), The use of supersensitive solid-state photon
detectors, such as a single-photon avalanche diode (SPAD),?
provides a quantum efficiency of more than 70% and a dark count
of less than 10 counts/s. As Li and Davis® pointed out, this device
may become the preferred one for detecting ultralow light levels
when the light being measured can be focused to a small spot.

Rotman* was perhaps the first to use fluorescence detection
for single-molecule studies in solution. Using a fluorogenic
substrate, he measured in 1961 the presence of a single S-D-
galactosidase molecule by detecting the fluorescent product
molecules accumulated in a microdroplet through enzymatic
amplification. This early work did not achieve single-molecule
sensitivity but showed fluorescence detection of the product
molecules generated by a single enzyme molecule. In 1976,
Hirschfeld® reported the use of fluorescence microscopy to detect
single antibody molecules tagged with 80—100 fluorescein mol
ecules under evanescent-wave excitation and photobleaching
conditions. Using fluorescence photomicroscopy and digital video
microscopy, Webb and co-workers® later demonstrated detection
and tracking of individual low-density lipoprotein particles, each
containing an average of ~36 molecules of the highly fluorescent
lipid analog dioctadecylindocarbocyanine (Dil-3). Similarly, Geor-
giou et al.” showed fluorescence monitoring of single influenza
viruses labeled with ~100 octadecylrhodamine molecules. In
fluorescence flow cytometry, Watson and Walport® achieved a
detection limit of 730 labeled antibody—receptor complexes,
equivalent to approximately 125—150 molecules of free fluorescein.

Keller and co-workers® first suggested the use of LIF for
single-molecule detection in a flowing sample. Using a dual-
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channel fluorescence detector, Dovichi and co-workers recently
demonstrated the detection of six sulforhodamine molecules in a
sheath-flow cuvette.!l® With flowing stream techniques, Nguyen
and co-workers!! and Peck and co-workers? showed single-
molecule detection for the multichromophore protein S-phyco-
erythrin, which is equivalent to 25 rhodamine 6G (R6G) molecules
in fluorescence. Using pulse laser excitation and time-gated
fluorescence detection, Shera and co-workers!? first detected
individual single-chromophore molecules (R6G) in the liquid phase
and later also with continuous-wave (CW) laser excitation. The
time-gated fluorescence technique recently has been extended to
study mixtures of dye solutions,’s to measure the lifetime of single
rhodamine-101 molecules,®17 to detect individual near-IR dye
molecules,!® and to size single DNA molecules.”® Ramsey and
co-workers?® also achieved single-molecule detection for R6G and
phycoerythrin molecules in levitated microdroplets. Recently,
Winefordner and co-workers® reported detection of single IR-140
dye molecules in a 11-um-i.d. capillary by using a specially de-
signed filter to reject scattered light in a narrow wavelength range.

Rigler and co-workers?2 first reported the use of a confocal
microscope coupled with fluorescence correlation spectroscopy?
to detect and study the translational diffusion of single R6G
molecules in water. By reducing the probe volume to below a
femtoliter (107%% L), they could observe a large burst of fluores-
cence photons from a single molecule diffusing across the laser
beam. This approach was recently employed for submillisecond
detection® and triplet-state studies? of rhodamine molecules in
solution. Eigen and Rigler?” further suggested its application in
molecular diagnostics and evolutionary biology. Fluorescence
correlation spectroscopy measures intensity fluctuations over an
observation period and analyzes the accumulated data statistically.
The characteristic correlation time (zp) represents the statistical
time for a molecule to diffuse out of a certain region and does
not describe the behavior and dynamics of a particular molecule 2
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In fluorescence correlation spectroscopy, the signal S{f) at time ¢
is correlated with itself (autocorrelation) at time # + 7 to yield

. 1.7
Gk) = 1;2 %[0 S®SE+7) dt o)

The function G(z) can be regarded to be the second moment
of the displaced fluorescence signal, since G(r) = (5% when 7 =
0 and G(zr) = (S)* when 1 — = where ( ) denotes average. Note
that the form of the signal S(f) cannot be recovered from G(7)
without knowledge of its functional dependence on time.

