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Abstract Advances in detector sensitivity and improvements in instrument design have recently pro-
vided scientists with tools to probe single molecules with light, and monitor their photo-
physical properties with exquisite sensitivity and spatial as well as temporal resolution.
Spectroscopic and temporal information is used to explore molecular structure, conforma-
tional dynamics, local environment and intermolecular interactions of individual species.
High-resolution single-molecule microscopy allows these methods to be used for in vitro
or in vivo molecular colocalization with nanometer precision. The collected data have gen-
erated a wealth of new information in domains ranging from chemistry and biology to solid
state physicsTo citethisarticle: X. Michalet, S. Weiss, C. R. Physique 3 (2002) 619-644.
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Spectroscopie et microscopie d’une molécule unique

Résumé Des progrés récents sur le plan de la sensibilité des détecteurs et de la conception des
expériences permettent d'étudier les propriétés photophysiques de molécules uniques
avec une sensibilité et des résolutions spatiale et temporelle optimales. Les données
spectroscopiques et temporelles permettent d'accéder a la structure moléculaire, aux
changements conformationnels, aux interactions intermoléculaires et a la nature de
I'environnement d’une molécule unique. L'extension au domaine de la microscopie permet
d’étudier la colocalisation de molécules uniques in vitro et in vivo avec une résolution de
I'ordre du nanomeétre. Ces avancées bénéficient autant a la chimie qu’a la biologie ou a la
physiquePour citer cet article: X. Michalet, S. Weiss, C. R. Physique 3 (2002) 619-644.
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Abbreviations
APD: Avalanche Photodiode
CCD: Charge-Coupled Device
CW: Continuous Wave
DNA: Deoxyribonucleic Acid
FRET: Fluorescence Resonance Energy Transfer
GFP: Green Fluorescent Protein
NA: Numerical Aperture
NC: Nanocrystal
NSOM: Near-Field Scanning Optical Microscopy
PMMA: Polymethylmethacrylate
PMT: Photomultiplier Tube
QE: Quantum Efficiency
SERS: Surface-Enhanced Raman Scattering
SMS: Single-molecule Spectroscopy
NR: Signal-to-Noise Ratio
SBR: Signal-to-Background Ratio
TIR: Total Internal Reflection

ZPL: Zero-Phonon Line

1. Introduction

With the completion of sequencing projects of several organisms, the continuous accumulation of protein
structures and the elucidation of biochemical pathways, scientists are progressively achieving what could
be described as an index of the book of life. However, life is a dynamic process unfolding in three
dimensions, and there still remains the daunting task of fully describing the spatio-temporal location and
conformation of all these indexed components, as well as their complex interactions. Techniques using
gene- or protein-chips, X-ray diffraction, NMR, yeast two-hybrid, phage display, etc., allow part of this
information to be uncovered, but they lack the sensitivity needed to unravel the details and dynamics of
individual molecular events. The reason is that these measurements performed on ensembles of molecules
are statistical and often static by design: they only yield average information, concerning final stages
of reaction paths or conformational changes. These averaging processes are several-fold: averages over
molecular heterogeneity (e.g. chemical composition or spatial conformation) and averages over different
or changing local environments. Dynamic processes studied by ensemble measurements cannot separate
molecules exhibiting fast or slow reaction times, although such differences are expected from the stochastic
nature of any chemical process. Moreover, since synchronization of an ensemble of molecules is hard
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to achieve and impossible to maintain, individual molecular dynamics and kinetics are rarely accessible.
To disentangle the contributions of these various factors, it is crucial to be able to probe the behavior of
individual molecules. This can be done by isolating molecules (e.g. by dilution) or by using a probing
method that is effectively site or molecule specific.

Optical spectroscopy methods are especially adapted to this purpose, for their non-invasiveness and
sensitivity to molecular conformation and environment, via changes in the electronic structure. At cryogenic
temperatures, spectroscopic studies of single molecules and their evolution under the influence of different
external parameters allow precise tests of molecular quantum electrodynamics and microscopic theories of
coupling with their environment [1,2]. At higher temperature, they give access to the temporal evolution
of different nanodomains of a bulk material (crystal, glass) in which single molecules are embedded as
reporters of their environment [3,4]. In biological and biochemical processes, whose building blocks are
often individual molecules (ribonucleic acid — RNA — molecules, enzymes, motor proteins, etc.), the ability
to fully understand their dynamic behavior at the single-molecule level is of outmost importance [5-7].
Developments of reliable and versatile fluorescent labeling techniques have made most of these molecular
events amenable to microscopic observation at the single-molecule level [8]. Finally, nanometer resolution
imaging and single photon-emitter detection is a prerequisite of the full development of the promises of
nanotechnology and quantum computing [9]. Single-molecule experiments and methods have thus pervaded
an ever increasing number of research fields.

This article reviews single-molecule spectroscopy and microscopy (SMS) techniques and applications,
focusing mainly on the fluorescence emanating from a single emitter (fluorophore). After a historical
overview presented in Section 2, the principles underlying single-molecule fluorescence spectroscopy
approaches are introduced in Section 3. Section 4 covers important photophysical properties of molecules
and presents microscopic and spectroscopic approaches available to the experimentalist. Section 5 describes
some applications of these techniques, focusing on physical properties of materials and biological
applications of single-molecule spectroscopy. The last part briefly outlines the future prospects of single-
molecule approaches. A number of recent reviews [2,5,10,11,13,14] or books [10,15,16] can be consulted
for complementary points of view.

2. Historical overview

The first (though unsuccessful) attempt to probe individual fluorescent molecules is probably due to
Jean Perrin almost a century ago [17]. Although E.A. Synge proposed an experimental scheme allowing
in principle the performance of nanometer resolution microscopy in 1928, thus predating near-field optical
microscopy by over 50 years [18-20], single-molecule measurements were first successfully performed
with non-optical methods. For instance, the patch clamp technique developed by Neher and Sackmann
allowed recording of ion translocation through a single ionic channel embedded in a cell membrane [21].
Later on, scanning tunneling [22] and atomic force microscopy [23] opened the way to molecular scale
investigations on surfaces [24,25], complementing electron microscopy. Only recently have optical methods
reached the sensitivity required to detect [26,27], image [28], manipulate [29] and follow the spectroscopic
evolution of single fluorophores on surfaces [30], in solids [31], liquids [32] and fluid membranes [33] as
well as inside live cells [34,35].

Single-molecule spectroscopy was initially demonstrated in a system of pentacene molecules embedded
in a p-terphenyl host crystal at liquid helium temperature [1,26]. Absorption spectroscopy in this system
takes advantage of the narrow zero-phonon absorption line (ZPL) of the rigid pentacene molecule,
corresponding to the transition from the electronic ground state to the first excited state. The position in
laser-frequency space of each molecule’s ZPL indeed depends on the local fields, allowing for a precise
molecular selectivity. However this approach is limited to few molecule—host pairs and requires cryogenic
temperatures due to broadening of the ZPL above 10 K. A more convenient variant of this approach was
developed soon thereafter, using fluorescence emission spectroscopy [27,31]. The ability to separate the
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Stokes-shifted fluorescence emission from the excitation resulted in a larger signal-to-noise ratio. These
molecule-host pair systems have been recently studied at room temperature, providing different types of
information [36,37].

