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Methods of single-molecule fluorescence spectroscopy and microscopy
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Optical spectroscopy at the ultimate limit of a single molecule has grown over the past dozen years
into a powerful technique for exploring the individual nanoscale behavior of molecules in complex
local environments. Observing a single molecule removes the usual ensemble average, allowing the
exploration of hidden heterogeneity in complex condensed phases as well as direct observation of
dynamical state changes arising from photophysics and photochemistry, without synchronization.
This article reviews the experimental techniques of single-molecule fluorescence spectroscopy and
microscopy with emphasis on studies at room temperature where the same single molecule is
studied for an extended period. Key to successful single-molecule detection is the need to optimize
signal-to-noise ratio, and the physical parameters affecting both signal and noise are described in
detail. Four successful microscopic methods including the wide-field techniques of epifluorescence
and total internal reflection, as well as confocal and near-field optical scanning microscopies are
described. In order to extract the maximum amount of information from an experiment, a wide array
of properties of the emission can be recorded, such as polarization, spectrum, degree of energy
transfer, and spatial position. Whatever variable is measured, the time dependence of the parameter
can yield information about excited state lifetimes, photochemistry, local environmental
fluctuations, enzymatic activity, quantum optics, and many other dynamical effects. Due to the
breadth of applications now appearing, single-molecule spectroscopy and microscopy may be
viewed as useful new tools for the study of dynamics in complex systems, especially where
ensemble averaging or lack of synchronization may obscure the details of the process under
study. © 2003 American Institute of Physics.@DOI: 10.1063/1.1589587#
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I. INTRODUCTION

Single-molecule spectroscopy~SMS! allows exactly one
molecule hidden deep within a condensed phase sample
observed by using tunable optical radiation@Fig. 1~a!#. This
represents detection and spectroscopy at the ultimate s
tivity level of ;1.66310224 moles of the molecule of inter
est ~1.66 yoctomole!, or a quantity of moles equal to th
inverse of Avogadro’s number~a ‘‘guacamole’’!.1 To probe
the molecule, a light beam~typically a laser! is used to pump
an electronic transition of the one molecule resonant with
optical wavelength@Fig. 1~a!#, and the resulting optical ab
sorption is detected either directly2 or indirectly by fluores-
cence excitation.3 Detection of the single molecule of intere
must be done in the presence of billions to trillions of solve
or host molecules and in the presence of noise from the m
surement itself. The field of SMS has grown over the p
dozen years to the status of a powerful technique for exp
ing the individual nanoscale behavior of molecules in co
plex local environments.4,5

How can SMS provide new information? Clearly, sta
dard ensemble measurements which yield the average v
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of a parameter for a large number of~presumably identical!
copies of the molecule of interest still have great value.
contrast, SMS completely removes the ensemble averag
which allows construction of a frequency histogram of t
actual distribution of values~i.e., the probability distribution
function! for an experimental parameter. It is clear that t
distribution contains more information than the avera
value alone. For example, the shape of the full distribut
~indeed all the moments of the distribution! can be examined
to see if it has multiple peaks, or whether it has a stron
skewed shape. Such details of the underlying distribut
become crucially important when the system under stud
heterogeneous. This would be expected to be the case
many complex condensed phase environments such as
crystals, polymers, or glasses. Fortunately, a single mole
can be a local reporter of its ‘‘nanoenvironment,’’ that is,
the exact constellation of functional groups, atoms, io
electrostatic charges and/or other sources of local fields in
immediate vicinity. For biomolecules, heterogeneity eas
arises, for example, if the various individual copies of a p
tein or oligonucleotide are in different folded states, differe
configurations, or different stages of an enzymatic cycle.

Another advantage of SMS measurements is that t
remove the need for synchronization of many single m
ecules undergoing a time-dependent process. For examp
il:
7 © 2003 American Institute of Physics
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FIG. 1. ~Color! ~a! Schematic of an optical beam focal region~triangles! pumping a single resonant molecule, which subsequently either removes ph
from the pumping beam or emits fluorescence.~b! Typical energy level scheme for single-molecule spectroscopy.S0 , ground singlet state;S1 , first excited
singlet;T1 , lowest triplet state or other intermediate state. For each electronic state, several levels in the vibrational progression are shown. Pumpat
energy hn excite the dipole-allowed singlet–singlet transition. The intersystem crossing or intermediate production rate iskISC , and the triplet decay rate is
kT . Fluorescence emission shown as dotted lines originates fromS1 and terminates on various vibrationally excited levels ofS0 or S0 itself.
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large ensemble of molecules undergoing intersystem cr
ing events must be synchronized in order to measure
triplet lifetime, and this synchronization is only complete
the initial instant. Similarly, an enzymatic system may be
one of several catalytic states, and in an ensemble mea
ment initial synchronization is required but is quickly lost
the subsequent dynamical transitions of the individual
zymes are stochastic and generally uncorrelated. Howev
single copies are observed, any one member of the ense
is in only one state at a given time, and thus the spec
sequence of state changes arising from binding, hydroly
and other catalytic steps is available for study. With pro
time resolution, rare intermediates can be directly prob
whereas in the ensemble regime these fleeting species a
low concentration and can be swamped by other, more po
lated species. Using polarized excitation and/or polariza
analysis of emission, the orientation of a molecular transit
dipole can be used to follow mechanical changes such as
motion of biomolecular motors during the force generat
process.

A final reason for the use of single-molecule techniqu
is the possibility of observing new effects in unexplored
gimes. For example, several single-molecule systems h
unexpectedly shown some form of fluctuating, flickering,
stochastic behavior.6 The absorption frequency of the sing
molecule can change as a result a change in its photophy
parameters or a change in local environment; this beha
has been termed ‘‘spectral diffusion,’’ and it can produ
spectral shifts or fluctuations. Such fluctuations are now
coming important diagnostics of the single-molecule regim
and they provide unprecedented insight into behavior wh
is generally obscured by ensemble averaging. On a fun
mental level, the time-dependent dynamical behavior of
individual quantum system would be expected to sh
‘‘quantum jumps’’7 as transitions between states occur, a
this can be directly observed by SMS techniques.8

Stepping back for a moment, the last few decades h
Downloaded 08 Sep 2004 to 128.115.101.197. Redistribution subject to A
s-
e

t

re-

-
, if
ble
c
is,
r

d,
in

u-
n
n
he

s
-
ve
r

cal
or

e-
,
h
a-
n

d

ve

witnessed a dramatic increase in interest in the ‘‘nanowor
of single atoms, ions, and molecules, for both scientific a
technological reasons. Indeed, SMS as defined is relate
but distinct from, several recently successful lines of
search on individual species:~i! the spectroscopy of single
electrons or ions confined in electromagnetic traps;9–11 ~ii !
scanning tunneling microscopy,12 and atomic force
microscopy13 of atoms and molecules on surfaces;~iii ! the
study of ion currents in single transmembrane channel14

~iv! single polymer or DNA chains with high concentration
of fluorophores;15 and~v! force measurements on single m
lecular motors using optical traps.16,17

It is useful to note that at room temperature and un
appropriate dilution conditions one can detect the burst
emitted photons as a single fluorescent molecule in flow
solution passes through the focus of a laser beam.18–21 This
area was pioneered by the Keller group at Los Alamos,
has been the subject of a recent monograph.22 A related tech-
nique, fluorescence correlation spectroscopy~FCS!, uses
Brownian motion to bring single molecules through a f
cused laser spot. By calculating the autocorrelation of
emitted bursts of light, time-dependent dynamics can be
lowed in detail.23–29However, since the emission bursts fro
many single molecules are summed in the autocorrelat
differences between individuals may be hard to detect. In
article, the focus is on microscopic imaging methods, wh
one observes the same single molecule for an extended
riod ~longer than the diffusion time through the laser focu!,
measuring signal strength, lifetime, polarization, fluctuatio
and so on, all as a function of time. Nevertheless, the an
ses of signal, noise, background, and detection consi
ations presented in Sec. II below apply directly to detect
problems in flowing streams and FCS as well.

