Probing Individual Molecules with Confocal
Fluorescence Microscopy

Shuming Nie,* Daniel T. Chiu, Richard N. Zaret

Confocal fluorescence microscopy coupled with a diffraction-limited laser beam and a
high-efficiency detection system has been used to study the diffusive movement and
emission process of individual fluorescent molecules in the liquid phase at room tem-
perature. The high detection sensitivity achieved at fast data acquisition speeds (greater
than 1 kilohertz) allows real-time observation of single-molecule fluorescence without
statistical analysis. The results show fluorescence-cycle saturation at the single-molecule
level and multiple recrossings of a single molecule into and out of the probe volume as

well as the triplet state.

The detection and characterization of a
single molecule represents the ultimate goal
in ultrasensitive chemical analysis. The
ability to directly visualize individual mol-
ecules has applications that span physical
and biological sciences. We report a simple
method that combines laser excitation,
confocal microscopy, and avalanche photo-
diode detection for studying individual dye
molecules in solution. The achieved sensi-
tivity is so high that we can study in detail
the fluorescence cycle as a single molecule
repeatedly emits photons while it is present
in the small probe volume being interrogat-
ed. Conventional measurements of molec-
ular dynamics and reactions in the con-
densed phase represent averages over large
numbers of molecules and events. Following
an individual molecule in real time allows
an understanding of dynamical behavior at
a level of detail that can reveal new features
buried in the statistical averaging.

Single molecules have been detected in
the condensed phase by various means. In
low-temperature crystalline hosts, Mo-
erner (1) and Orrit et al. (2) demonstrated
single-molecule detection and spectrosco-
py through spectral isolation of individual
molecules in the wings of an inhomoge-
neously broadened line by using frequency-
modulated absorption and laser-induced flu-
orescence. Diffraction-limited optics also
permits the two-dimensional detection of a
single molecule embedded in low-tempera-
ture solids (3) and on mirrorlike silicon wa-
fer surfaces (4). Near-field optical microsco-
py has been used by Betzig and Chichester
(5) and Trautman et al. (6) to study individ-
ual carbocyanine molecules fixed on thin
polymer films at room temperature. In lig-
uids, single-molecule fluorescence detection
has been achieved for rhodamines and phy-
coerythrins in a hydrodynamic flow cell (7,
8) and in levitated microdroplets (9). Eigen
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and Rigler (10) recently showed the detec-
tion and manipulation of individual rhoda-
mine 6G molecules (R6G) in water by using
fluorescence correlation spectroscopy (11)
coupled with a confocal microscope and de-
vices for trapping single molecules in an
electric field. Biological macromolecules
(that is, DNA) labeled with more than one
fluorescent tag have also been visualized and
manipulated at the single-molecule level
with fluorescence microscopy through at-
tachment to dielectric (12) and magnetic
(13) beads, by the dielectrophoresis effect
(14), during gel electrophoresis (15, 16),
and in free solution (17, 18). Furthermore,
single molecules of RNA polymerase have
been observed with light microscopy slid-
ing and transcripting along a DNA chain
(19, 20).

This report describes the use of far-field
confocal fluorescence microscopy at the op-
tical diffraction limit for probing individual
molecules in the liquid phase, that is, mol-
ecules in motion. Through the use of a
high-efficiency photon detection system,
we examine in detail the diffusive move-
ment and emission characteristics of a sin-
gle molecule as well as the photophysical
behavior of a single-chromophore molecule
in solution. We also report the first detec-
tion of individual fluorescein molecules in
aqueous media and the extraordinary detec-
tion sensitivity achieved for common fluo-
rescent dyes in various sampling environ-
ments. In a preliminary study, we have de-
tected single DNA bases labeled with one
fluorescent tag and observed in real time
gyration radius changes for individual large
DNA fragments (~2000 bp).