The successful detection of a single antibody molecule labeledwit@0 fluorophores by total internal
reflection (TIR) microscopy was first demonstrated by Hirschfeld in 1976 [38]. Single fluorophore detection
at room temperature was first achieved using standard flow-cytometry methods [32,39]. Single molecules
randomly passing through the excitation volume gave rise to sudden bursts of photons emitted during their
brief transit. Initially developed for rapid DNA sequencing, this simple approach is now widely used for
more sophisticated studies in its confocal version [40], and benefits from developments in fluorescence
correlation spectroscopy (FCS) [41,42].

The first image of a single molecule at room temperature was obtained using near-field scanning
optical microscopy (NSOM) [28], rapidly followed by similar achievements using far-field confocal
microscopy [43] trading spatial resolution for enhanced ease-of-use. These approaches based on sample
scanning have advantages and disadvantages that will be discussed in the following. TIR and wide-field
epifluorescence imaging are now efficiently used to image and study the two-dimensional and three-
dimensional diffusion trajectories of single fluorescent molecules [33—-35].

3. Requirements for single-molecule sensitivity

3.1. Detection: signal, background and noise

Observing single molecules may be as challenging as finding a needle in a haystack if background, signal
and noise are not carefully optimized. Fig. 1 illustrates simple principles involved in single-molecule optical
excitation and detection. Photon absorption leading to fluorescence emission is chiefly characterized by a
cross sectiow and fluorescence emission by a quantum y@lthumber of emitted photons per absorbed
photon). The optical setup transmits an excitation poReat a frequency, resulting in a signal rate
s = EQo P/Ahv expressed in counts per second (cps or Hz). This rate is proportio®glAovhere A
is the cross section of the excitation beam in the plane of the moleEukethe collection efficiency of
the setup. The environment adds a background#gier unit-volume and unit-excitation power (due to
remnant Raman or Rayleigh scattering, fluorescence of the substrate or of the detection optics, etc.), and
the detector, a dark count rateA first important quantity is the signal-to-background raBR):

. EQo
T bVAWY'

(1)

If the noise from the readout electronics can be neglected (it is independent from the integration time),
a measurement of duratiarwill yield the following signal-to-noise ratioSNR):

T
R= . , )
V(s +bVP+d)T
whereV is the excited volume. The denominator is the root mean square of all contributions to the shot-
noise (a shot-noise limited signal follows a Poisson distribution, whose variance equals its mean value).
The SNR obviously increases at larger integration time-or negligible dark count rate,

SNR= /57 (14 SBRY) 2

(3)

A large SBR results in an optimaBNR which depends only on the count ratend integration timer.

A poor SBR reduces th&NR compared to this optimal value. Both ratios can be increased by improving
the collection efficiencyt, and theSBR can be further improved by decreasing the excitation voliime

A larger excitation power (as long as saturation is not reached, see Section 4.2) or a longer integration
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Figure 1. Signal, background and noise issues in single-molecule detection. (a) In a single-molecule spectroscopic
experiment, excitation light (power, frequencyv) is focused on the sample through an optical elemantabjective
lens, fiber tip), exciting a diffraction-limited volume of cross sectibrepresented by an ellipsoid in the expanded
view. The absorption process is characterized by an absorption cross seeafoithe emission by a quantum
yield Q. The background contribution per watt of incident powel,isshereas the detector will have a dark count
rated. The signal is collected by an optical element (Possibly confounded with ), and further guided to the
detector, with an overall efficiency. (b) The signal of a single molecule can be separated from that of other
molecules if the probability to find two or more molecules in the probed volume is negligible. This can be obtained
either by a low concentration, or by reducing the excitation volume. (c) If each molecule in the excited volume can be
characterized by a different spectral property (which can depend or not on its exact environment), it is possible to use
very selective excitation or detection techniques to probe just one molecule in the sampled volume (the black sphere in
the ellipsoid). (d) Excitation volume for a NSOM setup. The near field decays exponentially over a few tens of
nanometers away from the tip aperture (diametdi00 nm). It strongly depends on the tip shape and surface distance,
as well as input polarization among other parameters [28]. (e) Excitation volume for a TIR setup. The evanescent field
decays exponentially away from the interface with a decay lesgéth /4 (n? sir? 6 — n3)Y/2 ~ 3. /5, wheren is
the glass refraction indexy the liquid (or air) refraction index, antlthe angle of incidence of the totally reflected
beam. The lateral extent of the excitation depends on the beam expansion [128]. (f) Excitation volume in a confocal
setup. The full widths at half maximum for non polarized light are (scalar approximaigny}: 0.51./NA~ A /2 and
W, =0.441/n sinz(oz/Z) ~ A, whereNA = n sina is the numerical aperture [52].
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time will improve theSNR without affecting theéSBR. The value of the residual background ratean be
reduced by a careful choice of buffer, embedding matrix or immersion medium, and rejection filter or use
of a confocal design.

Typical values for the above parameters in the case of a confocal microscopy study of freely diffusing
fluorescein isothiocyanate (FITC) in water, using silicon avalanche photodiode detectors (APD) are:
E=1020=0.85,0=28-101%cm? A =1 pn?, A =525 nm,bV = 100 Hz/puW, d = 100 Hz. With
an excitation power of 100 pyW and a 1 ms integration time, a count rate of 73 ¢mstsn be obtained,
of which 7 come from the background sources, leadingINR~ 7 andSBR ~ 6. Although these are good
figures, they have to be balanced by the fact that single molecules have a finite life span. Single molecules
in an oxygen-rich environment typically emit on the order of pbotons before irreversible degradation
(photobleaching). With the above parameters, this amounts to a total emissidt66fms. This is enough
to observe freely diffusing molecules during their transit time of a few hundred ps. For an immobilized
molecule however, it sets a stringent limit on the total duration of a single-molecule observation, and all
efforts are put on reducing the excitation volume and intensity, as well as background sources.

3.2. Criteria of singleness

In addition to SBBR and S\R issues, care has to be taken to ensure that the collected signal originates
from a single molecule. This is not just a purist's concern. As well designed as an experiment may
be, there is always the possibility that two or more fluorescent molecules occupy the diffraction-limited
excitation volume (typically, several hundred nanometers acroid] in volume). If intensity fluctuations
(or variations of any other spectroscopic characteristics) are observed, they can be due to single-molecule
dynamics, environment changes, but they could as well reflect the random mixture of emissions from nearby
molecules. It is thus critical to eliminate this unneeded source of uncertainty. Two different strategies can
be envisioned to limit this risk:

(i) work at low concentration, such that at most one molecule is present in the excitation volume
(Fig. 1(b)), or equivalently, minimize the excitation volume;
(ii) use a selective excitation or emission detection protocol, such that only one molecule is excited or
detected within the sampled volume (Fig. 1(c)).
The first and most common strategy is for instance illustrated in the experiment presented in Fig. 2, in
which a dilute solution of fluorescent molecules yields separate bursts corresponding most of the time to
transits of individual molecules through the diffraction-limited focal spot of a microscope objective [44].
The second strategy requires fluorophores having either separable excitation or emission properties, and was
adopted in the first pentacefeterphenyl ZPL studies evocated previously [26,27]. In these experiments,
each pentacene molecule had a different, narrow peak absorption frequency depending on its microscopic
neighborhood, to which the laser could be fine-tuned. Despite the large area excited by the laser beam, no
other molecules were excited because they were all out of resonance, resulting in a clear single-molecule
signal. The alternate scheme, in which nearby fluorophores are distinguished by their emission properties
(e.g. fluorescence lifetime [45] or spectra [46,47]) will be illustrated with fluorescent semiconductor
nanocrystals later on.