At present, the impact of SMS spans several fields, fr
physics, to chemistry, to biology, and the number of appli
tions continues to expand. In this article, the primary expe
mental techniques for single-molecule fluorescence detec
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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and microscopy at room temperature will be reviewed. Af
a summary of the basic principles controlling the signal-
noise ratio, a variety of microscopic configurations will b
described. This will be followed by a short description
many of the detection modalities that have been develope
order to extract information from a single-molecule optic
experiment. Several comprehensive reviews of this area
be consulted for details of the scientific results that ha
been obtained by researchers around the world.4,5,21,22,30–40

II. BASIC PRINCIPLES

How is it possible to use optical radiation to isolate a
probe a single impurity molecule on a surface, in a liquid,
inside a solid sample? To answer this question concis
single-molecule optical spectroscopy is accomplished by
deceptively simple steps:~a! guaranteeing that only one mo
ecule is in resonance in the volume probed by the laser,
~b! providing a signal-to-noise ratio~SNR! for the single-
molecule signal that is greater than unity for a reasona
averaging time. These two requirements will now be trea
briefly, and then in more detail.

At room temperature, guaranteeing that only one m
ecule is in resonance is generally achieved by a combina
of focusing the laser to a small probe volume
(;1 – 100mm3, even down to 1024 mm3 for near-field
methods!, using an ultrapure host matrix, and selecting
ultralow concentration of the impurity molecule of intere
The concentration required depends upon the volume pro
by the pumping laser, which varies somewhat depending
the technique and the sample under study as describe
more detail below. For example, at room temperature
need only work with roughly 10210 mole/L concentration in
a probed volume of 10mm3 to achieve the limit of one mol-
ecule in resonance. At liquid helium temperatures, the p
nomenon of inhomogeneous broadening41–43 can be used to
achieve dilution factors from;104– 105 simply by tuning
the laser frequency to a spectral region where only one m
ecule is in resonance.30,38 This spectral selection techniqu
was crucial to the first demonstrations of SMS.2,3 As this
article concentrates on room temperature methods, the
tailed considerations33,44,45 that apply to low temperature
spectral selection techniques will not be described furthe
cartoon of the selection process is shown in Fig. 1~a!, where
a focused laser beam selects only one molecule and SM
achieved by detection of the photons from this molecule

Achieving the required SNR requires close attention
maximizing signal while minimizing backgrounds and t
relative size of laser shot noise. To obtain as large a signa
possible, one needs a combination of small focal volum
large absorption cross section, high photostability, we
bottlenecks into dark states such as triplet states, and op
tion below saturation of the molecular absorption. For flu
rescence methods, one must select an impurity molecule
the highest fluorescence quantum efficiency as possible
addition, one must rigorously exclude undesirable fluor
cent impurities, minimize the volume probed to reduce R
man scattering, and scrupulously reject any Rayleigh s
tered radiation at the pumping wavelength. For absorp
Downloaded 08 Sep 2004 to 128.115.101.197. Redistribution subject to A
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methods, achieving a low noise level from nonideal effe
follows from careful reduction of residual signals and ope
tion at a power level sufficient to reduce the relative con
bution from laser shot noise, see Refs. 30, 44, and 46
details.

A. Signal size

The signal of interest here arises from the fluoresc
photons emitted by the single molecule. While the numbe
photons emitted per second for one molecule is far sma
than the number of photons per second in the incident la
beam, the fact that the emitted photons are generally
shifted to longer wavelengths enables detection with reas
able SNR. Figure 1~b! shows the salient features of the mo
common energy level structure of molecules that have b
explored by SMS. The molecule has an electric–dipo
allowed singlet–singlet optical transitionS1←S0 , pumped
by radiation at energy hn from a laser or a lamp, with h the
Planck constant andn the optical frequency. It is generall
not necessary to pump the lowest electronic excited state
absorption into a vibrationally excited sideband is sufficie
After the absorption of the pump photon, the excited m
ecule quickly relaxes by emission of vibrational modes of
molecule~intramolecular vibrational relaxation! and of the
host ~phonons! to the lowest electronic excited state, fro
which fluorescence photons can be emitted~dashed lines!.
~There is also a certain probability for intersystem cross
into the triplet state manifold temporarily,vide infra.! After
the emission, the molecule is brought back to the init
ground state by further vibrational and phonon relaxati
and the partitioning between the various colors of emissio
controlled by the well-known Franck–Condon and Deby
Waller factors expressing the extent of vibrational relaxat
and electron–phonon coupling, respectively. In general,
relaxation steps represent energy losses which cause a
tral redshift between absorption and emission bands, ca
the Stokes shift. Typical fluorescent molecules used for S
come from the general classes of laser dyes used in biol
cal fluorescent labeling~rhodamines, cyanines, oxazine
etc.!,47 rigid aromatic hydrocarbons such as terrylene,48 or
perylene diimides,49,50as well as autofluorescent, genetica
expressed proteins such as the green fluorescent pr
~GFP! and its relatives.51,52Some proteins are naturally fluo
rescent due to presence of one or many fluorophores as
factors, and these have also provided useful single-mole
signals in the cases of flavoenzymes53,54 and antenna com
plexes containing bacteriochlorophyll molecules.55 In recent
work, a new class of single-molecule fluorophores has b
found among molecules originally optimized for nonline
optical properties.56 The degree of redshift of the emissio
varies, but the laser dyes for example often undergo la
rearrangements of their charge distribution upon excitati
leading to much larger Stokes shifts~about 1500 cm21 for
rhodamine dyes, 6000 cm21 for DCM, another well-known
laser dye! than for aromatic hydrocarbons. Strong fluore
cence has also been observed for single semiconductor q
tum dots,57 and these emitters have been proposed as biol
cal labels.58 This approach requires methods for attachm
of the dots to biomolecules, an area of intense current
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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search. From the photophysical point of view, these fasci
ing emitters behave like two-level systems on short ti
scales,59 have narrow emission lines and resist photoblea
ing, yet show fluorescence intermittency and blinking ov
many decades in time.60,61

To maximize the fluorescence emission rate, it is nec
sary to pump the molecule with high probability and to ha
the largest possible fluorescence quantum yieldfF . For fo-
cal spots of area greater than or equal to the diffracti

limited value ~approximately (l/2)2, with l the optical
wavelength!, the rate at which the resonant optical transiti
is pumped is given by the product of the incident photon fl
@in photons/(s cm2)# and the absorption cross sectionsp ~in
cm2). Stated differently, the probability that a single mo
ecule will absorb an incident photon from the pumping la
beam is justsp /A, whereA is the cross-sectional area of th
focused laser beam. Thus,sp may be interpreted as the e
fective ‘‘area’’ ~per molecule! which is able to ‘‘capture’’
photons from the incident laser beam. Highsp means that
the photons of the incident light beam are efficiently a
sorbed and therefore background signals from unabso
photons are minimized compared to the case for weak
sorbers. Thus it comes as no surprise that maximizing
absorption cross section is crucial to the detection of sin
molecules.

Generally, the maximum values ofsp arise from
strongly allowed electric dipole transitions, and the value
this quantity is intimately connected to the quantu
mechanical details of the electronic transition, specifically
the transition dipole moment~or equivalently, the radiative
rate given by the EinsteinA coefficient!. The general expres
sion for the ~peak! cross section for a randomly oriente
molecule is

sp52p~l/2p!2~g r /G tot!, ~1!

wherel is the light wavelength,g r the spontaneous~that is,
radiative! fluorescence rate, andG tot the total frequency
width of the absorption.4,44,62Happily, most electric–dipole-
allowed transitions in organic molecules have oscilla
strengths on the order of unity. For a dye molecule in so
tion at room temperature withl5500 nm, g r is about
1023 cm21, which corresponds to a radiative lifetime of
few ns, andG tot is about 1000 cm21, so that the absorption
cross section of a single dye molecule issp;4 Å254
310216 cm2, a value comparable to the molecular size.
somewhat more convenient way to estimate the value of
absorption cross section at room temperature is to use
well-known connection between molecular extinction coe
cient« ~units L mol21 cm21, tabulated and easily measure!
and the cross section63

s52.303«/NA ~2!