The confocal fluorescence microscopy
system is based on a Nikon Diaphot invert-
ed microscope (21). The probe volume is
limited latitudinally by optical diffraction
and longitudinally by spherical aberration
of the objective. The diffraction-limited ra-
dius is calculated to be 250 to 260 nm under
our experimental conditions (TEM,, laser
beam radius 0.65 mm, objective focal
length 1.6 mm, and a laser wavelength
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488.0 or 514.5 nm). The 1/e? probe depth
(z,) is primarily determined by spherical
aberration of the objective and has been
experimentally measured to be ~1.0 pm
(22, 23). In our experiment, the cylindrical
probe volume, 77 %(2z,), is estimated to be
~5.0 X 1071€ liters or 0.5 fl. At a concen-
tration of 3.3 X 1077 M, this probe volume
contains an average of only one molecule,
that is, an equal probability of 0.37 for
finding zero or one molecule and 0.18 for
finding two molecules in the probe volume.
By choosing to work at lower concentra-
tions, we can observe almost exclusively
single-molecule events. Aggregated molec-
ular clusters might be expected to show
similar behaviors as single molecules, but
dilution studies we have made ruled out this
possibility as the source of our observed
signal at low dye concentrations.

Several measures were taken to maxi-
mize the overall (combined) detection effi-
ciency. First, an oil-immersion, high-nu-
merical-aperture (NA 1.3) objective lens
was used to collect ~20% of the emitted
fluorescence photons. Second, a photon-
counting Si avalanche photodiode was used
for high-efficiency detection. Third, signal
attenuation in the optical path was mini-
mized by using as few optical elements as
possible. For example, only one interference
bandpass filter was used to reject the laser
light, Rayleigh scattering, Raman scatter-
ing, and impurity fluorescence. The overall
detection efficiency of our confocal fluores-
cence system was 0.5 to 1.0%, a value con-
siderably higher than that reported in hy-
drodynamic flow (7, 8) but comparable to
that in near-field optical microscopy (9, 6).
Samples (10 pl) were transferred onto a
microscope cover glass (0.13-mm thick). A
second cover glass was placed immediately
on top to prevent solvent evaporation and
to produce a thin sample layer between the
two cover slips. Best results were obtained
when the laser beam was focused at the
lower sample-glass interface because spher-
ical aberration of the oil-immersion objec-
tive was minimized at this focal point.
When the laser beam was focused deep into
the sample, spherical aberration became sig-
nificant owing to the refractive index mis-
match between the sample (n = 1.33) and
the immersion oil (n = 1.52).

In solution, fluorescence emission from a
single molecule occurs in a four-step cycle:
(i) electronic transition from the ground
state to an excited state, the rate of which is
a linear function of excitation power; (ii)
internal relaxation in the excited electronic
state; (iii) radiative or nonradiative decay
from the excited state to the ground state,
which is controlled by the excited state
lifetime; and (iv) internal relaxation in the
ground state. Vibrational and rotational re-
laxation generally occurs on the picosecond



time scale for small molecules in the con-
densed phase, whereas the excited state life-
time and the absorption time are in the
subnano- to nanosecond range. Conse-
quently, the fluorescence cycle is primarily
determined by the absorption and emission
steps. At low power levels, the absorption
time is expected to be the dominant factor
and the observed fluorescence intensity is
approximately linear with laser power. At
intermediate power levels, the absorption
time becomes comparable to the excited
state lifetime and the signal is weakly de-
pendent on power. At high power levels,
the absorption time becomes much shorter
than the excited state lifetime and the sig-
nal is determined by the molecule’s intrin-
sic excited state lifetime and is thus essen-
tially independent of laser power.

This analysis provides the criteria to as-
certain if the observed fluorescence signals
are truly single-molecule events and are not
artifacts such as dust scattering. These cri-
teria can be summarized as: (i) the observa-
tion of single-molecule detection events de-
pends on analyte concentration, and its
frequency is determined by a Poisson distri-
bution; (ii) the signal intensity depends on
the nature of the solvent and on the pH
(quantum yield and photostability); (iii)
the fluorescence intensity dependence on
excitation intensity shows saturation (even
for a single molecule); and (iv) the observed
number of fluorescence photons does not
exceed that expected from the fluorescence
cycle of a single molecule.

The time-dependent fluorescence signals
observed from aqueous and nonaqueous so-
lutions of rhodamine 6G with 1-ms integra-
tion is shown in Fig. 1. The observed jumps
in signal intensity are consistent with Pois-
son statistics (24), which predicts that for a
5.0 X 107! M dye solution the 0.5-f] probe
volume contains zero dye molecules (back-
ground) for 98.5% of the time and one dye
molecule (signal) for 1.5% of the time. The
probability for zero to two or one to two
jumps in the number of molecules is negli-
gibly small. The fluorescence signals show a
distribution in intensity and are influenced
by the nature of the solvent. The excited
state lifetime and absorption properties of
R6G are similar in ethanol and water, but its
quantum yield decreases from 0.95 in etha-
nol to ~0.45 in water (25). This decrease
leads to a substantially lower signal in water,
which is confirmed experimentally. Anoth-
er interesting point is that the R6G signals
are essentially independent of solution pH,
whereas intense fluorescence signals from
fluorescein molecules are observed only at
pH >8 (Fig. 2). This difference is consistent
with the fact that the fluorescence of fluo-
rescein, but not R6G, is highly sensitive to
pH (caused by a reconfiguration of its
m-electron system upon deprotonation).