Once experimental conditions favoring single-molecule detection are satisfied, a number of criteria
have to be met to ascertain that the observed signal actually comes from a single emitter [11,28]. These
criteria, summarized in the following list, are direct consequences of common photophysical properties of
fluorophores, which will be described in the next section:

(i) The observed density of emitters is compatible with the known concentration of individual molecules
and scales with the original bulk concentration.
(i) The observed fluorescence intensity level is consistent with that of a single emitting molecule.
(iif) Each immobilized emitter has a well-defined absorption or emission dipole (for organic dyes usually
linear, but planar for other emitters such a fluorescent semiconductor nanocrystal [48]).
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Figure 2. Single-molecule fluorescence burst detection. (a) Schematic of a confocal setup used for single-molecule
fluorescence detection. A collimated laser beam is focused through &lAighjective in a liquid ccontaining
chamber. Molecules diffusing through the diffraction-limited excitation volumé €l) emit photons during their
passage, which are collected by the same objective. A dichroic mirror (D1) separates excitation and emission
wavelengths. The emitted light is focused on a pinhole (ph) in order to reject out-of-focus background light, and
finally recollimated onto two different APDs after spectral separation by a dichroic mirror (D2). Filters specific for
each channel (& acceptor channel,d=donor channel) may be used to improve spectral separation. (b) 5 s time trace
of recorded bursts for a 30 pM solution of doubly labeled DNA in 20 mM sodium phosphate buffer. The DNA
constructs are used for distance measurement (detailed in Fig. 7) and have a TMR fluorophore attached to one end of
the DNA molecule and a Cy5 fluorophore attached todtiebase from the end. The time traces correspond=tdl 2.
Green: TMR fluorescence (donor); red: Cy5 fluorescence (acceptor). The laser excitation (0.6 mW, 514 nm) is focused
10 pum within the solution through an oil immersion objective (numerical aperture: 1.4). For each detected photon, the
APD generates a pulse, which is recorded by a computer-embedded acquisition board. Counting these events into
200 ps bins, the resulting time trace exhibits distinct bursts distributed randomly in time, with duration and amplitude
corresponding to a Brownian diffusion of individual molecules through the excitation volume.
(b) Adapted with permission from Ref. [44]. Copyright 1999, the National Academy of Sciences USA.

(iv) Fluorescence emission exhibits only two levels (on/off behavior due to blinking or photobleaching)
over time scales where no changes in the environment are expected [49].

(v) If there are two or more emission levels, photophysical property changes are correlated with
blinking [50].

(vi) The emitted light exhibits antibunching, which is characteristic of a single quantum emitter [51].

The main source of ambiguity comes from blinking. A fluctuating, non-blinking intensity recording
might come for instance from a single molecule that undergoes rotation, or whose environment changes
over time. It might also come from the superposition of the blinking or fluctuating behavior of a few
molecules. This latter case is easily detected on an antibunching curve: for several molecules, coincident
emission of photons by the different molecules are likely and will result in an autocorrelation function
that does not cancel out for zero time-delay. However, for a small number of blinking molecules (say,
two), the total number of coincident emissions might be too low to reject the single-molecule hypothesis
with the antibunching curve only. In this case, monitoring a photophysical property (spectrum, lifetime)
simultaneously with the intensity fluctuations may resolve the issue. Indeed, for a set of two molecules
having different photophysical properties (for instance, a different spectrum), observing repeated spectral
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fluctuations consecutive to blinking events would require a perfect synchronization of the on/off switching
of both molecules, an unlikely situation.

3.3. Embodiments

3.3.1 Acquisition geometries

The above constraints and criteria for single-molecule sensitivity and/or localization accuracy are fulfilled
differently in the various types of acquisition geometries most commonly encountered. A first distinction
can be made between point detection and wide-field detection schemes, and each category can be divided
according to the chosen type of excitation and detection.

Point-detection schemes encompass confocal and near-field scanning optical microscopies. By construc-
tion, the excitation volume has a dimension of the order of the excitation wavelength for confocal mi-
croscopy (Fig. 2) [52], and of the tapered fiber corel00 nm) for NSOM (Fig. 3) [20]. These geometries
allow the acquisition of fluorescence time traces of immobilized molecules with high temporal resolution,
as well as fluorescence lifetime information [43], but they are rather slow for imaging single molecules.
They require a total time per frame proportional to the number of pixels in the image, with a typical time
per pixel of the order of a few ms (required for go8dR). Confocal microscopy is also extensively used
for the study of freely diffusing molecules in solution or embedded in fluid membrane (lipid bilayer of cell
membranes) by FCS [41,42], as illustrated in Fig. 2.

Wide-field detection schemes use either epifluorescence illumination with lamps [53], defocused laser
excitation [33], or TIR excitation [54,55]. Using wide-field imaging is necessary for particle tracking
studies, but can also be preferred over single-point detection for simultaneous observation of separated
individual molecules. This reduces the amount of time needed to accumulate a statistically significant
number of observations. It is especially relevant for experiments in which irreversible processes are
triggered by modification of an external parameter. Although they allow faster image acquisition than

(@ (b)

wu G|

100 nm
1 um

Figure 3. Near-field scanning optical imaging of single molecules at room temperature. (a) Schematic of a near-field
scanning optical microscope setup used for single-molecule imaging. An aluminum-coated tapered optical fiber
(raster-scanned at nanometer distance from the sample) with a sub-wavelength aperture (5-10 nm) serves as a
wave-guide for laser excitation. Shear-force feedback keeps the tip at a constant distance from the sample, resulting in
a signal used for nanometer-resolution topographic reconstruction of the scanned area. The excitation volume and the
corresponding local evanescent electric field are detailed in the expanded view. Fluorescence light emitted by
individual molecules is collected by an oil immersion, high NA objective and recorded by an APDx(b)mn2 area
of a polymethylmethacrylate (PMMA) coated coverslip on which a diluted methanol solution of a lipophilic
carbocyanine dye, dil, was deposited. Scanning was performed with randomly-polarized light. (c) Orientation of
the corresponding individual emitting dipole determined by modeling the field distribution (expanded view in (a)),
simulation of the absorption intensity with polarized excitation and comparison with data obtained at two different
excitation polarizations.
(a) Adapted with permission and (b, c) reprinted with permission from Ref. [28]. Copyright 1993, the American
Association for the Advancement of Science.
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point detection setups because all pixel values are recorded simultaneously, readout noise effectively limits
transfer rates to a few images per second. Higher frame-rates can be achieved when smaller regions of
interest are studied [33,53].