in units cm2, with NA the Avogadro constant.@At low tem-
peratures, optical absorption profiles become extremely
row so that all molecules in the sample may not be reson
with the pumping laser, and more careful methods mus
used to determine the cross section.44,64 In this case, the tota
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width of the absorption becomes so narrow that cross s
tions often approach the fundamental maximum value
l2/(2p).] 38

The other key molecular parameter controlling t
amount of emitted fluorescence is the probability for pho
emission per absorption event, i.e., the fluorescence quan
yield fF . This parameter should clearly be high, as close
unity as possible. The fluorescence quantum yield is ge
ally given by

fF5krad/~krad1knonrad!5tF /t rad, ~3!

wherekrad is the radiative rate~EinsteinA coefficient!, knonrad

is the sum of all nonradiative rates such as internal conv
sion or intersystem crossing,tF is the observed excited stat
lifetime ~fluorescence lifetime!, and t rad is the radiative
lifetime.63 Thus, the best fluorophores are those with re
tively rigid structures so that the primary path for deactiv
tion of the excited state is via the emission of a fluoresc
photon. Molecules that twist or distort greatly in the excit
state typically have non-negligible nonradiative decay ch
nels. For a strong emitter~and absorber! like R6G where
fF;0.45 ~in water!,65 the fluorescence lifetime is;4 ns.
This means that if the molecule were a two-level system,
maximum emission rate would be on the order of 108 s21.
Although this is quite a large signal, several effects act
limit the maximum photon emission rate and the maximu
number of photons emitted, which will now be described

The first physical effect that limits the maximum emi
sion rate from a molecule is optical saturation of the tran
tion. As laser power is increased, more and more photons
emitted per second, as long as the optical transition is
saturated. When saturation occurs, the absorption cross
tion from the molecule decreases, and further increase
laser power generate more background photons rather
signal photons. More precisely, the cross section for abs
tion depends upon pumping laser intensityI as

sP5sP
0 /~11I /I S!, ~4!

whereI S is the characteristic saturation intensity. The satu
tion intensity depends upon further details of the energy le
structure of the molecule. In the limit that the molecule a
proximates a two-level system, the saturation intensity
given by

I S5hn/~2stF!. ~5!

This equation expresses the fact that if the rate of absorp
of incident photons gets too high, the molecule cannot de
back to the ground state fast enough, thus the ability of
molecule to absorb photons decreases.

Although some fluorophores do approach the two-le
limit, it is generally more appropriate to consider the thre
level case shown in Fig. 1~b!. The intersystem crossing pro
cess shown may be regarded as a model for any bottlen
that takes the molecule into a form that no longer absorb
emits photons. In organic molecules, intersystem cross
~ISC! is seldom rigorously absent, and when ISC occu
both absorption of photons and photon emission cease f
relatively long time equal to the triplet lifetime (51/kT).
This effect results in premature saturation of the emiss
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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rate from the molecule and reduction of the absorption cr
sectionsp compared to the two-level case.66 The saturation
intensity for a molecule with a triplet bottleneck may b
written45,67

I S5
hn

2st21
F11~kISC/k21!

11~kISC/2kT!G , ~6!

wherek2151/t21 is the rate of direct decay fromS1 to S0 ,
kISC is the rate of intersystem crossing, andkT is the total
decay rate from the lowest tripletT1 back toS0 . Clearly, this
more accurate saturation intensity is smaller than the t
level value by the bracketed factor on the right, and sma
saturation intensities mean the laser power that can be
to probe the system is limited~for fixed focal spot area!.

The effect of saturation can be seen in both the p
on-resonance emission rate from the moleculeR(I ) and in
the single-molecule linewidthDn(I ) by solving the three-
level rate equations with the result36,66

R~ I !5R`F I /I S

11I /I S
G , ~7!

Dn~ I !5Dn~0!@11~ I /I S!#1/2, ~8!

where the maximum emission rate is given by

R`5
~k211kISC!fF

21~kISC/kT!
. ~9!

Equations~7! and~8! show that the integrated area und
the single-molecule peak falls in the strong saturation
gime. At the same time, at higher and higher laser pow
more and more scattering signal is produced in~linear! pro-
portion to the laser power, so the difficulty of detecting
single molecule increases. This specific effect will be e
plored more directly in the SNR discussion in Sec. III C. T
dependences of the maximum emission rate and linewidth
laser intensity in Eqs.~7! and ~8! have been verified experi
mentally for individual single molecules.66 In summary,
minimizing the triplet bottleneck means small values ofkISC

and large values ofkT , requirements which are satisfied fo
rigid, planar aromatic laser dye molecules, aromatic hyd
carbons, and other good fluorophores. In cases where
photophysical parameters of all bottleneck states are
known, it may be more convenient to directly measure
saturation intensity by recording and fitting the intensi
dependent transmission of a bulk sample to determineI S .68

In particular, for real molecules at room temperature, sit
tions may occur where rapid relaxation and decoherenc
the vibrational manifolds should be taken into account, an
may become necessary to go beyond the three-level m
presented here.

A final physical effect that limits the~integrated! signal
from a single molecule is photobleaching, a general term
any photochemical process that causes the molecule to e
tually change to another form and stop absorbing and
emitting photons. In practice, at room temperature almos
molecules in aqueous solution photobleach after the emis
of ;106 photons. Specific values of the photobleachi
quantum yieldfB are provided, e.g., in Refs. 65 and 6
generally the maximum number of photons emitted on av
Downloaded 08 Sep 2004 to 128.115.101.197. Redistribution subject to A
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age is given by 1/fB . In many cases, photobleaching is a
tually a photo-oxidation of the fluorophore, so measures
reduce the presence of molecular oxygen can help in m
mizing this effect. Successful methods have involved:~a! the
use of an enzymatic oxygen scavenger system,70,71 ~b! flood-
ing the sample with an inert gas such as argon or nitroge72

and ~c! operating in vacuum.73

B. Background issues

To detect a single molecule, one must simultaneou
maximize signal while at the same time scrupulously mi
mize background photons, noise from unwanted sources,
detector dark counts. For the purposes of this discuss
‘‘noise’’ refers to fluctuations arising from effects such
Poisson statistics of detected photons, while ‘‘backgroun
refers to photons that may arrive at the detector from a
source other than the single molecule of interest. Backgro
signals generally scale linearly with the pumping las
power, while detector dark counts do not.

In spite of much effort to reduce backgrounds, almost
single-molecule fluorescence experiments are backgro
limited and the shot noise of the probing laser is only imp
tant for the signal-to-noise of the spectral feature. Therefo
conquering background signals must be one of the prim
goals of the single-molecule experimental design. A fi
source of background may result from experimental limi
tions such as the residual fluorescence from optical pa
particularly from colored glass filters or from the microsco
objective itself. It is also possible to have residual emiss
from the excitation source in the red-shifted spectral ran
where fluorescence is detected. This source of backgro
can be a critical issue when the laser in use is a diode la
and multiple filters may be required to suppress laser em
sion to long wavelengths of the primary mode. In general,
careful selection of high-quality components, these sour
of background may be minimized.

However, background photons arising from the sam
itself are more difficult to suppress. These are of two typ
elastic Rayleigh scattering of the laser wavelength, and p
tons that are red-shifted in wavelength into the spectral
gion of the single-molecule fluorescence and hence that
obscure the photons from the single molecule. Raylei
scattered pump radiation can be reduced by using ultracl
scratch-free substrates of the highest quality and by the
of interference filters as described below. The two m
sources of redshifted photons are residual fluorescence
other impurities, and Raman scattering by the solvent or h
matrix. Both are proportional to the volume of the illum
nated sample. Even if their fluorescence yield is very we
unwanted impurities or molecular components of the h
medium, particularly in biological samples, can emit stro
residual fluorescence due simply to the fact that billions
trillions of host molecules may be present in the illuminat
volume. Thus it is necessary to use ultrapure solvents
nanopure water for sample preparation. Residual fluo
cence increases very rapidly with the energy of the excit
photon, and thus working in the blue or near-ultraviolet~UV!
part of the spectrum will often give rise to more serio
background problems. To illustrate the issues with Ram
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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scattering, one may consider benzene as a solvent. The
Raman scattering cross-section of benzene for one o
strongest modes is about 10212 Å 2 ~per molecule!,33 which
gives a total cross section of less than 1022 Å 2 for an ex-
cited volume of 1mm3. This shows that Raman scatterin
can become comparable to the absorption cross section
single molecule in a solution at room temperature for exci
volumes of about 100mm3. Given that the background cros
sections are proportional to the excited volume, an optim
signal-to-background ratio will require a minimum excite
volume, and all of the microscope configurations describ
in Sec. III work toward this goal.