Using similar equipment, confocal microscopy, diffraction-
limited laser excitation, and a somewhat improved model of a
single-photon avalanche diode, we also reported single-molecule
detection in room-temperature solutions but with sufficient signal
to follow the fluorescence response of the single molecule without
statistical or correlational analysis.?® In this paper, we provide
further details on realtime measurements of single dye molecules
at a detection sensitivity that approaches the theoretical limit and
we extend the use of confocal fluorescence microscopy to study
individual biomolecules in buffer solution. Single-molecule fluo-
rescence records obtained at 2-us integration time show not only
the actual transit time of a particular molecule across the probe
volume but also characteristically long and short dark gaps. To
understand the observed diffusional and photophysical behaviors
of individual molecules in solution, we carried out simulation
studies based on a random-walk model. The simulation results
show that the long and short dark gaps are consistent with
boundary recrossing motions of a single molecule at the probe
volume periphery and intersystem crossing into and out of the
dark triplet state. Through fluorescent labeling, we also report
single-molecule detection for deoxynucleotides, single-stranded
primers, and double-stranded DNA molecules. We show that the
high sensitivity achieved allows real-time observation of DNA
structural dynamics in free solution.

Because the equipment we used is inexpensive and readily
available, we look forward to the routine application of realtime
measurements of single molecules in solution. In particular, a
rapid DNA sequencing scheme has been proposed by Keller and
co-workers®*3! based on the enzymatic cleavage of a fluorescently
labeled DNA molecule and on-line detection of individual nucle-
otides being sequentially cleaved. Following a single molecule
and chemical or biochemical reactions such a molecule may
undergo can reveal new structural and dynamical features hidden
in conventional measurements. Single-molecule techniques may
also be used for ultrasensitive DNA analysis,* real-time monitoring
of intracellular transport of biomolecules,?® and rapid screening
of rare molecules and nanostructures in large chemical libraries.*

The focus of this report is on the fluorescence detection of
single molecules in ambient-temperature solutions. A related topic
is single-molecule fluorescence detection in low-temperature
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solids,® ~3% on silicon surfaces,® and through the use of near-
field mi croscopy.**~* Several important differences should be
noted, |1 1owever. In ultra-low-temperature crystalline hosts, the
single n 10lecules being probed are dopants in a solid matrix, and
detectio n is made possible by spectral isolation, but no spatial
Browni: 1 motion was present. In near-field optical microscopy,
exceptic ynal lateral resolution was achieved, ~12 nm,* but the
close p1 -oximity of the metal-coated probe to the sample often
causes perturbation of the probed molecule.*'#? In addition,
excitatic »n power throughput is dramatically reduced (~50 nW for
an 80-m1 m tip).*

EXPEI IIMENTAL SECTION

App aratus. The confocal fluorescence microscopy system
used for ‘this work is described briefly elsewhere.® The apparatus
consists . of a Nikon Diaphot inverted microscope, a CW laser
source focused to the diffraction limit, and a high-efficiency
photodi oile detector (Figure 1). Laser excitation at 488.0 and
514.5 nr. n was provided by an argon ion laser (Lexel Laser Inc.,
Fremont , CA). The laser beam entered the microscope through
a back pu):rt and was directed to an oil immersion objective (100x,
NA = 1..3, Nikon Instrument Group, Melville, NY) by a dichroic
beam sp Litter (505DRLP02 or 540DRLP02, Omega Optical Inc.,
Brattleb oivo, VT). The laser beam was focused to a diffraction-
limited :spot by the high-NA objective, which was verified by
comparir 12 the laser focal size with 1-.um polystyrene microspheres
(Duke S zientific, Palo Alto, CA). Fluorescence was collected by
the same: oil immersion objective and, after passing through the
same dic 11roic beam splitter, was directed to a side port by a
reflective : mirror. Efficient rejection of out-of-focus signals was
achievec | by placing a precision pinhole (50—100-um diameter,
Newport : Corp., Irving, CA) in the primary image plane. A single
interfere nce bandpass filter (Omega Optical Inc.) was used to
reject thie laser light and the Rayleigh- and Raman-scattered
photons. The fluorescence signal was then focused on a photon-
counting : Si avalanche photodiode (Model SPCM-200, EG&G
Canada, Vaudreuil, PQ, Canada), which provides a quantum
efficienc y of 55% at 630 nm and a dark noise of 7 counts/s.2 The
advanta; ges of using an avalanche photodiode for single-molecule
detectio n were first demonstrated by Li and Davis® in the time-
gated d etection mode. Both the pinhole and the photodiode
detector * were mounted on XYZ translation stages for ease of
alignmerit. Time-dependent data were acquired by using a
multichz s1nel scalar (EG&G Ortec, Oak Ridge, TN) run on a
persona | computer (IBM PC-AT).
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Figure 1. Schematic diagram of the confocal fluorescence micros-
copy system: (a) probe volume; (b) trajectories across the probe
volume.