3.3.2 Detectors

Similar considerations hold on the detector side, where a trade-off has to be made between time-
resolution and quantum efficiency (QE). For instance, until recently, photomultiplier tubes (PMT) had a
QE of 10-20% in the visible spectrum but very good time resolutio2@ ps) [56], whereas silicon APD
have typical QE of 70% in the visible, but ony 400 ps resolution. Both kinds of detectors, used in the
photon-counting, mode have a maximum count-rate of a few MHz [57-59]. New progress in photocathode
technology (using GaAsP photocathodes) should increase the QE of PMT to values closer to that of APDs,
making them attractive detectors for beam scanning confocal microscopes because of their larger sensitive
area.

For observation techniques based on wide-field detectors, back-thinned charge-coupled devices (CCD)
have QE in the~ 90% range, but a usable readout rate limited to a few frames per second by readout
noise (which should thus be included in Eq. (2)). Intensified CCDs (ICCDs) overcome the readout noise
limitation by signal amplification, for instance with MCP, allowing higher frame rates, but at the price of
a much lower QE (10-20%). The recently demonstrated Electron Multiplying CCD (EMCCD) technology
should permit progress in frame-rate as high as 10 MHz [60]. Finally, although based on MCP technology
(low QE), time-resolved 2D detectors provide subnanosecond temporal resolution, allowing lifetime as well
as spectral information to be recorded simultaneously [61,62].

4. Types of spectroscopy and microscopy

4.1. Fluorophores

A variety of fluorophores have been investigated with single-molecule spectroscopy techniques. Fluores-
cent organic molecules [28], green fluorescent proteins (GFP) [63] and other fluorescent proteins [64,65],
conjugated polymers (J-aggregates) [66], light-harvesting complexes comprising several fluorophores act-
ing effectively as a one quantum emitter [67,68], dendrimers [69] or semiconductor hanocrystals (NCs) [70]
are but a few examples of systems which have been extensively studied at cryogenic as well as at room tem-
perature. Each of these systems exhibit fluorescence based on specific processes, which, for lack of space,
cannot be described here [59]. Although initial experiments studied fluorophores for their own sake, SMS
has now reached the stage where fluorophores can be confidently used as reporters of other non-fluorescent
single-molecule species. A recent article reviews the active field of biolabeling in this perspective [8].

Nonetheless, since most applications of SMS in biochemistry and biology use fluorescent dyes as labels
of proteins, DNA and RNA molecules, a simple model valid for single fluorescent dyes will be presented,
allowing a presentation of the different parameters accessible with SMS.

4.2. Fluorescence emission

Fluorescence consists in the emission of a photon by a molecule returning from an excited electronic level
to the ground state (singlet stafg). Being spin-allowed, the transition is usually rapid, in the ns range
(in contrast to phosphorescence, a process characterized by spin-forbidden, much slower de-excitation
transitions [59]).

Excitation and emission processes are represented by a Jablonski diagram (Fig. 4(a)) depicting the initial,
final and intermediate electronic and vibrational states of the molecule. Fast intramolecular vibrational
relaxations result in emitted photons having a lower energy than the incident ones. This so-called Stokes
shift allows a simple separation of the emitted fluorescence from the excitation light.

Upon excitation to the first excited state, the molecule has a certain probability to be shelved in a non-
emitting triplet state from microseconds to milliseconds, resulting in ‘dark’ or off-states (Fig. 4, (b) and (c))
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Figure 4. Single-molecule fluorescence. (a) Jablonski diagram for fluorescence (at room temperature). Upon
absorption of a photon of energya close to the resonance energ, — Es,, a molecule in a vibronic sublevel of
the ground singlet statfy is promoted to a vibronic sublevel of the lowest excited singlet statélon-radiative, fast
relaxation brings the molecule down to the lowgsgisublevel in picoseconds. Emission of a photon of energy
hve < hvg (radiative ratéy) can take place within nanoseconds and bring back the molecule to one of the vibronic
sublevels of the ground state. Alternatively, collisional quenching may bring the molecule back to its ground state
without photon emission (non-radiative ratg). A third type of process present in organic dye molecules is
intersystem crossing to the first excited triplet stBidratek sc). Relaxation from this excited state back to the
ground state is spin-forbidden and thus the lifetime of this state is in the order of microseconds to milliseconds.
Relaxation to the ground state takes place either by photon emission (phosphorescence) or non-radiative relaxation.
The fluorescence lifetime is defined by= 1/ I" = (kr + knr) L. (b) Fluorescence time trace (40 ms excerpt) of a
Texas Red (TR) molecule attached to a 20-nucleotides long single-stranded DNA molecule immobilized on a silanized
glass coverslip [71]. The confocal setup used is similar to the one depicted in Fig. 2. Excitation: CW 514 nm,
circularly polarized, 6 kWem?, binning: 200 ps. On- and off-states (the latter corresponding to the molecule being in
the triplet state) alternate stochastically. (c) Histograms of on-state count (left) and off-state duration (right) for the
time trace partially shown in (b). The decay parameters of the exponential fits (solid line) are indigated.2 ms
is the triplet state Iifetimel.vo_nl = kisc = 1.7%. (d) Intensity dependence of the emission rate of a single Texas Red
molecule. The data departs from a linear dependence because of saturation due to intersystem crossing. The fitted
curve yields a saturation rate 8% = 6.5 MHz and a triplet lifetime = (kjsc - Rg)~1 = 10 ps. The difference
between this value and the value obtained in (c) illustrates the heterogeneity uncovered by single-molecule
measurements. (e) Spectral jumps of a single Texas Red fluorophore attached to a single stranded DNA molecule [75].
Solid line: long wavelength channel, dotted line: short wavelength channel. ds: dark state, sj: spectral jump, no sj: dark
state not followed by a spectral jump. Cases where spectral jumps are observed without noticeable dark states may
still correspond to dark states with durations shorter than the time resolution of the experiment.
(a)—(c)Adapted with permission from Ref. [71]. Copyright 1997, Elsevier Science B.V. (e) Adapted with permission
from Ref. [75]. Copyright 1996, | EEE.
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[27,71,72]. This results in a saturation of the emitted countRagEig. 4(d)) according to:

1/1s
S1+1/1s

(4)

where the saturation intensity i& ~ 10-100 kV\/cm2 and the saturation rat®s ~ 1-20 MHz for

typical fluorophores [59]. This puts a limit iBNR enhancement due to saturation of the emitted signal
(‘triplet bottleneck’). Other (if not all) fluorescent single molecules like GFP [63] or semiconductor
nanocrystals [70,73,74] exhibit similar dark state intervals, although for different reasons (different long-
lived dark states for GFP [63], Auger ionization or surface trapping of carriers for NCs [73]). Finally,
spectral jumps can also be observed as illustrated in Fig. 2(e) [75]. This phenomenon results from a
shift of absorption and emission maxima due to the changing environment of the molecule or a sudden
conformational change of the molecule itself [30,31,76,77]. The corresponding changes in excitation and
emission spectra are noticed by sudden fluctuations in the emitted intensity (due to wavelength dependence
of the absorption cross section).