Photobleaching of R6G molecules does not
appear to be significant during the ~1-ms
transit time, and the use of protecting agents
such as mercaptoethanol has little effect on
signal intensity. This behavior is apparently
attributable to the high photostability of
thodamine dyes. In contrast, the fluores-
cence intensity of fluorescein increases sig-
nificantly in the presence of mercaptoetha-
nol (100 mM), whose protecting effect may
arise from its abilities to scavenge oxidative
species involved in photobleaching. These
results together with dilution studies provide
strong evidence that the detected fluores-
cence signals represent single-molecule
events. We have also achieved single-mole-
cule detection for 2',7’-dichlorofluorescein,
tetramethylrhodamine, carbocyanines, and
boradipyrromethane dyes as well as fluores-
cently labeled proteins, nucleotides, and
DNA primers.

A single-molecule detection event starts
with a molecule entering the probe volume
and ends upon its exit. If not photo-
bleached, the same molecule may reenter
the laser beam and generate another detec-
tion event. Indeed, Figs. 1 and 2 (see in-
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Fig. 1. Time-dependent fluorescence signals ob-
served from agueous and ethanol rhodamine 6G
solution. The inserts are closeup views of the
peaks indicated, showing the multiple detection of
a single molecule: (A) blank; (B) 2 X 107" M
rhodamine 6G in water; and (C) 5 X 107" M
rhodamine 6G in ethanol. The data were acquired
at a speed of 1000 data points per second (1-ms
integration) and with 0.7-mW laser excitation
(514.5 nm). The emission bandpass filter was
centered at 560 nm [full-width at half-maximum
(FWHM) of 40 nm).

SCIENCE e« VOL. 266

11 NOVEMBER 1994

serts) show a clustering effect in the ob-
served single-molecule signals. Considering
that the probe volume remains “empty”
(zero dye molecules) most of the time, a
clustering of detection events indicates that
once a molecule diffuses close to the laser
beam it may move in and out of the probe
volume several times before eventually dif-
fusing away, that is, the same molecule is
being multiply detected. The recurrence
frequency decreases rapidly with increasing
multiplicity (26), consistent with the ran-
dom walk theory (24). The insert to Fig. 1
shows a rare occasion in which the same
molecule is detected five times.

We note that the fluorescence intensity
measurement is biased toward molecules
that spend a longer period of time in the
probe volume because it is a time-integrated
technique. The observed detection events
are thus dominated by molecules that have
long paths (trajectories) in the probe vol-
ume. The diffusion time of these molecules
can be estimated by the time for traversing
the laser beam diameter (~0.5 wm), which
is calculated to be 0.45 ms (27). This anal-
ysis agrees fairly well with the observed
average time spread of 0.7 ms for single-
molecule events in water and ethanol solu-
tion. We stress that the achieved detection
efficiency is so high that it allows real-time
observation of single-molecule fluorescence
without statistical analysis. Contrast this
with fluorescence correlation spectroscopy
(10, 23, 28), which measures intensity fluc-
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Fig. 2. Detection of individual fluorescein mole-
cules in agqueous 100 mM mercaptoethanol solu-
tion (pH 12). The inserts show expanded views of
the designated peaks: (A) blank and (B) 3 X 10710
M fluorescein in water [pH 12; laser wavelength,
488.0 nm; excitation power, 0.2 mW; emission
bandpass filter, 530 nm (FWHM 60 nm); and inte-
gration time per data point, 0.5 ms].
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tuations integrated over an observation
time and analyzes the accumulated data
statistically.