Procedures. Fluorescent labeling of DNA was carried out
in TBE buffer (10 mM Tris, 10 mM borate, and 1 mM EDTA, pH
8) by adding a small volume of nucleic acid sample to an oxazole
yellow homodimer (YOYO)*47 solution at a ratio of ~5 dyes/
DNA molecule. This ratio has no particular biological significance
in this study. After the mixture was kept for 30—45 min in the
dark at room temperature, the sample was diluted to ~10-9—10-10
M. To minimize sample decomposition, fresh dye solutions were
prepared immediately before use by diluting the dimethoxy
sulfoxide stock solution in TBE buffer.

To make fluorescence measurements, we pipeted an aliquot
of the sample onto a clean cover glass (0.13-mm thick), and a
larger glass slide was placed immediately on top to prevent solvent
evaporation and to form a thin sample layer between the slides.
The probe volume was continuously monitored at a speed ranging
from 500 to 500000 data points per second (2-ms to 2-us
integration) until detection events (bursts of photons) were
observed. With a maximum capacity of 8192 data channels, each
collection frame covered a time period of 16 s to 16 ms, depending
on the specific data acquisition speed.

Reagents. The chemicals and biochemicals used in this work
were obtained from commercial sources: fluorescein and rhodamine
6G perchlorate from Eastman Chemicals (Kingston, TN); fluo-
rescein-12—2"-deoxyuridine 5-triphosphate (fluorescein-12—dUTP)
and tetramethylrhodamine-6—2"-deoxyuridine 5-triphosphate (TMR-
6—dUTP) from Boehringer Mannheim Corp. (Indianapolis, IN);
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ultrapure EDTA, boric acid, Tris, and 2-mercaptoethanol (98+%)
from Sigma Chemical Co. (St. Louis, MO); bacteriophage A-DNA
(48 502 bp) and pBR322 plasmid DNA (4363 bp) from New
England Biolabs (Beverly, MA); 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (BODIPY-FL), tetramethylrhodamine—avidin conjugate,
fluorescent microspheres (14 nm—1.0 um in diameter), YOYO,
and fluorescein-labeled and BODIPY FL-labeled M13/pUC prim-
ers from Molecular Probes (Eugene, OR); spectrophotometric
grade ethanol and dimethylformamide (DMF) from Aldrich
Chemical Co. (Milwaukee, WI). Water was purified with a Milli-Q
purification system (Millipore, Bedford, MA). Stock solutions
were prepared by dissolving the dyes in DMF, and the required
concentrations were obtained by serial dilution of the stock
solution in the appropriate solvent or buffer.

RESULTS AND DISCUSSION

Concentration Studies. In the absence of external forces,
molecules are in constant random motion in solution. The
probability of detecting a single target molecule depends on both
the probe volume and its concentration. In confocal fluorescence
microscopy, the probe (or sampling) volume is effectively an
elongated cylinder (Figure 1), and its radius is determined by
optical diffraction and its length by spherical aberration.234 For
a propagating Gaussian laser beam focused by a diffraction-limited
objective, the 1/e? radius at the focal plane is 7, = Af/nad,, where
A is the laser wavelength in vacuum, £ is the focal length of the
objective, » is the refractive index of the media (immersion oil #
= 1.52), and 4, is the 1/¢? radius of the input laser beam.# The
diffraction-limited radius was calculated to be 250—260 nm under
our experimental conditions (TEMy, laser beam radius 0.65 mm,
objective focal length 1.6 mm, laser wavelength 488.0 or 514.5
nm). In theory, the 1/e? probe depth (z) in confocal microscopy
can be estimated by using the point spread function and collection
efficiency function;® in practice, however, it is primarily deter-
mined by spherical aberration of the objective and has been
experimentally measured to be ~1.0 um.2 The cylindrical probe
volume is thus estimated to be ~5.0 x 10718 L,

The tiny probe volume is expected to contain an average of
only one dye molecule in a 3.3 x 10~% M solution, but the actual
number of molecules in it fluctuates between zero and one, one
and two, etc. Poisson distribution predicts an equal probability
(0.3679) for one or zero molecule in the probe volume and a lower
probability (0.1839) for two molecules.’! In more dilute solutions,
the detection events are increasingly dominated by single mol-
ecules because the probabilities for two or more molecules in the
probe volume become negligibly small. Figure 2 shows fluctuat-
ing fluorescence signals observed fromal x 10-%and a5 x 107°
M R6G solution. The results demonstrate experimentally that the
probe volume contains zero or one dye molecule and rarely two
at a concentration of 1 x 10~® M. Significant signal overlapping
occurs at 5 x 107? M because the probe volume rarely becomes
“empty”. However, most “double occupancies” at 5 x 10~° M are
transient events; that is, the probe volume contains more than
one molecule only transiently. The observed fluorescence peak
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Figure 2. Fluctuating fluorescence signals observed frc:im (a) 1 x
1079 and (b) 5 x 10~¢ M R6G. Data acquisition speed, 1000 data
points/s (1-ms integration); CW laser excitation wavelen gth, 514.5
nm; laser power, 1 mW; emission bandpass filter, 560 nrr 1 (fwhm 40
nm). The inset is an expanded (x32) view of a small sec. tion of the
data, showing discrete single-molecule signals.