4.3. Fluorescence lifetime

A fluorescence photon is typically emitted within nanoseconds after absorption of the excitation photon.
The decay law (or probability distribution of emission times) is usually mono-exponential, characterized
by a lifetime r = ' = (ky + knr)~1, wherek; and kn, are the radiative and non-radiative decay rates
respectively (Fig. 4(a)). However, the lifetime depends on the emission spectrum (which can change
due to spectral shifts) and the local environment. For instance, the proximity to a dielectric or metallic
surface markedly modifies the fluorescence lifetime via perturbations of the intramolecular transition
matrix elements [43,76,78,79]. Fluorescence lifetime is in any case a sensitive probe of the environment
of the molecule (Fig. 5). In addition, use of time-gated techniques to reject photons immediately after the
excitation pulse is often a way to eliminate most of the background signal not rejected by filters (e.g. Raman
scattering) [32].

Due to the ns-lifetime of most fluorophores, single-molecule lifetime measurements require using
a pulsed laser source with picosecond or femtosecond pulse-width and time-correlated single-photon
detection and analysis techniques. Once an expensive investment and a quite sophisticated technical
challenge, the recent apparition of relatively inexpensive pulsed laser diodes and integrated electronics on
a PC-board associated with software tools [45,80] will certainly extend its use in single-molecule analysis.

4.4. Fluorescence polarization

The efficiency of photon absorption by a fluorophore is proportionaléo )2 where E represents
the local electric field angi the absorption dipole moment of the fluorophore [59,81,82]. For a fixed
fluorophore, recording the emitted fluorescence upon modulation of the excitation linear polarization allows
the determination of the absorption dipole orientation (the emission dipole being generally nearly parallel
to it). This information in turn allows the determination of the spatial orientation of the fluorophore [76,
77,83]. For a mobile molecule however, more information is needed, since the emission dipole may
have time to tumble significantly during the few nanoseconds between absorption and emission [84].
The emission polarization is needed to fully recover the relevant information, as illustrated in Fig. 6.
Different experimental schemes can be used, among which the near-field scheme (Fig. 3) and the confocal
scheme (Fig. 2). In particular, it is important to recover the projection of the polarization on more than
two orthogonal axes. This can be achieved in different ways in wide-field imaging approaches using TIR
and taking advantage of aberrations induced by index mismatch in high numerical aperture objectives [85],
defocalization effects [86] or excitation with alternating polarizations [82]. Other approaches using confocal
scheme and using amplitude [87] or phase masks [88] allow a complete determination of this orientation.
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Figure 5. Lifetime measurements. (a) Schematic of a lifetime measurement setup. BS: beamsplitter used to deflect

part of the incident pulse towards a fast photodiode (PD); DBS: dichroic beam splitter used to spectrally separate

incident from emitted light; BP: band pass filter further rejecting stray light; APD: avalanche photodiode. For each
detected photon, the APD emits a pulse, which is fed to the start input of a time-to-amplitude converter (TAC). A stop

pulse from the laser immediately follows it (regularly emitted at a ratz{&T), allowing the measurement of the
separation between both pulses. A multichannel analyzer (MCA) histograms the arrival times, resulting in the curves
shown in the right part of (b)—(d). (b)—(d) Fluorescence images (left panels), corresponding spectra (middle), and
fluorescence decays (right) for two molecules located at a PMMA-air interface. The peak emission wawglength
was 560 nm in (b) and 578 nm in (c). Lifetimes were fit to a single exponential (dotted curves), with decay times of
t = 2.56 ns (b) and 3.20 ns (c). An ensemble measurement of spectrum and fluorescence decay averaged over several
hundred of molecules is shown in (d). The ensemble valuesEre565 nm andr =2.70 ns.
(b)—(d) Adapted from Ref. [43]. Copyright 1996, the American Association for the Advancement of Science.
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Figure 6. Polarization measurements. (a) Experiment schematicelectric field, making an angte with the p
polarization axis. The excitation propagates along axighich is also the collection axigz andjie are the
absorption and emission dipole moments, initially alignedepresents the rotational diffusion of the emission dipole
during the excited lifetime. The dipole is supposed to be confined in a cone positioned at apgaogected on the
(s, p) plane, and having a half-anglepmax. A polarizing beam-splitter (PBS) splits the collected emission in two
signalsly and,, which are simultaneously recorded by APDs. (b) Simultaneously recdgdéthck) andl, (gray)
of a molecule rapidly rotating in liquid. (c) Same data as in (b), but average over the 11 ‘on’ periods. The fit
corresponds to &¢max close to 90 (freely rotating molecule) and permits determination of the constrained
rotational diffusion parameter.
(a)—(c)Adapted with permission from Ref. [84]. Copyright 1998, the American Physical Society.

In the case of a planar degenerate transition dipole as exhibited by nanocrystals or some highly symmetric
molecules, a simpler approach using variable polarization excitation provides the 3-dimensional orientation
of the molecule [48].

4.5. Fluorescence resonance energy transfer

A special case of local influence of the environment on fluorescence is encountered in fluorescence
resonance energy transfer (FRET, see Fig. 7(a)), first described theoretically by Forster in 1947 [59,89,90].
In case of the presence of a nearby (acceptor) molecule having an absorption spectrum overlapping the
donor emission spectrum, part of the energy absorbed by the donor is transferred non-radiatively to the

acceptor with an efficiencg given by:
NN
= (v (i)) ©

wherer is the distance between the two emitting centers Bqis the Forster radius (in A):
Ro=a(xk®n~*QpJ (1)"°. (6)
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Figure 7. Single pair fluorescence resonance energy transfer. (a) Jablonski diagram for FRET. Fluorescence energy
transfer involves two molecules: a donor D and an acceptor A whose absorption spectrum overlaps the emission
spectrum of the donor. Excitation of the acceptor to the lowest singlet excited state is a process identical as that

described for single-molecule fluorescence (Fig. 2(d)). In the presence (within a few nm) of a nearby acceptor
molecule, donor fluorescence emission is largely quenched by energy transfer to the acceptor by dipole—dipole
interaction. The donor exhibits fluorescent emission following the rules outlined in Fig. 2(d). (b){Di¥Astructs
used for the FRET distance study. Tetramethylrhodamine (TMR) is attached toethd &f the DNA and Cy5 is
attached to thath base from the endi(= 7, 12, 14, 16, 19, 24 and 27). (c) FRET histograms extracted from time
traces for DNAs 7, 12, and 19, as shown in Fig. 2(b). Double Gaussian fits extract numbers for the mean (width) of the
higher efficiency peak of. 95+ 0.05, 075+ 0.13, and 88+ 0.21, respectively. The peak around zero efficiency
corresponds to bleached or inactive acceptor molecules. (d) Mean FRET efficiencies extracted from FRET histograms
plotted as a function of distance for DNA 7, 12, 14, 16, 19, 24, and 27. Distances are calculated using the known
B-DNA double helix structure. The solid line corresponds to the expected Forster transfer curig withs A.
(b)—(c) Adapted with permission from Ref. [44]. Copyright 1999, the National Academy of Sciences USA.