As mentioned above, filters are generally required in
der to suppress Rayleigh scattering of the pump radiation
illustrate, suppose a single molecule of rhodamine 6G
probed with 1 kW/cm2, somewhat below the onset of sat
ration of the absorption. The resulting incident photon flux
532 nm of ;331021 photons/s cm2 will produce about 1
3106 excitations/s. With a fluorescence quantum yield
0.9, about 93105 emitted photons/s can be expected. At t
same time,;331013 pump photons/s illuminate a focal sp
1 mm in diameter. It is of course helpful in reducing the si
of Rayleigh scattered pump radiation at the detector that p
tons are often collected in the backward direction. In a
case, rejection of the Rayleigh scattered pumping radia
by a factor on the order of 107– 108 is generally required,
with minimal attenuation of the fluorescence.

Thus, filtering for single-molecule experiments must
tenuate Rayleigh scattering by the largest possible fa
while transmitting the desired redshifted fluorescence fr
the single molecule. If additional suppression of host/ma
Raman scattering is desired, the transmission window of
filters can be further optimized to reject any strong~Stokes-
shifted! Raman lines, but this must be done in a way th
does not attenuate the precious fluorescence photons
the single molecule unduly. The required filtering for a sp
cific experiment is generally accomplished by~in increasing
order of performance! low-fluorescence glass filters~Schott!,
interference filters~Chroma, Omega! or by relatively expen-
sive holographic notch attenuation filters~Kaiser!. The filter
characteristics must have a high slope in the filter transm
sion spectrum in order to open quickly enough as wavelen
is increased to pass the single-molecule emission. Figu

FIG. 2. Example of filtering considerations for SMS. The left panel sho
transmission spectra of a 532 nm holographic Raman notch filter, a 550
long pass emission filter, and the transmission of the dichroic beamsp
through which the fluorescence must pass. The right pane shows the
sion spectrum of Nile red in methanol solution, and the resulting shap
the emission spectrum after passage through all three filters. The integ
area ratio shows that 46% of the fluorescence collected by the micros
objective passes through the filters.
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illustrates the filter characteristics for a set of filters chos
for microscope experiments with the dye nile red pumped
532 nm. The left side of the figure shows transmission sp
tra of: ~a! a 532 nm holographic Raman notch filter,~b! a 550
nm long pass emission filter, and~c! a 540 nm dichroic
beamsplitter through which the emitted fluorescence m
pass~see microscope descriptions in Sec. III!. The product of
these three transmission spectra gives the wavelength de
dent transmission factorFfilter that must be applied to the
single-molecule fluorescence spectrum. Figure 2~right side!
shows the unperturbed nile red emission spectrum~upper
trace!, and the spectrum after passage through the three
ters~lower trace!. By comparing the areas of the two curve
Ffilter546% of the nile red emission is passed on to the
tector. The transmission at the pump wavelength is so sm
that it cannot be easily measured with a conventional UV-
spectrometer, so direct measurement of pump laser trans
sion is preferrable.

C. SNR and signal to background ratio „SBR…

While many applications of fluorescence imaging ha
need of high signal-to-noise ratios, few are as demandin
single-molecule imaging at ambient temperatures. Now t
the fundamentals of single molecule emission and the ba
ground issues have been described, the full set of factors
affect the SNR for single-molecule fluorescence experime
may be presented in a more quantitative fashion. Figure~a!
illustrates the basic definitions of the various signal a
background levels. In all experiments, there is a control v
able ~abscissa! that has the effect of making the single
molecule signal appear and disappear. For example, the
trol variable in a microscopic experiment would be spat
position defined either by the position of the focal volume
by the spatial position on the two-dimensional detector.~In
the earlier low temperature experiments, the laser freque
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m
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is-
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FIG. 3. SNR considerations:~a! for a hypothetical signal with control vari-
able shown on the horizontal axis, the definitions of the offset, dark le
and background levelB are shown. The signal from the single molecule
S. ~b! Surface plot of fluorescence SNR vs probing laser power and fo
spot area for a fluorophore with the following parameters:l5532 nm, t
50.1 s, fF50.28 ~RG6 in water, Ref. 65!, I S55.63103 W/cm2 ~Ref. 69!,
s54310216 cm2, D50.072,Cb523108 counts/W s~measured in a typi-
cal confocal microscope!, Nd5100 counts/s.~c! SNR for the same mode
fluorophore assuming a photobleaching quantum yield of 1025.
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or the local applied electric field could also act as the con
variable.! Starting from the zero level, some detectors hav
constant dc offset value that is present even if there were
dark counts in the presence of no light. This offset is co
mon in charge coupled device~CCD! detectors, and arise
from the input offset of the sample and hold amplifier befo
the analog-to-digital converter. For all quantitative calcu
tions, levels should be measured relative to this offset le
Above this offset level is the signal corresponding to the d
counts of the detector. The number of dark counts recor
should increase linearly with the counting timeT, hence the
proper value for the average dark count rate can be de
mined by recording without light for a range ofT values.
The background levelB appears on top of the dark cou
level as shown in Fig. 3~a!. If the source of background
varies from spot to spot, then the averageB level will not be
the same at all values of the control variable. Finally,
single-molecule signalS appears on top of the sum of th
background and dark levels.

The fundamental detection problem reduces to this
order to observe the single-molecule signalS, the size ofS
must be compared to the fluctuations inS, B, and dark,
because it is only when the fluctuations are large that
single-molecule signal is obscured.~That is, if theB andN
levels were perfectly fixed, then they also would act like
simple offset that can be trivially subtracted from the dat!
To express this quantitatively, Basche´ et al. have presented
the following equation to compute the SNR for fluorescen
detection of a single molecule,74 based on the assumptio
that the noise factors limiting detection are the Poisson~shot!
noise fluctuations of the single-molecule signal, the ba
ground signal, and the dark counts:

SNR5

DfFS sp

A
D S P0

hn
DT

AS DfFspP0T

Ahn
D 1CbP0T1NdT

, ~10!

where fF is the fluorescence quantum yield of the fluor
phore, sp is the absorption cross section,T the detector
counting interval,A the beam area,P0 /hn the number of
incident photons per second,Cb the background count rat
per watt of excitation power, andNd the dark count rate.D is
an instrument-dependent collection factor which is a prod
of the angular collection factorFcoll of the detection system
@primarily dependent on the numerical aperture~NA!#, the
optical losses in optics expressed as a transmission fa
Fopt, the filter transmissionFfilter ~see the previous section!,
and the detector quantum efficiencyhQ ; D5hQ Fcoll Fopt

Ffilter . For a detailed discussion of theFcoll factor for a single
molecule taking into account the dipole radiation patte
total internal reflection, and the molecular orientation, s
Ref. 45. This factor depends upon the orientation of the m
lecular transition dipole moment relative to the propagat
direction of the incident light. If precise detail of the colle
tion is required, it is necessary to take into account the mo
fications of the dipole emission pattern that arise as a re
of passage through dielectric interfaces of varying indices
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refraction; molecular emission is more efficient into hig
index media.75 Typical values ofD are in the range of
1%–8% for modern systems.

Assuming the collection efficiencyD is maximized, Eq.
~10! shows that there are several physical parameters
must be chosen carefully in order to maximize the SN
First, as stated above, the values offF andsp should be as
large as possible, and the laser spot should be as sma
possible. Higher powers produce higher SNR values, but
power P0 cannot be increased arbitrarily because satura
causes the peak absorption cross section to drop from
low-power value as in Eq.~4!. Various limits of Eq.~10! may
be examined; for example, supposing that backgrou
@dark counts, then the SNR at low power grows with t
square root of power, peaks, and then eventually falls
when the saturated single-molecule signal becomes sm
than the background signal.