At the single-molecule level, the fluo-
rescence intensity dependence on excita-
tion intensity is determined by the time it
takes the molecule to complete the four-
step fluorescence cycle. Figure 3 compares
the experimental and calculated intensity
dependence on laser power for single R6G
molecules in ethanol. The observed three
regions (that is, the approximately linear,
absorption-dominated region; the transi-
tion region; and the saturated, emission-
dominated region) are in agreement with
theoretical calculations. Similar behaviors
are observed for individual fluorescein
molecules, except that the emission-dom-
inated region is reached at much lower
powers. This result is expected from the
larger absorption cross section of fluores-
cein at 488 nm compared with that of
R6G at 514.5 nm.

Figure 4 depicts the time profiles of pho-
ton emission obtained from individual R6G
molecules at different excitation powers.
The results show the detection of predom-
inantly single-photon events with 2-ps in-
tegration and 0.5 to 1.0% combined detec-
tion efficiency. The time spread of the pho-
ton bursts is approximately 0.5 to 0.8 ms,
consistent with the diffusion analysis above.

The temporal relation between the ob-
served and the true photon emission process
of a single molecule is complicated in that
only a small percentage of the emitted pho-
tons are detected. The observation of dis-
tinctly short and long “dark periods” be-
tween adjacent photons, however, may be
caused by two types of phenomena. Inter-
system crossing into and out of the triplet
state appears to play a role in the observed

Fig. 3 (left). Experimental 120

short dark periods because their average
duration (4 to 6 ps) at 0.6 mW illumination
is comparable to the triplet state lifetime
(~4.0 ps). The longer dark periods show an
average duration of 50 s, the time expect-
ed and simulated for diffusional recrossings
of the probe volume periphery by a single
molecule. Most detection events show zero
to three long dark periods and rarely four or
more, consistent with the expected recur-
rence frequency (24). Thus, our observa-
tions indicate a single molecule may multi-
ply traverse the probe volume on the milli-
second time scale and recross the probe
volume periphery on the microsecond time
scale.

Further evidence for the involvement of
the triplet state is that the observed fluo-
rescence signals (50 to 200 photons) are
substantially lower than the calculated val-
ue (650 to 1300 photons with 1-mW power
and 1-ms integration). With a triplet life-
time of ~4.0 ps and an intersystem crossing
efficiency of ~0.2% (29, 30), a R6G mol-
ecule upon excitation is expected to reside
in the triplet state for ~50% of the time,
thereby reducing the calculated fluores-
cence intensity to 325 to 650 photons. The
triplet effect alone is insufficient to account
for the observed low fluorescence intensity.
We note that additional signal losses are
caused by the decreased laser intensity and
confocal collection efficiency for a mole-
cule that moves away from the object
plane or the optical axis (31). Other fac-
tors not included in the calculation are
photobleaching and saturation of the flu-
orescence cycle in the central region of a
gaussian laser beam; both are expected to
reduce the fluorescence intensity of a sin-
gle molecule.

An important finding of this work is that

the background level (which arises from 1.5
X 1010 solvent molecules, 5 X 107 electro-
lyte molecules, and many impurity mole-
cules) is only ~6 counts with 1-ms integra-
tion, which is negligible compared with the
typical fluorescence signal (~100 counts)
from single fluorescent dye molecules. The
shot noise is therefore the limiting factor,
yielding a signal-to-noise (peak-to-peak) ra-
tio of approximately 10 with 1-ms integra-
tion. This calculation shows that detection
at the single-molecule limit can be
achieved with reduced laser intensities, or
with shorter integration times, or for mole-
cules having lower fluorescence quantum
yields than dye molecules. As a test, we
conducted an experiment in which a neu-
tral density filter (optical density = 2.0)
was used to block 99% of the fluorescence
signal. The results show single-molecule
events can still be observed by detecting
only 1% of the signal. Consequently, a va-
riety of natively fluorescent biomolecules
may be studied at the single-molecule level
even though their fluorescence quantum
yields and absorption coefficients are con-
siderably lower than those of common flu-
orescent dyes. Biomolecules of particular
interest include nicotinamide adenine
dinucleotides, riboflavin, chlorophylls, por-
phyrins, and aromatic amino acids such as
tryptophan.