In this complex expression; = 9.78 - 10°, n is the refractive index of the mediun@p the donor
fluorescence quantum yield in the absence of the acceptor/gndis a spectral overlap integral (in
M~L.cm3). «2 is a geometric factor, which averages out & 2 the case of freely rotating dyes. Typical
order of magnitude foRg is a few nanometers, which sets the range of distances within which this effect is
measurable. FRET is thus very sensitive to the donor—acceptor distance, which makes it a useful molecular
ruler [91]. Experimentally, the efficiency is measured as a function of the recorded @@y)aand acceptor
(Fa) emissions (dual-channel measurement) via:

-1
@@) | -

E=(1+«
( Fa Opb

where Qa and Qp are the fluorescence quantum yields of the donor and acceptor, respectively, and
is a correction factor accounting for the different channel detection efficiencies. An illustration of this
utilization is given in Fig. 7, (b)—(d), where different predefined distances between donor and acceptors are
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set by rigid double-stranded DNA molecules [44]. The corresponding donor—acceptor distances are readily
measured on diffusing molecules, with subnanometer precision.
Alternatively, the transfer efficiency can be measured via the fluorescence lifetimes as

E=1-12® (8)
TD(0)

whererpa) andrp(g) are the donor lifetimes in the presence or absence of acceptor, respectively [92].

4.6. Other spectroscopies

Although most single-molecule experiments use one-photon fluorescence excitation because of its
relatively large cross section(10-16 cm?), other types of spectroscopic techniques can be used at the
single-molecule level. Fluorescence can for instance be excited via a two-photon absorption process,
whereby a laser excitation with half the photon energy needed to attain the excited state is used [93].
However, due to the very low cross section (e.g. 38 °9 cm?-s-photorr ! at 780 nm for FITC [94])
and the quadratic dependence in the incident power (two simultaneous photons are needed for excitation),
an excitation power several orders of magnitude larger than for one-photon excitation is needed. In
compensation, excitation takes place in a substantially reduced volume of the sample, reducing the out-of-
focus background contribution and bleaching. However, the higher power required increases the probability
of photobleaching due to the increased probability of photochemical degradation in the long-lived triplet
state and the interplay of multi-photon ionization processes [95].

Although Raman scattering cross sections 1020 cn?) are orders of magnitude lower than
fluorescence absorption cross section, they can be enormously amplified if the single molecule is trapped
in a so-called ‘hot spot’ of a metallic nanoparticle, giving rise to surface-enhanced Raman scattering
(SERS) [96]. Highly resolved vibrational information can be recovered, exhibiting much more stable
emission than fluorescence. Moreover, this technique can be applied to non-fluorescent molecules. Similarly
to fluorescence, the technique can be extended to non-linear (two-photon) regimes, as in surface-enhanced
hyper-Raman scattering and surface-enhanced anti-Stokes Raman scattering [97]. However, since they
require the single molecule to be located on rare sites of a metallic particle, these methods have only been
applied to fundamental chemical studies of molecular species.

Finally, electron transfer can significantly perturb the lifetime of a dye by opening a new non-radiative
path in the Jablonski diagram of the molecule (Fig. 4(a)). It was first demonstrated at the single-molecule
level in a dye-photosensitization system inspired by chemical solar-cell science [98] but has the potential
to become a powerful molecular ruler at the angstrom level in chemistry and biochemistry [99].

4.7. High-resolution localization

High-resolution localization of nanometer-sized objects (nanogold particles [100] or motor proteins
coupled to micrometer-sized latex beads [101]) with light-microscopy was first made possible by digitally-
enhanced video recording. Nanometer-resolution localization of the center of mass of these objects is
simply obtained by fitting the expected microscopic image to the observed one or by simple centroid-
finding algorithms [102]. Both methods rely on the goSdR that can be obtained at video-rate in
these high-contrast bright-field images. In fluorescence microscopy, the image of an emitting object of
dimension smaller that the emission wavelength (point-like object) is identical to the response function
of the microscope (or point-spread function, PSF), typically close to an Airy function with micrometer
dimension [103]. As in bright-field microscopy, localization of point-like fluorescent sources can likewise
be achieved with nanometer-resolution in three dimensions provide@NReis large enough [104].
Extension of the previous approaches to single fluorescent molecules had to await improvements in
sensitivity allowing acquisition of images with go&R before photobleaching of the molecule occurred.

633



X. Michalet, S. Weiss / C. R. Physique 3 (2002) 619-644

75
50 b

+25

.

Figure 8. Semiconductor nanocrystal colocalization. (a), (b) Mixture of green (Em: 540 nm) and red (Em: 620 nm)
NCs excited at 488 nm (excitation power: 200 nW incident or 32,&?\1\? peak irradiance, integration time:
50 mg/pixel) and imaged in a custom-made confocal microscope using APD detection (see Ref. [108] for details).
Green and red channel images of a 1 um2 scan (pixel size: 50 nm, scale bar: 200 nm). The yellow crosses indicate
the fitted PSF centers. The image intensity profiles along the two lines are represented as bar graphs; the black curve
corresponds to the 2D elliptical Gaussian fit. (c) Overlay of the two channels. The green and red dashed crosses
indicate the centers of the green and red PSFs, respectively. (d) Histograms of the fitted centers distribd@on of
bootstrap simulations of each channel. Each probability distribution has a width of a few nanometers, corresponding
to the uncertainty of the nanocrystal positions. Coordinates indicate absolute position (in nm) of the closed-loop
piezo-scanner. These probability distributions are well fitted by 2D tilted Gaussians. The measured distance is
25+ 7 nm.
(a)—(d)From Ref. [108]. Copyright 2001, Academic Press.

Although single-molecule imaging was first achieved using NSOM (Fig. 3) [28], scanning (Fig. 5) [43]
and non scanning far-field approaches [33] offer several advantages among which ease of use stands
first. High-resolution localization of fluorescent molecules by PSF fitting works, however, as long as
individual molecules are well separated. It fails for distances slightly smaller than that given by the Rayleigh
criterion [105], due to the overlap of the individual molecules’ PSFs. Two direct strategies have been
proposed to go beyond this limit: one is based on using different spectral characteristics to distinguish
between nearby molecules [46,47,75,106], the other is based on reducing the size of the PSF in two or
more dimensions [107]. For instance, Fig. 8 presents an example of nanometer-resolution colocalization
of closely spaced semiconductor nanocrystals, relying on their property of being excitable with a single
excitation wavelength, while emitting at a size-dependent wavelength [108].

5. Applications of single-molecule spectroscopy

Single-molecule methods are now used in several domains. Due to their very rapid adaptation by many
researchers, we will not attempt to review their applications exhaustively but instead present few illustrative
examples chosen in different fields.