intensities are only slightly higher because the effect : of these
transient “double-occupancy” events is averaged by sign al integra-
tion. The dilution studies we carried out provide evid ence that
the observed fluorescence signals are truly single-moleci 1le events
and are not caused by molecular aggregates or artifact s such as
dust scattering. Other criteria we used to ascertai n single-
molecule events include signal intensity dependence on t he nature
of solvent and pH and fluorescence saturation with increa: sing laser
intensity.?® For example, the fluorecence intensity of flu .orescein-
12—dUTP at pH 7 is much less than that at pH 12 (I ‘igure 7),
consistent with the pH-sensitive nature of fluorescein.
Single-Molecule Behavior. The achieved detection. sensitiv-
ity allows real-time measurements of a single molecule inn solution.
To investigate the influence of solvent viscosity and! analyte
molecular weight, we studied the diffusional behavior of i1 ndividual
dye molecules and dye—protein conjugates in different : solvents.
Figure 3 shows fluorescence detection of single R6G 1 wolecules
in ethanol and in ethanol—glycerol (1:1 v/v) as well a s TMR—
avidin conjugates in Tris buffer. As measured by the pe: 1k width,
single-molecule transit times are significantly longer in t'he more
viscous ethanol—glycerol solvent and for the heavier TMIR—avidin
conjugate in Tris buffer. This result is in qualitative ag reement
with the expected diffusion dependence on viscosity and n 10lecular
weight. As briefly noted previously,? a single molecul & can be
detected multiple times while moving in and out of ttie probe
volume. Indeed, the observed signals tend to be dou blets or
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Figure 3. Fluorescence detection of individual R6G molecules and
TMR—avidin conjugates in different sampling environments: (a) 5 x
10~ M R6G in ethanol; (b) 2 x 10~ M R6G in ethanol—glycerol
(1:1); (€) 1 x 107 M TMR—avidin conjugate in aqueous 50 mM Tris
buffer (pH 7). Laser wavelength, 514.5 nm; excitation power, 0.7 mW,
emission bandpass filter, 560 nm (fwhm 40 nm); integration interval,
1.0 ms.

triplets, and the signal-clustering effect becomes more apparent
in the more viscous solvent and for the heavier conjugate
molecules because of the reduced diffusion coefficients. Ap-
proximately 2.6 dye molecules are attached to each TMR~avidin
conjugate, but a particular avidin molecule may contain zero, one,
two, or more fluorescent labels according to Poisson statistics.!
Individual detection events presented in this study depend on the
particular path (trajectory) of a particular molecule in the probe
volume. Broad and intense fluorescence signals arise from
molecules that carry multiple labels or spend long periods of time
in the probe volume, whereas relatively weak signals indicate
those that have fewer labels or follow shorter paths. We further
note that after a large number of detection events have been
accumulated, a histogram plot should show recognizable peaks,
each corresponding to avidin proteins labeled with one, two, or
more dye molecules.

In addition to transit time measurements on the millisecond
time scale, we examined the diffusional and fluorescence behav-
iors of single molecules on the microsecond time scale at a
recording speed of 500 000 data points/s. Figure 4 shows a
fluorescence record observed from a single R6G molecule in
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Figure 4. Fluorescence record of a single R6G molecule in ethanol
obtained at 500 000 data points/s (2-us integration) and a CW laser
power of 1 mW (514.5 nm). Emission bandpass filter, 560 nm (40-
nm fwhm).