To illustrate graphically some of the tradeoffs inherent
Eq. ~10!, parameters for a model laser dye in the rhodam
family will be used to explore the SNR function in mor
detail. Assuming 0.1 s integration time and using a measu
value of the background parameterCb in a typical confocal
experiment (;23108 photons/s W), Fig. 3~b! shows the
computed SNR versus laser power and beam area. It is c
that for a fixed laser spot size, an optimal power exists wh
maximizes the tradeoff between the saturating fluoresce
signal and the linearly~with P0) increasing background sig
nal. Following the surface plot at a fixed value ofA, the SNR
at first improves with increasing power, because the sig
increases linearly withP0 and the shot noise from the powe
dependent terms in the denominator only grow as the sq
root of the laser power. As saturation sets in, however,
SNR falls because the signal no longer increases. Ano
relationship illustrated in Fig. 3~b! is that the best-case SNR
at smaller and smaller beam areas levels off~the flattening of
the ridge at small beam area!. This is due to the effect of
saturation and shot noise—at smaller and smaller areas
power must be reduced eventually to the point where
SNR is controlled by the shot noise of the detected sig
@first term in the denominator of Eq.~10!#.

It is important to emphasize that Fig. 3~b! illustrates the
best case, in which the SNR is limited only by the Poiss
fluctuations inherent in detecting photons. In practice, th
are other effects that come into play which may act to red
the attainable SNR in timeT below the optimal values at th
peak of the mountain in the figure. The most important li
iting effect usually turns out to be photobleaching. Consid
a given point on the surface plot defined by a laser pow
and a spot area, i.e., a particular value of laser intensity
intensity is too high, then the molecule may not last lo
enough to provide photons throughout the counting inter
T. Typical values of the photobleaching quantum yieldfB

are in the range 1025– 1027,65,69 and the inverse of this pa
rameter effectively determines the total number of emit
photons on average before photobleaching. To approxim
the effect of photobleaching, Fig. 3~c! is a calculation iden-
tical to Fig. 3~b!, except that when the number of emitte
photons exceeds 105 (fB set at 1025 for simplicity!, the
SNR is set to zero. The effect on the achievable SNR
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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obvious, especially at the smallest spots and largest ex
tion power.

Faced with limitations due to photobleaching, the expe
menter should make the power/time/SNR tradeoff carefu
By controlling the laser intensity, the rate at which photo
are emitted can be easily varied up to the maximum rate.
experimenter can then choose which time scale is of the m
interest: for fast time information, high laser intensiti
should be used to give the best possible SNR in short co
ing intervalsT before photobleaching. If long-time informa
tion is needed, it is better to work with much lower inten
ties and lower emission rates. It is even useful in so
experiments to pulse the probing laser at low duty cycle
observe the molecule only briefly with long intervening da
periods. This is a very useful strategy especially if the p
tobleaching process is nonlinear. In all cases, it is bes
minimize both the dark counts and the background source
obtain the maximum information about the molecule.

It is worth noting that Eq.~10! applies to both wide-field
as well as scanning confocal detection systems. In the ca
wide-field experiments, it is the diffraction-limited focal are
that controls theA parameter and the power through this ar
which gives theP value for the purpose of determining SNR
In the near-field case, on the other hand, the local elec
fields around the tip are modified compared to the case
focused Gaussian beams.76 Moreover, the molecular dipole
interacts with the local electric field directly via the dot pro
uct squared, and a more detailed analysis is required w
takes into account the field distribution as well as any ot
quenching interaction between the tip and the molecule.

Another often-quoted measure of signal size is the SB
This parameter, though useful, is not as fundamental as
SNR given above. For this reason, definitions of SBR va
one definition~for negligible dark counts! is SBR5~signal
of interest1background scattering!/~background scattering!,
and another is SBR5~signal of interest!/~background
scattering!. The SBR and SNR both depend upon a num
of parameters of the system, including incident intensity, c
lection and detection efficiencies, quality of sample, etc.,
the SNR in addition depends critically upon the detect
bandwidth determined by the integration timeT. The SBR is
independent of averaging time and is really only a meas
of the brightness of the molecule compared to the ove
quality of the sample and the ability of the detection syst
to reduce background. On the other hand, the SNR in a
damental way senses the ability to detect the single mole
compared to the noise fluctuations that are present w
may masquerade as a single molecule. If the background
signal are both large and emission saturation is not occurr
the relative effect of Poisson noise is smaller, and it becom
easier to detect the presence of a single molecule in spit
large background. Typical values of SBR for experime
with good fluorophores are on the order of 3–10 or more

D. Detectors for single-molecule experiments

As is evident from the above SNR discussion, detect
SM fluorescence requires a device that can detect single
ton arrivals with minimal dark noise, and the ‘‘photon bu
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get’’ imposed by irreversible photobleaching effects dema
that the quantum efficiency be as high as possible for sin
molecule fluorescence detection. There are essentially
classes of detectors for SMS experiments: single-elemen
tectors and two-dimensional array detectors. The capabil
and characteristics of various examples of each class wil
discussed, as proper detector selection is central to the
cess of SMS experiments.

1. Single-element detectors

Early experiments observing the flow of single dye m
ecules through a tightened laser focus detected photons
a high-quality microchannel plate photomultiplier tub
~PMT!,77 since the PMT offered adequate temporal reso
tion to observe the short bursts of fluorescence as small
molecules diffused through the laser focus. While PMTs
fer suitable temporal response and can have quite low d
noise levels when cooled, they suffer from low quantum
ficiencies for visible light (,20%), limiting their use in
SMS experiments. Further, PMTs require several pieces
low-noise electronics to efficiently detect single photons, a
even with cooling, dark count rates in the 10–100 cps ra
are common. PMTs do have a large area of detection on
order of 1 cm31 cm, so this may be an advantage in som
cases.

As an alternative, recent advances in semiconductor p
todetectors have allowed for the commercial availability
avalanche photodiodes~APDs! capable of detecting single
photons in an integrated package that contains on-board
plifiers and cooling, thus diminishing dark counts to levels
low as 25 dark counts/s. These units, called single pho
avalanche photodiodes~SPADs! have much higher quantum
efficiencies,.60% across the visible spectrum, even a
proaching 95% in the near-infrared~IR! as a result of the
band structure of Si. The engineering of these detec
makes the SPAD much easier to use than a PMT; the mo
requires low operating voltages~5 V!, generating the high
voltage for biasing of the APD internally. A detected phot
is converted to a digital~TTL! output pulse that can be easi
counted on a computer-based digital acquisition board. Ty
cal temporal response for the SPAD is comparable to PM
photons can be detected with an accuracy of;350 ps full
width at half maximum~FWHM!; however, the detector ha
a larger ‘‘dead time’’ between photon arrival events thus li
iting the maximum count rate. Faster SPADs are availa
but their increased temporal response generally comes a
expense of lower quantum efficiencies. In terms of da
counts, units are commercially available with 100 cps,
cps, even down to 25 cps, but the cost increases dramati
as the dark count rate goes down. The only disadvantag
the SPAD compared to the PMT for SMS experiments is t
the SPAD detector has a much smaller active area~180 mm
diameter!. This limitation can easily be overcome in SM
confocal or near-field microscopy experiments, since the s
size at the microscope image plane can easily be mad
underfill the SPAD detector chip. The small active area h
even been used as a confocal aperture in confocal ima
applications. Because of its ease of use and superior quan
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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efficiency the SPAD has become the standard single elem
detector for SMS. Further technical details of the SPAD
described in Ref. 78.

2. Two-dimensional array detectors

For wide-field microscopic applications, any one of se
eral ultrasensitive cameras may be used for the detectio
single-molecule fluorescence; indeed part of the reason
single-molecule studies have become widespread is the
tinuing advance in CCD detector array technology that
occurred over the last decade. Even the human eye, w
properly dark adapted, can see the light from a single m
ecule in the eyepiece of a microscope that efficiently colle
the emitted photons. The use of a commercial camera
amateur astronomy has also been used to observe si
molecule emission,79 but such detectors are relatively slow
read out, sometimes taking minutes to transfer one frame
computer. Here a selection of modern CCD array detecto
described.