5.1. Molecular physics

The realization that the fluorescence of a single molecule could be detected with &dRanl/er
extended periods of time, especially embedded in a crystalline matrix at cryogenic temperature, has led
to high-resolution experiments aimed at determining molecular energy levels and transitions [1,2,14]. In
particular, studies of transitions between sublevels of the triplet state by electron spin resonance (ESR)
using superimposed radio-frequency pulses have permitted a precise test of the quantum description of such
systems [10,109,110]. The DC and AC Stark effect (shift of a transition energy in the presence of a fixed or
alternating electric field) has also been studied in several systems, allowing the symmetry and deformations
of the molecule to be determined [10,111]. Similar approaches have been used to study the photophysics
of luminescent polymers (J-aggregates) [112], light-harvesting complexes [113], green fluorescent proteins
(GFP) [63] or semiconductor nanocrystals [70] and other systems. In addition to providing direct tests
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for theoretical models, these fundamental studies turn out to be crucial to understand the behavior of
single molecules in complex environments. Finally, reliable observation and control of single molecules

is a prerequisite of the full development of nanotechnology and quantum computing and communication
using single-photon sources [9].

5.2. Material science studies

Single-molecule photophysical properties are extremely sensitive to their local (nanometer-sized)
environment [1,2]. They can for instance report on parameters like the local pH [114], or on the local
structure as illustrated by experiments designed to study the local dynamics of a polymer matrix at the
onset of the glass transition (Fig. 9) [4].

In this experiment, molecules of the organic fluorophore rhodamine 6G (R6G) dispersed within a thin
poly(methacrylate) film (250 nm) were observed at temperatures slightly above the melting temperature of
the polymer, using a confocal microscope detectingstlaad p polarization of the emitted fluorescence
(Fig. 6(a)). Observations were performed under nitrogen atmosphere and at low excitation power (20 nW)
in order to prevent oxidation, thus allowing long observation time (several hours). Each observed R6G
molecule exhibited a slow rotational diffusion, sometimes accompanied by lateral or transverse diffusion
on a much longer time scale (Fig. 9(a)). Computation of the autocorrelation function of the emission
polarization shows a multi-exponential decay, pointing to a distribution of time scales of rotational
diffusion. A closer look at sub-windows of the time trace reveals however that the decay comes closer
to a mono-exponential behavior at shorter time scales (Fig. 9, (b) and (c)). This study demonstrates that an
individual molecule probes an increasing number of different environments over time (dynamic disorder).
At long time scales, the observable characteristics (such as the autocorrelation function) are similar to those
measured on ensemble of molecules, as expected from the ergodicity hypothesis. At short time scale, each
molecule reveals the peculiar local and stable characteristic of its nano-environment, which may be different
from that of another molecule situated elsewhere (static disorder).

5.3. Biophysical and biological studies

SMS has allowed a reassessment of long-standing questions in biophysics, biochemistry and biol-
ogy [5,7], by giving scientists the possibility to look at and study conformational dynamics and interac-
tions of individual molecule in biological processes [54]. From simple model systems based on DNA [81,
84] or small peptides [115], the complexity of the systems studied has raised to ribozyme [116], motor-
proteins [117,118] and other biomolecules [119] or biomolecular complexes formed by association of a few
molecules [120].

To simplify the task, some biological molecules are intrinsically fluorescent because of tryptophan
residues, or because they bind cofactors which are fluorescent in one of their oxidation state (e.qg.
nicotinamide adenine dinucleotide (NADH) emits at 460 nm, flavin adenine dinucleotide (FAD) at 525 nm).
For instance, the cholesterol oxidase (G@nzyme ofBrevibacterium sp., an enzyme that catalyzes the
oxidation of cholesterol by oxygen, uses FAD as a cofactor. As a result, one can study the dynamics of
this enzyme at the single-molecule level by monitoring the fluorescence of its active site. The experiment
presented in Fig. 10 uses a confocal setup with enzymes immobilized in an agarose gel. The intervals
during which the enzyme is active (‘on’ states) are followed by intervals during which it is inactive (‘off’
states). The fluorescence recording of a single enzyme thus appears as a blinking time trace, as shown in
Fig. 10(b). Relevant kinetic parameters can be extracted from the distribution of on and off times. In addition
to revealing heterogeneity between enzymes of the same batch characterized by different kinetic parameters
for the catalysis reaction (static disorder), this experiment reveals a dynamic heterogeneity or ‘memory
effect’ for each individually studied enzyme. Specifically, one observes a tendency for short on times to
follow short on times, and for long on times to follow long on times (Fig. 10(c)). The characteristic time
scale of this correlation is comparable to that observed for spectral fluctuations of the emission spectrum,
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Figure 9. Polymer dynamics near the glass transition. (a) Fluorescence intensity of a single long-lived rhodamine 6G

molecule in poly(methylacrylate) (PMA) at 291 K detected at orthogonal polarizationss(aedt black:p

polarizations). The melting temperature of PMATig= 281 K. The time trace integration is 1 s. This time trace

shows the anticorrelation of both polarizations, characteristic of a rotational diffusion of the molecule. Different

regimes are observed along the time trace (1-4), which could be due either to a modification of the local ‘cage’ in

which the molecule rotates, or escape of the molecule to another nearby nano-environment. The autocorrelation
function of polarization computed over the whole trace (not shown) is well fitted by a model adapted to the

non-exponential relaxation of polymers, the Kohlrausch—Williams—\¥at\W) model:

KWW(1) oc e~ @/0°

with T =88 s,8 = 0.46. (b) Correlation functions of subsets 1-4 of the full trace. 1 (black squares)5 s, = 1.0.

2 (blue triangles)r =112 s, =0.77. 3 (open circles}t =90 s,8 = 0.59. 4 (red diamondsy = 64 s,8 = 0.59.
The B exponent is closer to 1, showing that the rotational diffusion is an unhindered one at short time scales,
converging to the bulk exponent at larger time scale due to ergodicity. This experiment illustrates changes of

environment as the observed molecule diffuses and rotates through the polymer mesh, changes that are hidden in
ensemble measurements. (c) Valueg ais a function of photochemical survival time in PMATyt+ 5 K.

(a)—(c)Adapted with permission from Ref. [4]. Copyright 2001, The American Association for the Advancement of

Science.

pointing to slow conformational fluctuations as the origin of this phenomenon. This observation of both
static and dynamic disorder in a single enzyme behavior is reminiscent of that of rhodamine 6G molecules
in a polymer matrix (Section 5.2). Although of different origin in these two experiments, both effects can
be studied easily by similar single-molecule techniques.