The far-field confocal fluorescence ap-
proach has several advantageous features
when compared with near-field optical mi-
croscopy, which achieves subwavelength
resolution by sacrificing the excitation pow-
er throughput (32). With tapered single-
mode fiber probes, the near-field power
throughput is limited to ~50 nW for an
80-nm tip, and Trautman et al. (6) recently
showed the necessity of integrating for sev-

and calculated fluorescence
signals as a function of exci-
tation power for single rho-
damine 6G molecules in eth-
anol. The measured signal
intensities are averaged val-
ues of 10 to 20 detection
events and have an uncer-
tainty error of ~10%. The
photon  absorption and
emission cycle rate (k) of a
single molecule is calculated
by using the equation k; =
1/(r; + 1/k,), where . is the §
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excited state lifetime (~3.4 0
ns), k,, is the absorption rate 0
andis 3.8 X 1072" € P/mr 2,
where e is the extinction co-

efficient, P is the laser excitation power, and r, is the radius of the focused
laser beam. This calculation gives the fluorescence cycle rate of a single
molecule at a given power. The expected signal intensity can be calculated by
multiplying the cycle rate by a constant factor that takes into account fluores-
cence quantum yield, intersystem crossing, and the combined detection
efficiency [laser wavelength, 514.5 nm; emission bandpass filter, 560 nm
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(FWHM 40 nm); and integration time per data point, 1.0 ms].
(right). Time records of fluorescence emission of a single rhodamine 6G
molecule in ethanol at different laser powers (514.5 nm). The probe volume
was continuously monitored at a speed of 500,000 data points per second
(2-ps integration) until a burst of photons is detected; the fluorescence data
were then stored for analysis.
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eral minutes to obtain near-field fluores-
cence spectra with good signal-to-noise ra-
tios. Furthermore, the recent work of Xie
and Dunn (33) and by Ambrose et al. (34)
showed that the metal-coated probe tip can
significantly perturb the electronic proper-
ties of the molecule being detected. In con-
trast, the far-field confocal fluorescence ap-
proach provides unlimited laser throughput
and a three-dimensional sectioning capabil-
ity and is truly noninvasive, although its
resolution is diffraction limited. These fea-
tures are expected to allow important appli-
cations such as enhanced Raman spectrosco-
py at the single-molecule level and on-line
fluorescence identification and sorting of in-
dividual molecules and quantum-confined
nanostructures. The extraordinary sensitivity
achieved in this work allows the direct, real-
time study of the dynamics of a single mol-
ecule and the chemical and biochemical re-
actions that such a molecule may undergo in
solution.
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Molecular Computation of Solutions to
Combinatorial Problems

Leonard M. Adleman

The tools of molecular biology were used to solve an instance of the directed Hamiltonian
path problem. A small graph was encoded in molecules of DNA, and the “operations” of
the computation were performed with standard protocols and enzymes. This experiment
demonstrates the feasibility of carrying out computations at the molecular level.

In 1959, Richard Feynman gave a visionary
talk describing the possibility of building
computers that were “sub-microscopic” (1).
Despite remarkable progress in computer
miniaturization, this goal has yet to be
achieved. Here, the possibility of comput-
ing directly with molecules is explored.

A directed graph G with designated ver-
tices v, and v, is said to have a Hamilto-
nian path (2) if and only if there exists a
sequence of compatible “one-way” edges e;,
ey - - - €, (that is, a path) that begins at v,
ends at v, and enters every other vertex
exactly once. Figure 1 shows a graph that
for v, = 0 and v, = 6 has a Hamiltonian
path, given by the edges 0—1, 12, 23,
3—4, 4—5, 5—6. If the edge 2—3 were
removed from the graph, then the result-
ing graph with the same designated verti-
ces would not have a Hamiltonian path.
Similarly, if the designated vertices were
changed to v, = 3 and v ,, = 5 there
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would be no Hamiltonian path (because,
for example, there are no edges entering
vertex 0).

There are well-known algorithms for de-
ciding whether an arbitrary directed graph
with designated vertices has a Hamiltonian
path or not. However, all known algorithms
for this problem have exponential worst-case
complexity, and hence there are instances of
modest size for which these algorithms re-
quire an impractical amount of computer
time to render a decision. Because the direct-
ed Hamiltonian path problem has been
proven to be NP-complete, it seems likely
that no efficient (that is, polynomial time)
algorithm exists for solving it (2, 3).

The following (nondeterministic) algo-
rithm solves the directed Hamiltonian path
problem:

Step 1: Generate random paths through the
graph.
Step 2: Keep only those paths that begin with v
and end with v .
Step 3: If the graph has n vertices, then keep
only those paths that enter exactly n vertices.
Step 4: Keep only those paths that enter all of
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