Liquid-nitrogen cooled, back-illuminated Si CCD arra
detectors~Princeton Instruments! have been available fo
some time for applications in astronomy and spectrosco
The back illumination provides quite high quantum ef
ciency in the red and infrared, up to;70% – 80%. Liquid-
nitrogen cooling provides the cold sink for operation a
temperature near2120 °C, and this temperature is careful
chosen to enable charge motion and drastically reduce
counts, down to levels near 1 electron/pixel/h. Thus, this
other CCD detectors may be viewed as a collection of 2
3256565,535 high-performance photon counting devic
The major limitations of this type of detector are:~a! the low
temperature limits the speed at which electrons can be
out, and~b! a penalty of 10–20 electrons of read noise
paid for each analog-to-digital conversion. Thus, these de
tors are best for cases where long averaging times are ac
able, such as in recording the spectrum of the fluoresce
from a single molecule.80–84 In this situation, the counting
interval is made long enough so that enough photoelect
are collected to overcome the readout noise. Naturally,
long averaging times, the spikes that arise from cosmic r
must be removed from any images or spectra.

Intensified frame transfer Si CCD cameras, such as
I-Pentamax~Princeton Instruments, now Roper Scientifi!
have been commercially available since the early- and m
90’s. In this design, photons are first detected by a mult
kali photocathode, and the electron emitted is amplified~‘‘in-
tensified’’! in a microchannel plate coupled to th
photocathode by a fiber bundle. The resulting group of e
trons hits a phosphor screen to generate photons aga
front-illuminated Si CCD detector converts the phosph
photons into electrons, and the electrons from each C
well are ultimately converted into a digital number using
fast analog-to-digital converter~ADC!. The CCD and/or
photocathode may be Peltier cooled to reduce noise f
thermionic emission. The primary advantage of this desig
the multiplication of the detected photoelectron before a
read noise penalty is paid. This means that even one dete
photon can be recorded, and the readout noise of the C
becomes less important. As a result, a faster A
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(;5 MHz conversion rate, with a noisier buffer amplifie!
can be used, and detectors in this class can run at v
frame rates and higher. Continuous readout with very sm
dead time is enabled by the frame-transfer mode of op
tion, where only half of the CCD is illuminated; after
frame, the illuminated half is shifted into the hidden half, a
readout of the hidden half commences during the next i
mination time. Limitations of this detector arise from th
somewhat lower quantum efficiency of the photocathode m
terial, excess noise that may arise from the multiplicat
process, nonuniform gain over the various channels of
intensifier plate, and the danger of detector damage by ex
light.

A sensitive back-illuminated, nonintensified fram
transfer CCD camera~Micromax, Roper Scientific! has been
available for several years. This design capitalizes on
provements in design of back-illuminated chips so that fas
ADCs can be used without large increases in readout no
In a typical system, 5 MHz readout rate with 11 electron
pixel read noise has been observed. Advantages of this
sign are the higher native quantum efficiency of Si, the mu
higher degree of uniformity in sensitivity from pixel to pixe
and the lack of intensifier-related distortions. Of cour
without multiplication, the camera is better suited f
brighter fluorophores, i.e., the read noise must be overco
to detect photoelectrons.

Very recently, frame-transfer Si CDD cameras with o
chip multiplication gain have become available~Cascade,
Roper Scientific; iXon, Andor Technology!. This design uses
a CCD chip that operates for the most part like a stand
CCD except that the last row of CCD wells is connected t
series of additional wells on the chip biased so as to hav
small amount of secondary emission as the electrons
passed from well to well. The net effect is a multiplicativ
gain factor of up to;1003 on the chip, before any rea
penalty is paid. This detector may find widespread appli
tion since it combines the virtues of Si as a photodetec
with relative insensitivity to readout noise. Moreover, t
fully integrated design means that the optical configuration
much simpler than the intensified CCD in which a photoca
ode, fiber bundle, microchannel plate, phosphor, and C
must all be optically cemented together.

Other specialized detectors can be used for sing
molecule microscopy. One example is the resistive an
microchannel plate detector, which is effectively a large-a
PMT in which the detected signal is located inx–y position
by a form of spatially dependent readout~e.g., Photek,
Roentdek GMBH!. This detector can provide fast timing in
formation, at the expense of lower quantum efficiency an
limited maximum detection rate—each photoelectron m
be swept out of the device before another arrives.

III. MICROSCOPE CONFIGURATIONS

Several optical configurations have been demonstrate
satisfy the basic requirements for single-molecule detec
and spectroscopy, where the molecule is studied for an
tended period long compared to the diffusion time throug
focused laser spot. Successful microscopic techniques
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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FIG. 4. ~Color! Confocal microscopy.~a! Schematic of experimental setup (O) objective, (D) dichroic beamsplitter, (F) filters, (A) confocal aperture to
restrict axial extent of the sample that can lead to scattering backgrounds, and~SPAD! silicon photon counting avalanche detector.~b! Example confocal image
of nile red single molecules in a PMMA thin film.l5532 nm, laser intensity 1.1 kW/cm2, 100 by 100 pixel image, 10mm310mm field at the sample plane
10 ms dwell per pixel, total acquisition time 100 s. The fluorescence was filtered with a 540DRLP dichroic beamsplitter~Chroma!, E550LP emission filter
~Chroma!, Raman Super Notch Plus 532~Kaiser Optical! emission filter, imaged through a 75mm confocal aperture, and detected with a SPCM-AQ-1
SPAD ~EG&G!. The point spread function of the microscope is slightly elongated in the vertical direction.
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clude scanning methods such as near-field scanning op
microscopy ~NSOM! and confocal microscopy and wide
field methods such as total internal reflection and epifluo
cence microscopy.

A. Scanning methods

One family of SMS techniques involves illuminating th
sample with the smallest spot possible and scanning e
the illumination spot or the sample itself. An image is co
structed point by point, and when an immobilized sing
molecule is located, it can be studied by positioning the la
spot directly over the molecule. While scanning metho
lack the ability to observe several isolated single molecu
in parallel, and thus prevent real-time observation of mot
over microscopic distances, the smaller illumination volu
used lowers background, improving the SNR. Additiona
the detectors used in scanning experiments offer higher t
poral resolution than the CCD cameras used in wide-fi
experiments, whose temporal response is limited by the a
ity to read out the CCD detector array. Thus, for experime
that require maximum sensitivity and temporal resolutio
scanning methods are the preferred SMS method. The
primary scanning methods used will be highlighted belo
confocal microscopy, in which a diffraction-limited lase
spot is the point source, and NSOM, where so-called ‘‘ne
field’’ effects create a laser spot smaller than the diffract
limit.

1. Confocal microscopy

Figure 4~a! shows a simplified schematic of a confoc
microscope. A collimated laser beam is reflected off o
dichroic beamsplitter and through an infinity-corrected, h
NA microscope objective, with the result that the laser
focused to a diffraction-limited spot at the sample plane. T
diameter of the laser focus can be defined by several crite
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such as the well-known Rayleigh criterion,85 the Sparrow
criterion, or others. The Sparrow criterion states that t
points of equal brightness can be distinguished if the int
sity at the midway point is equal to that at the points~i.e., the
gradient at the peak of the summed profile is zero!, and is
given by: ds50.51l/NA, where l is the excitation wave-
length. Thus, forl5488 nm a NA51.4 ~oil! objective will
give ds5178 nm, while a top-quality air objective, NA
50.9 produces a spot withds5277 nm. Since the back
ground scattering scales with the illumination area,
high-NA objective helps the SNR by both increasing the s
nal ~collecting more light! and by reducing background.

Emitted fluorescence and backscattered laser light
then recollected and recollimated by the same microsc
objective and pass through the dichroic beamsplitter.
sidual laser light is then filtered out as described above,
fluorescence is focused by the microscope tube lens thro
a pinhole aperture located at the microscope image pla
The pinhole serves to spatially reject out-of-focal-plane lig
and gives improved axial resolution, known as the confo
advantage. The diameter of the pinhole determines the a
lute depth of field for a confocal image, and an excelle
treatment of pinhole selection is given elsewhere.86 Note that
the confocal advantage also helps with SMS, since a sma
depth of the matrix surrounding the single molecule is
lowed to present photons to the detector, reducing ba
ground. This can be especially important in biological sy
tems, where out-of-focus cell autofluorescence needs to
minimized.