ethanol. With 2-us integration and ~1% detection efficiency, the
fluorescence record consists of predominantly single-photon
events with a time spread of ~1.2 ms, which corresponds to the
actual transit time of that particular molecule and is considerably
longer than the typical transit time of ~0.7 ms. Moreover, the
observed “light trail” is not continuous but contains several long
dark gaps of ~50 us and numerous short dark gaps. The
appearance of long dark periods indicates that a molecule in
solution may recross the probe volume periphery several times
before eventually diffusing away. When the molecule is tempo-
rarily out of the probe volume through such boundary excursions,
no fluorescence photons are detected until it recrosses back into
the probe volume. To account for the short dark gaps, which
have an average duration not much longer than the data integra-
tion time (2 us), we recognize that the exact temporal relationship
between the observed and the true photon emission process is
complicated by the fact that only ~1% of the emitted photons is
detected. Nonetheless, the average elapsed time (~4—6 us)
between adjacent detected photons is only slightly longer than
the triplet lifetime (4 us) of R6G in aerated ethanol,®*5 which
indicates that intersystem crossing into and out of the triplet state
plays a role in causing the short dark periods. With a calculated
fluorescence cycle time of ~10 ns at 1.0-mW laser excitation (514.5
nm),® a R6G molecule is expected to emit 100 fluorescence
photons in 1 s, which leads to one detected photon count (~1%
detection efficiency). On the average, for every 500 fluorescence
cycles (or ~5 us), the molecule crosses once into the triplet state
(intersystem crossing efficiency ~0.2%).55 Therefore, a triplet-
caused dark gap occurs every 5 us on the average and lasts an
average time of ~4 us. The involvement of the triplet state can
thus cause alternating dark and bright periods that have an
average duration of 4—6 us.

Random-walk simulation studies we carried out® provide
further evidence for the boundary recrossing motions of a single
molecule and the triplet-state effect on fluorescence emission.
Figure 5 shows the simulated diffusion path of a single R6G

(52) Thiel, E.; Drexhage, K. H. Chem. Phys. Lett. 1992, 199, 329-334.

(53) Asimov, M. M.; Gavrilenko, V. N.; Rubinov, A. N. J. Lumin. 1990, 46, 243~
249.

(54) Dempster, D. N.; Morrow, T.; Quinn, M. F. J. Photochem. 1973, 2, 343~
359.
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Figure 5. diffusion path of a single R6G molecule in a 1-ms period
in solution at room temperature. The conical drawing represents the
1/e? boundary of the tightly focused laser beam and is cut open to
show the molecule’s path as marked by the dark, wiggly line.
Simulation parameters: starting position of the molecule, center of
the conical laser beam; incremental step (Af), 0.1 us; laser beam
radius, 260 nm; R6G diffusion coefficient, 2.8 x 1076 cm2 571,

molecule in solution during a 1-ms period. The path, as marked
by the wiggly line, contains several excursions into and out of
the probe volume boundary, corresponding to the long dark gaps
in the simulated fluorescence records shown in Figure 6. The
average duration (~50 us) of such simulated dark gaps qualita-
tively agrees with the experimental data. The simulation also
shows the appearance of short dark gaps if the triplet state is
included but only the long dark gaps if the triplet state is ignored.
It thus appears that intersystem crossing into and out of the long-
lived triplet state is mainly responsible for causing the short dark
periods in our real-time measurements.

Rigler and co-workers®#25-27 also studied the diffusion and
triplet-state involvement for R6G molecules with fluorescence
correlation analysis and a similar experimental setup. They found
that the triplet-state buildup at high excitation intensities causes
a distortion in the autocorrelation curve. Major differences appear
between the fluorescence correlation data and the real-time
measurements of this work, however, especially in the diffusional
motions of single molecules. The individually measured transit
times for R6G are in the range of 0.5—-1.2 ms (0.7 ms typical),
which are 10—30 times longer than those (40—50 us) reported
by Rigler and co-workers under similar conditions.22 This differ-
ence may be reconciled by noting that realtime fluorescence
measurements are biased toward molecules that spend longer

(55) The simulation was based on the Einstein equation of Brownian motion as
described by Chandrasekhar and was implemented by using a numerical
procedure; see: Chandrasekhar, S. Rev. Mod. Phys. 1943, 15, 20. Press,
W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T. In Numerical
Recipes: The Art of Scientific Computing; Cambridge University Press: New
York, 1986; p 202.
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Figure 6. Simulated fluorescence records of single R6G molecules
in the presence (a) and the absence (b) of the long-lived triplet state
in a 1-ms period in solution. We label by L the long gaps caused by
boundary recrossing and by S the short gaps caused by intersystem
crossing. Simulation parameters: starting position of the molecule,
center of the conical laser beam; incremental step (Af), 0.1 us;
integration time per data point, 2 us; laser wavelength, 514.5 nm;
excitation power, 1 mW,; laser beam radius, 260 nm; R6G diffusion
coefficient, 2.8 x 10~¢ cm? s~'; R6G extinction coefficient at laser
wavelength, 5.8 x 10* M~' cm™'; combined photon detection
efficiency, 0.9%,; triplet-state lifetime, 4 us; singlet-state lifetime, 3.4
ns; intersystem crossing efficiency, 0.2%.

periods of time in the probe volume and that the detection events
are dominated by molecules that have long paths in the probe
volume. The diffusion times of these molecules may be ap-
proximately estimated by the time (~0.5 ms) the molecules take
to traverse the laser beam diameter (not the radius) because a
single molecule must first enter and then exit the probe volume
in real-time measurements. On the other hand, the characteristic
autocorrelation time is usually dominated by the fastest signal
fluctuations,® such as those caused by recrossings into and out
of the triplet state and the probe volume periphery. Therefore,
the diffusion times measured by fluorescence correlation are likely
to correspond to boundary recrossing motions and not the global,
traversing motions observed in real-time measurements. As
discussed above, the boundary recrossing motions of single R6G
molecules occur on the time scale of ~50 us, consistent with
reported correlation times (40—50 us).