Few biological molecules, however, have a sufficient intrinsic fluorescence to be studied with single-
molecule sensitivity. To study non-fluorescent molecules, several labeling schemes exist, which allow
guantitative, site-specific labeling of proteins, nucleic acid or lipid molecules without compromising
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Figure 10. Single enzyme dynamics. (a) Fluorescence image of single cholesterol oxidase (Cox) molecules
immobilized in a 10-um-thick film of agarose gel of 99% pH 7.4 buffer solution (8 um by 8 um, 4 min scan, 500 nW
excitation at 442 nm). The emission is from the fluorescent active site, FAD, which is tightly bound to the center of
CO,. Each individual peak is attributed to a single £Molecule. The intensity variation between the molecules is
due to different longitudinal positions in the light depths. (b) Real-time observation of enzymatic turnovers of a single
CO, molecule catalyzing oxidation of cholesterol molecules. This panel shows a portion of an emission intensity
trajectory recorded in 13.1 ms per channel. The trajectory was recorded with a cholesterol concentration of 0.2 mM
and saturated oxygen concentration of 0.25 mM. The emission exhibits stochastic blinking behavior as the FAD
toggles between oxidized (fluorescent) and reduced (nonfluorescent) states, each on-off cycle corresponding to an
enzymatic turnover. More than 500 on-off cycles are recorded in this trajectory. (c) The 2D conditional probability
distribution for on-timesx andy) of two adjacent turnovers as derived from the trajectories of 33 @0lecules
with 2 mM 5-pregene-3-20-diol substrate, a derivative of cholesterol. The scaleaofl y-axes are from0Oto 1 s.
A subtle diagonal feature is present, indicative of a memory effect. (d) The 2D conditional histogram for two on-times
separated by 10 turnovers for the €@olecules in (c). The diagonal feature vanishes because the two on-times
become independent of each other at the 10-turnover separation. The color code in (c) and (d) represents the
occurrencef axis) from 350 (red) to O (purple).
(a)—(d)Adapted with permission from Ref. [64]. Copyright 1998, The American Association for the Advancement of
Science.

their functionality. They range from in vitro techniques of site-specific labeling or unnatural amino-acid
insertion, to in vivo techniques involving genetic engineering of GFP-tagged proteins [8,59].

An example of this versatility is provided by the labeling of the central part of a rotary motor protein,
F1-ATPase [119]. In this experiment, the molecular rotor was labeled with a single fluorophore whose
orientation, detected by emission polarization measurements, directly reported the angle of the rotor with
respect to the shaft. The small size of the fluorophore guaranteed that the protein motion would not be
hindered, contrary to previous experiments, which used much larger reporters (micron size latex beads
or fluorescent actin filaments). This experiment reproduced the previous results, showing that the rotor
performed 120 steps (more recent work revealed substeps 9@ 30 [121]).

One of the domains where SMS can be of great importance is the study of protein folding that still
lacks a comprehensive theoretical treatment [6]. The transition from a denatured state to the fully folded
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Figure 11. Protein folding. (a) Energy landscape for a protein folding reaction represented as a cartoon of the free
energy as function of distaneebetween donor and acceptor. The rugged energy landscape has a funnel shape with
three extremal/ (unfolded state)] (intermediate state) amdl (folded or native state). In this labeling scheme, donor
and acceptor are close to one another in the native, folded(8tateesulting in a high FRET efficiency. There is
reduced energy transfer (larger distance) in the denatured, unfoldedija{e) Single-molecule protein folding
data. Single pair FRET (spFRET) histograms of the pseudo wild type enzyme chymotrypsin inhibitor 2 (PWT CI2) at
3, 4, and 6M denaturant (guanidinium chloride). The FRET efficiency exhibits two peaks, one for folded molecules
(high FRET) and one for unfolded molecules (low FRET). Population is transferred from folded to unfolded at higher
denaturant concentration, as expected from the protein labeling schematically depicted in (a). (c) Ensemble and
single-molecule denaturation curves for PWT and K17G mutant Cl2. Symbols correspond to data, lines showing
sigmoidal fits. PWT CI2: ensemble tryptophan fluorescence experiment (black circles), ensemble FRET (green
squares), sSpFRET (blue diamonds); K17G mutant CI2 spFRET (red triangles). (d) Free energy functions for PWT CI2
at 3, 4, and 6M denaturant. The solid lines represent a smoothing of the data and are only meant to guide the eye.
(a) Adapted with permission from Ref. [6]. Copyright 2000 Nature Sructural Biology. (b)—(d) Adapted with
permission from Ref. [122]. Copyright 2000, The National Academy of Sciences.

native protein usually involves an unknown number of intermediate states, which are not accessible by
ensemble measurements. Conformations of doubly labeled proteins can be monitored by SMS as they
undergo folding, taking advantage of the distance dependence of FRET (demonstrated for a model DNA
system in Section 4.5, Fig. 7). Fig. 11 shows one of many examples of such a study, performed on
diffusing molecules in solution, a configuration that suppresses uncontrolled effects of nearby surfaces.
The enzyme chymotrypsin inhibitor 2 (CI2) is a model system for protein folding, believed to have two
clearly distinct folding states, which can be controlled by the concentration of denaturant guanidinium

638



Pour citer cet article : X. Michalet, S. Weiss, C. R. Physique 3 (2002) 619-644

chloride [122]. Using single-pair FRET (spFRET) techniques, it is possible identify folded and unfolded
molecules present at different denaturant concentration (Fig. 11(b)). When averaged, these measurements
yield the same denaturation curve as obtained by ensemble measurements (Fig. 11(b)) and give access to
the energy landscape of the folding reaction. The additional information provided by spFRET is the number
of molecules in the two different states, providing direct evidence of the two states model derived indirectly
from ensemble measurements.

Other biological systems have been successfully studied using the spFRET approach on immobilized
molecules. In this experimental configuration, intramolecular spFRET (used in the CI2 study) allows
monitoring conformational changes in real time. For instance, SpFRET has revealed transient intermediate
states in theTetrahymena ribozyme [116], which had remained unnoticed in ensemble studies. In vivo,
intermolecular spFRET permits the detection of association and dissociation events, as in the case of a
epidermal growth factor receptor pair studied on cell membrane using TIR [123]. For cluster formation
involving larger numbers of monomers, observed for instance with E-cadherin [124] or L-tyfje Ca
channels [125], stoichiometric approaches relying on the quantized emission of single molecules can
estimate the number of components in an aggregate.

6. Perspectives

SMS is now a mature discipline, allowing researchers to go beyond a mere verification of established
results and address unsolved questions. It will doubtless be useful in domains beyond those mentioned
in this article. Its ease of implementation will entice more scientists of other disciplines to utilize its
methodology, each having specific goals in mind that are difficult to foresee.

The principle limitations of SMS outlined in Section 3 (low signal, limited life span of fluorophores,
trade-off between time resolution and the level of detail of information) will remain, but technical
improvements, especially towards simultaneous acquisition of all the fluorescence parameters described
in Section 4 (spectrum, lifetime, polarization) are promising. In particular it is expected that new detectors
will permit the combination of the high time resolution of single-photon counting devices with the large
field of view and spectral resolution allowed by 2-dimensional detectors.

As powerful at it may be, SMS cannot replace every existing single-molecule detection or manipulation
technique. It will most likely be associated with other approaches to correlate applied forces or fields and
molecular conformations. New ways of controlling local fields (electric, magnetic or others) or biochemical
environments (microfluidic devices) would take advantage of the non-invasiveness, high-temporal and
spatial resolution of SMS to get a direct feedback of events at the nanometer scale and follow live processes
in individual cells [126,127].
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