Due to the limited number of photons available from
single-molecule emitter, selecting the proper sized pinhol
very important. Smaller pinholes give superior axial reso
tion at the expense of transmission through the pinhole,
are more difficult to align. The magnification of the micro
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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FIG. 5. ~Color! Near-field scanning optical microscopy~NSOM or SNOM!. ~a! Schematic of a representative experimental setup:~OF! pulled and metal-
coated optical fiber representing a near-field source of illumination that is placed very close to the sample surface, (O) objective, (F) filters, ~SPAD! silicon
photon counting avalanche detector.~b! NSOM image of single molecules of R6G on a silica surface using laser excitation at 514 nm. Field of
2.6mm32.7mm, peak signals represent;250 photocounts in 20 ms, and the gray scale signifies large signal~white! to low signal~black! ~from Ref. 91, used
by permission!.
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scope objective also influences the transmission through
confocal pinhole, since the size of the image spot at
pinhole is simply the diameter of the diffraction-limited las
spot multiplied by the objective magnification. For a 603

microscope objective, a 75mm diameter pinhole allows high
transmission (.90%), gives good axial resolutio
(,200 nm), and is easily aligned with a simple three-a
micrometer stage. Following the pinhole, the laser light
reimaged onto either a single element detector, such as
SPAD described above, or it can be dispersed by a mo
chromator onto a CCD to obtain single-molecule emiss
spectra, a technique that will be detailed below.

A confocal image is created by raster scanning
sample stage underneath the laser spot, typically wit
computer-controlled piezo-electric stage. For confocal SM
the resolution of the piezo stage should be better than 50
and a closed-loop piezo scanner makes it much easie
locate and remain positioned directly on top of a single m
ecule, but is not absolutely necessary. A typical confocal
age of single nile red molecules embedded in a thin poly~m-
ethylmethacrylate! ~PMMA! file is shown in Fig. 4~b!. The
two-dimensional~2D! image is 100 by 100 pixels, represen
ing a 10mm310mm area, and is acquired in 100 s. Ea
pixel has a 10 ms dwell time and the total number of phot
counted in that time are displayed in a colorized gray sc
ranging from dark~fewer integrated photons! to light. The
image was scanned horizontally from the top to bottom; s
eral of the nile red molecules showed fluctuations during
scanning; and others showed photobleaching as evidence
the spots that are cut off before the scan over the molecu
complete.
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2. Near-field scanning optical microscopy

NSOM is another scanning method that is used for SM
Figure 5~a! shows a simplified schematic for a near-fie
scanning microscope. Unlike the previously described ‘‘f
field’’ techniques, which are all governed by classical opti
near-field optics can be used to generate a laser spot sm
than the diffraction limit by using an aperture with a diam
eter much smaller than the wavelength of light and by
tecting the light that leaks through this small hole. If th
radiation that propagates through this small hole is detec
in close proximity to this aperture, that is within an axi
distance on the order of the aperture diameter~far below the
optical wavelength!, the spot size detected will be that of th
sub-wavelength aperture. Of course, as the axial dista
from this aperture increases, the spot size increases rap
reaching the diffraction limit in the far-field regime. The ide
of near-field optics has been widely known for some time
was first described by Synge in 1928 and initially demo
strated for microwave wavelengths in 1972~see Ref. 87!.

Near-field processes are characterized by low inten
throughput for light through these tiny apertures. In the ea
studies, to create a relatively efficient aperture suitable
optical wavelengths, a single-mode optical fiber was hea
and pulled until it fractured, forming a tip much smaller tha
the original fiber core.88 The fiber is then coated on the side
with thin film of a metal, such as Al, thus making a wav
guide for the light with a tiny aperture at the end, which
typically 70 nm in diameter. Other improvements in ne
field tips have recently appeared; for a review see Ref.
Using scanning technologies developed for probe techniq
such as atomic force microscopy, the fiber can be held
distance;5 nm from the surface and scanned. Transmit
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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light and fluorescence can then be collected in the far field
traditional optics, and the signal detected with a single e
ment detector, as with a confocal microscope.

The first SMS experiments at room temperature w
performed in 1993, using NSOM to image single DiIC12

molecules embedded in a thin polymer~polymethyl-
methacrylate! film.90 Strikingly, the authors observed varyin
fluorescence emission patterns that were indicative of
absolute orientation of the DiIC12 molecules in the polyme
film and analyzed them by considering the interaction w
the inhomogeneous near-field electric field and the molec
transition dipole. NSOM has also been used to record fl
rescence spectra of single molecules at room tempera
revealing heterogeneity among the spectral properties
single emitters as a function of time,83 and has been used t
measure single-molecule fluorescence lifetimes.91–94

The primary advantages of NSOM are:~a! the reduced
sample volume that is offered by the reduced laser spot s
generating lower background counts,~b! immediate orienta-
tion information, and~c! the fact that monitoring the positio
of the scanned fiber tip gives topographic information sim
taneously with fluorescence images. However, NSOM
several limitations, most notably that the pulled fiber tips
brittle and are subject to breakage, especially over sam
with high surface roughness, limiting this technique to fl
samples. It is also not possible to image single molecules
from the sample surface, since the near-field regime quic
disappears in thez direction, preventing the use of NSOM i
many biological systems, such as in a cell interior. Furth
even though many improvements have been made in p
design, the typical coupling efficiency through a pulled fib
is ;1025– 1026 and it is difficult to consistently make fiber
with the same aperture size. Finally, the modest increas
spatial resolution comes with greatly increased experime
complexity when compared to confocal microscopy. As
potential solution to some of these issues, novel aperture
NSOM techniques have been proposed, in which an
trasharp tip is used as an antenna to localize the excita
region, and this technique may find further utility in singl
molecule studies.95–98 Another approach to ultraresolutio
involves stimulated emission depletion in the region en
cling the focal spot,99 but this method has not been applied
single molecules to date.

Figure 5~b! shows a typical NSOM image of R6G mo
ecules on a cover slide over a 2.6mm32.7mm range.91 The
bright spots correspond to single chromophore fluoresce
The diameter of the spots is roughly indicative of the re
lution of the microscope, demonstrating lateral resolut
slightly beyond the diffraction limit, a tradeoff that was ma
in this particular experiment to obtain a higher count r
from the molecules. In the white boxed region, the two-lob
structure at the right is the ‘‘image’’ of a single molecule
expected due to polarization effects.76 The left molecule in
the box photobleached halfway through the time required
scan over the molecule. The arrow shows a subsequent
different scan direction that was used to collect fluoresce
lifetime as a function of position, illustrating the strong a
terations in excited state lifetime that occur due to inter
tions between the metal tip and the molecule.91
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B. Wide-field methods

Perhaps the simplest method to observe single-mole
fluorescence is to use wide-field microscopy. As the na
implies, a laser or arc lamp is used to illuminate an a
several microns in diameter, as in a traditional microsco
Proper filtering is used to eliminate excitation light and
pass the single molecule fluorescence to a two-dimensi
array detector, usually a CCD as described above, though
best single molecule emitters can even be observed
one’s own properly dark-adapted eyes!~Not only can the
molecules be seen with the unaided eye, the colors can
sensed, as well as color changes and amplitude fluctuat
or blinking.! Performing SMS in this fashion has two majo
advantages: many individual chromophores can be obse
simultaneously, and the position of chromophores can
monitored at near video rates, allowing researchers to
serve translation of single molecules in real time. The p
mary limitation of wide-field microscopy methods is that th
maximum frame acquisition rates for CCD cameras is slow
than the response time for single element detectors, bu
experiments requiring maximum temporal resolution on
order of 50 ms, wide-field methods have become a pop
and useful SMS technique.