For fluorescent dyes of low intersystem crossing yields and
high photostabilities, a single molecule can produce 300—400
detected photons during a 1-ms transit time across the probe
volume. Thus, detection of a single molecule is possible with a
signal-to-noise ratio of ~20 in only 1 ms under shot-noise-limited
conditions. The results presented show that the detection
sensitivity in confocal fluorescence microscopy can indeed be
optimized to approach the theoretical limit for R6G molecules,
even though the subfemtoliter-sized probe volume still contains



~1.5 x 10% solvent molecules, ~5 x 107 electrolyte molecules,
and many impurity molecules. A key factor is that the unlimited
excitation throughput allows fluorescence photons to be extracted
from a single molecule at the maximum (saturation) speed for
fluorescence cycling. Another factor is the relatively low back-
ground level (~2~6 counts/ms) as compared with the typical
fluorescence signals (~100—150 counts/ms). Under these shot-
noise-limited conditions, our results show that single R6G mol-
ecules are detected with a signalto-noise (peak-to-peak) ratio of
~10 with 1-ms integration. This detection sensitivity is only a factor
of 2 below the theoretical limit, which is set by fluorescence
saturation in this case. It also compares favorably with that
achieved in nearfield optical microscopy, which breaks the
diffraction limit by confining the light source to nanometer
dimensions.#* Despite the dramatically reduced probe volume
(attoliters or 10~18 1) in the near-field, the reported background
level (2 counts/ms)* is not significantly lower than that of this
work (2—6 counts/ms).

Biomolecules. Previous studies in single-molecule detection
and spectroscopy have focused mainly on simple fluorescent dye
molecules, except perhaps fluorescence correlation studies of
rhodamine-labeled M13 DNA, BODIPY-labeled primers, and
rhodamine-labeled bungarotoxin—acetylcholine receptor conju-
gates.Z” By capitalizing on the extraordinary sensitivity achieved
with confocal fluorescence microscopy, we demonstrate real-time
detection of individual, fluorescently labeled biomolecules in buffer
solution. The labeled molecules retain their biological functions
if the labels are attached appropriately, such as through a linker
arm.%57 Figure 7 shows detection of individual deoxyuridine
triphosphate molecules labeled with fluorescein via a 12-atom
linker arm (fluorescein-12—dUTP) in aqueous solution containing
2-mercaptoethanol (~100 mM). Fluorescein-12—dUTP is widely
used for nonradioactive labeling of DNA and is a suitable substrate
for Escherichia coli DNA polymerase I, T4 DNA polymerase, Taq
DNA polymerase, and reverse transcriptase.®® This modified
nucleotide can be substituted for dTTP in nick-translation reactions
and the fluorescence-labeled probes are used in fluorescence in
situ hybridization. As for free fluorescein, the fluorescence
efficiency of the tagged nucleotide is strongly enhanced at basic
pH and by the presence of an antibleaching agent such as
mercaptoethanol. This behavior is apparently explained by the
sensitive nature of fluorescein to pH and by its photobleaching
properties in aqueous environments. In contrast, rhodamine dyes
are insensitive to pH and highly photostable. Indeed, the
fluorescence signals of the same nucleotide labeled with TMR
show little dependence on solution pH or on the presence of
antibleaching agents. By using a weighted quadratic summing
filter, Soper et al.3! also showed fluorescence detection of single
adenine nucleotides labeled with TMR in a flowing stream.
Photobleaching does not appear to be a significant factor during
the ~1-ms measurement time for fluorescein-labeled nucleotide
with mercaptoethanol protection and for rhodamine-labeled mol-

(56) Zhu, Z.; Chao, J.; Yu, H.; Waggoner, A. S. Nucleic Acids Res. 1994, 22,
3418-3422.

(57) Leary, J. J.; Brigati, D. J.; Ward, D. C. Proc. Natl. Acad. Sci. U.S.A. 1983,
80, 4045—4049. Langer, P. R.; Waldrop, A. A.; Ward, D. C. Proc. Natl. Acad.
Sci. U.S.A. 1981, 78, 6633-6637.

(58) Dirks, R. W.; Van Gijlswijk, R. P. M.; Vooijs, M. A.; Smit, A. B.; Bogerd, J.;
Van Minnen, J.; Raap, A. K; Van Der Ploeg, M. Exp. Cell Res. 1991, 194,
310-315.
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Figure 7. Detection of individual deoxyuridine triphosphate mol-
ecules labeled with fluorescein via a 12-atom linker arm (fluorescein-
12—dUTP) in agueous 100 mM mercaptoethanol solution: (a) blank;
(b) 2 x 1071 M fluorescein-12—dUTP at pH 7.0; (c) 2 x 1071 M
fluorescein-12—dUTP at pH 12. Laser wavelength, 488 nm; excitation
power, 0.2 mW, emission bandpass filter, 530 nm (fwhm 60 nm);
integration time per data point, 1.0 ms.

ecules without protection, as evidenced by the similar fluorescence
intensities detected for molecules of greatly different photode-
struction efficiencies. Compared with free fluorescein, fluorescein-
12—dUTP has a lower diffusion coefficient and is thus expected
to have a longer diffusion time across the probe volume. Indeed,
the fluorescence signals (~60 counts) of fluorescein-12—dUTP
are higher than those of fluorescein (~50 counts). A complicating
factor, however, is that the fluorescent properties of fluorescein
may change upon conjugation to dUTP via the 12-atom linker.
Fluorescence signals have also been observed from individual
M13/pUC primers labeled at the 5" end with fluorescein and
BODIPY FL in Tris buffer. This primer is a single-stranded
oligonucleotide, d(TGAAAACGACGGCCAGT), and is useful for
automated sequencing of DNA fragments cloned into the M13
mp vector series and pUC or pUC-related plasmid.*® BODIPY
FL is similar to fluorescein in its extinction coefficient (>80 000
cm~! M) and quantum yield (close to unity). It may be
considered superior to fluorescein because of its remarkable
insensitivity to solvent pH, improved photostability, reduced
fluorescence quenching when conjugated to proteins or oligo-
nucleotides, and narrower emission bandwidth.% However, the

(59) Messing, J. Methods Enzymol. 1983, 101, 2078,
(60) Haugland, R. P. Handbook of Fluorescent Probes and Research Chemicals,
5th ed.; Molecular Probes: Eugene, OR, 1994.

Analytical Chemistry, Vol. 67, No. 17, September 1, 1995 2855



40

(@

20

Fluorescence (counts)

(c)

] 1 L

0 2 4 13 8
Time (s)

Figure 8. Real-time observation of i-phage DNA (48 502 bp)
structural fluctuations in free solution (TBE buffer pH 8): (a)
background from unlabeled DNA in TBE buffer; (b) fluorescence
signals from a A-DNA molecule labeled with the bis-intercalating
fluorescent dye YOYO; (c) 14-nm fluorescent microspheres. Laser
wavelength, 488 nm; excitation power, 0.4 mW,; emission bandpass
filter, 530 nm (fwhm 40 nm); integration time per data point, 1.0 ms.

fluorescence signals obtained from single molecules of the
BODIPY-labeled primer are slightly weaker than those of fluo-
rescein-labeled primers. The number of photons obtained from
a single molecule is determined by the fluorescence cycle rate
and is ultimately limited by photobleaching. This result seems
to indicate that BODIPY has a lower fluorescence cycle rate
(caused by a longer triplet lifetime or a higher intersystem
crossing efficiency).

Figure 8 depicts fluorescence signals observed from a single
A-phage DNA molecule (48.5 kbp) labeled with YOYO in TBE
buffer, along with data from 14-nm fluorescent microspheres for
comparison. The bis-intercalating asymmetric cyanine dye YOYO
shows an extremely high affinity for nucleic acids and a more
than 1000-fold fluorescence enhancement upon binding to double-
stranded DNA.%647 Unlike the simple fluorescence signals ob-
served from individual microspheres and small molecules, each
detection event of a A-DNA molecule consists of a series of
fluctuating signals with temporal spacings of 10—100 ms. This
complex behavior is apparently caused by dynamic structural
changes of the DNA molecule, because no such fluctuations were
seen for polymeric microbeads of various sizes (14 nm to 1.0 um
in diameter) that lack internal structures. Although the number
of intercalated dye molecules per DNA molecule is not accurately
known, the low dye/DNA molar ratio ensures that each DNA
molecule contains only a small number of fluorescent tags. The
probe volume then would contain no more than a few or a single
tag. DNA internal motions repeatedly bring these fluorescent
dyes into and out of the field of view, which results in fluorescence
signal fluctuations. Such large-amplitude motions may be caused
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by the elasticity and flexibility of the DNA chain and intramo-
lecular forces (i.e., superhelical formation). We further note that
the observed signal fluctuations last considerably (~25 times)
longer than the estimated transit time.®! This unusual persistence
time may be caused by an optical trapping effect,® attachment of
DNA molecules to the glass coverslip surface, or multiple
recrossings of the probe volume by a single DNA molecule.

The observed DNA shape and structural fluctuations make for
interesting comparison with those reported in the literature. Real-
time observation of individual DNA molecules labeled with numer-
ous fluorescent dyes have been achieved in confined media,?-5
in free solution,”-"° and through attachment to magnetic’” and
dielectric microbeads.” In electrophoresis gels or entangled
solution, DNA molecules are shown to snake their way through
the restricted media in an extended configuration and alternatively
contract and lengthen as they move. They often become hooked
around obstacles in a U shape for extended periods and show an
elastic behavior.%-% In free solution, DNA molecules stained with
4’ 6-diamindino-2-phenylindole (DAPI) show thin and extended
filaments, thick and short filaments, and rapidly changing spherical
and ellipsoidal structures.” The thick filaments are very flexible,
swaying and exhibiting waves of irregular length, and they
frequently extend and contract. The DNA structural fluctuations
observed in this work appear consistent with these studies, but
they occur on considerably shorter time scales than those reported
previously. Apparently, the present study’s use of a submicrome-
ter-sized laser beam selectively probes local internal motions of a
DNA molecule, whereas previous studies mainly detect global
DNA movements. Further insights may be obtained by studying
DNA molecules that are fluorescently labeled at one end and
attached to a surface at the other.

In summary, we have demonstrated that confocal fluorescence
microscopy provides a simple and sensitive means for real-time
observation of single fluorescent molecules in solution. Because
of the unlimited excitation throughput and low background level,
the achieved detection sensitivity for single R6G molecules is only
a factor of 2 below the theoretical limit. Realtime measurements
at a data acquisition speed of 500 kHz show single-molecule
fluorescence records with a time spread that corresponds to the
actual transit time of a particular molecule. The obtained
fluorescence records consist of predominantly single-photon
events and contain both long (~50 us) and short (~4 us) dark
gaps. Simulation studies of single fluorescent molecules provide
evidence that these long and short dark periods are caused mainly
by boundary recrossing motions of a single molecule at the probe

(61) The diffusion coefficient of A-phage DNA (48 502 bp) in dilute aqueous
solution has been measured to be 4.2 (+2) x 10~% cm? s~} by fluorescence
correlation spectroscopy; see: Scalettar, B. A.; Hearst, J. E,; Klein, M. P.
Macromolecules 1989, 22, 4550—4559.

(62) Chu, S. Science 1991, 253, 861—866. Chu, S. Sci. Am. 1992, (Feb), 71—~
76.

(63) Smith, S. B.; Aldridge, P. K.; Callis, L. B. Science 1989, 243, 203—206,

(64) Schwartz, D. C,; Koval, M. Nature 1989, 338, 520—522.

(65) Rampino, N. J.; Chrambach, A. Anal. Biochem. 1991, 194, 278-283.

(66) Volmuth, W. D.; Austin, R, H. Nature 1992, 358, 600—602.

(67) Yanagida, M.; Hiraoka, Y.; Katsura, I. Cold Spring Harbor Symp. Quant. Biol.
1983, 47, 177-187.

(68) Morikawa, K.; Yanagida, M. J. Biochem. 1981, 89, 693—696.

(69) Matsumoto, S.; Morikawa, K.; Yanagida, M. /. Mol. Biol. 1981, 152, 501—
516.

(70) Song L.; Maestre, M. F. J. Biomol. Struct. Dynam. 1991, 9, 525—536.

(71) Smith, B. S.; Finzi, L.; Bustamante, C. Science 1992, 258, 1122—1126.

(72) Bustamante, C. Annu. Rev. Biophys. Biophys. Chem. 1991, 20, 415—446.

(73) Perkins, T.; Smith, D. E.; Chu, S. Science 1994, 264, 819—822. Perkins, T;
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volume periphery and by intersystem crossing into the dark triplet
state. We have also extended the use of confocal fluorescence
microscopy to study individual biological molecules in buffer
solution. Through fluorescent labeling, single-molecule detection
has been achieved for deoxynucleotides, oligonucleotides, and
double-stranded DNA molecules. The extraordinary sensitivity
allows structural dynamics studies of individual DNA molecules
labeled with only a few or a single fluorescent tag. The results
show that A-phage DNA in free solution undergoes large-amplitude
structural fluctuations that repeatedly bring the fluorescent labels
into and out of the probe volume.
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