Even though a large region of the sample is imaged o
the detector image plane, the spatial resolution of wide-fi
techniques is diffraction-limited if research-quality micr
scope objectives are used. Thus, with high NA optics, sin
molecules will be imaged as spots on the CCD w
;300 nm diameter~FWHM! referenced to the sample plan
However, it should be noted that with sufficient SNR it
possible to pinpoint the location of these spots to better t
the diffraction limit. The accuracy with which the emitter
position can be determined is controlled by the size of
CCD pixels and the overall magnification of the microscop
Specifically, for a CCD camera with 15mm315mm pixels
mounted on a microscope with a 1003 objective and a 53
beam expander lens at the intermediate image plane~giving a
5003 total microscope magnification!, a wide-field image
would display a single molecule as a spot that is 10 pixels
diameter, with a Gaussian intensity profile. The position
the center of this spot can easily be known to the nea
pixel, or 30 nm in this case, a concept that is key in study
diffusion or other similar processes. Again, with sufficie
SNR, by fitting the illuminated pixels to a Gaussian profi
the center can be located to a position even small than
nearest pixel. In principle, infinite spatial resolution can
obtained~for one spot only; the limitations on the ability t
resolve two spots still apply unless multiple colors are us
to distinguish overlapping spots100! by dispersing the image
over a greater number of CCD pixels, either by using a C
with smaller pixels, a larger pixel array, or by increasing t
magnification, but several factors prevent this. First, sing
molecule photobleaching limits the total number of detec
photons, and one needs to have a sufficient number of p
tons per pixel for a given integration time to maintain
proper SNR. Second, CCD cameras typically have read
noise, which places limits on the degree to which the emit
photons can be spread over detector pixels. Finally, the re
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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FIG. 6. ~Color! Epifluorescence microscopy.~a! Schematic of a representative experimental setup: (O) objective, (D) dichroic beamsplitter, (F) filters,
~CCD! two-dimensional array detector.~b! White light transmission image of a single CHO cell; various organelles in the cell interior are weakly visibl~c!
Epifluorescence image for a 100 ms integration time of the same cell, showing the emission from single Cy5-labeled MHCII complexes as descri
text. Laser illumination at 633 nm provided an intensity of;5 kW/cm2 at the sample plane. The epifluorescence was collected with a 1003 magnification,
1.3 NA, oil-immersion objective~CFI PlanFluor, Nikon, Burlingame, CA! and imaged through a 645 nm dichroic mirror and a 670 nm band-pass
~Omega Optical Inc., Brattleboro, VT! on an intensified frame-transfer CCD camera~I-Pentamax, Roper Scientific, Trenton, NJ!. The SBR was 1.6. The
average SM signal without background was 7516206 counts, and the average background was 477677 counts.~From Ref. 103, used by permission.!
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out speed of a CCD camera roughly scales with the inve
of the number of pixels being read out per data acquisit
frame, and one must carefully decide what parameters en
the optimal balance of spatial and temporal resolution.
deed, the parameters given above are typical for a mod
intensified CCD camera and give adequate SNR for ‘‘goo
single-molecule emitters, such as Rhodamine 6G~R6G!,
with 50 ms integration times.

There are two popular techniques for wide-field SM
imaging: epifluorescence and total internal reflection~TIR!
microscopy. We will discuss the implementation of ea
technique and the relative advantages and disadvantag
each method below.

1. Epifluorescence

An epifluorescence SMS microscope can readily be c
structed from commonly available commercial microscop
as epifluorescence has been used for many years for bio
cal applications in particular. This method was first appl
to room-temperature SMS in studies of biomolecu
motors.101 Figure 6~a! shows a simplified diagram of an ep
fluorescence microscope for SMS. To illuminate an area s
eral microns in diameter, it is necessary to use an input b
that isnot collimated. A simple method to create a laser sp
of appropriate diameter is to focus the laser beam onto
back aperture of the microscope objective. This is most e
ily accomplished using a lens with a focal length lo
enough that the lens can be mounted externally to the mi
scope; a typical lens used has a 0.5 m focal length. The in
laser beam is then reflected toward the microscope objec
by a dichroic beam splitter. The microscope objective sho
have the highest magnification available for most wide fi
applications for the reasons discussed above. For all S
experiments, the NA is also a key parameter. N
5n* sinfmax, wheren is the refractive index of the medium
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between the sample and the objective andfmax is the maxi-
mum collection angle of the objective. To maximize the d
tected light, the NA should be as high as possible, and th
usually accomplished by using an objective designed to
immersed in a high-n medium. For most SMS applications
an oil immersion (n51.51) objective is preferred, and thes
objectives have an NA as high as 1.4. For imaging in so
biological environments, it may be favorable to implemen
water immersion (n51.33) objective, which usually ha
NA51.2, exchanging some light gathering ability for im
proved image quality, but for most SMS experiments, the
objective is preferable. Naturally, the oil used must not co
tain fluorescent impurities. The flatness of field for the m
croscope objective also has a significant bearing on w
field imaging applications, especially if distance paramet
across the image need to be carefully quantified. Microsc
objectives designated ‘‘PlanApo’’ are designed with the hig
est flatness of field and color correction, and should be u
for all wide-field imaging. For imaging at short wavelength
it also may be necessary to choose a microscope objec
with very low fluorescence.

Fluorescence emission is collected back through
same microscope objective and transmitted through the
chroic beam splitter. Residual laser excitation light is
jected by appropriate long pass filters and/or notch filters
highlighted earlier. The light is then focused via the micr
scope tube lens to a CCD camera. If additional magnificat
is desired, relay lens systems with magnifications 23 – 83
are commercially available and are easily installed into
microscope.

One of the applications of wide-field SMS is the study
motion of critical structures in the membrane of sing
cells.102 Single-molecule labels are preferred to multiple
bels or large beads in order to minimize disruption of nat
structures. One recent effort has explored diffusion of sin
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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FIG. 7. ~Color! Total internal reflection microscopy using a prism.~a! Schematic of a representative experimental setup: (P) prism, (O) objective, (F) filters,
~CCD! two-dimensional array detector, with the emitting single molecule signified by a star.~b! Image of the fluorescence emission over a 2.4mm
32.4mm region from single copies of the GFP mutant T203Y immobilized in PAA in the TIR microscope. Conditions:pH 7, 100 ms exposure, and 2 kW/cm2

of 488 nm pumping light at the gel-cover slip interface. Fluorescence was imaged with a Nikon Diaphot 200 inverted microsccope, 1003 1.4 NA PlanApo
oil-immersion objective, via a 515EFLP long-pass or 535DF55 band-pass filter~Omega Optical! on a frame-transfer, intensified CCD camera~Princeton
Instruments I-Pentamax! ~from Ref. 109, used by permission!.
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transmembrane proteins embedded in live cells.103 Briefly,
diffusion of the Major Histocompatibility Complex of Typ
II ~MHCII !, an essential binding protein forT-cell recogni-
tion, was studied to determine how these important prote
move around in the cell membrane. Chinese hamster o
~CHO! cells were selected because they adhere nicely
glass microscope coverslips and because the surface opp
the adhered side is extremely flat. Figure 6~b! shows an im-
age of a CHO cell under white light illumination. The edg
of the oblong cell are clearly seen in this image. To label
MHCII proteins in an unintrusive manner, a short polype
tide that strongly binds to the MHCII is labeled with a sing
Cy5 dye molecule and the cell is exposed to these prote
which then bind to the MHCII structure in the cell mem
brane. Figure 6~c! shows an epifluorescence image of t
labeled cell. Only dye labels at the surface away from
glass are visible because the depth of field in an epifluo
cence microscope is;300– 500 nm and the CHO cell is se
eral microns thick. The authors were able to monitor
diffusion of the MHCII proteins by tracking the positions o
the Cy5 labels with 100 ms integration times.

2. Total internal reflection

TIR microscopy can also be used to observe single m
ecules with high sensitivity. TIR measurements make use
the exponential decay of the evanescent field generated
total internal reflection at a high-index to low-index boun
ary, most typically at the interface between a glass or qu
coverslip and air or water. For angles of incidence measu
from the interface normal~u! above the critical angle, the
evanescent field intensity (I ), ~which is proportional to the
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square of the electric field amplitude!, drops off with dis-
tancez into the low-index medium according to

I ~z!5I ~0!exp~2z/d!, ~11!

whereI ~0! is the intensity at the interface, and the expone
tial decay distanced is

d5
l0

2p
~n2

2 sin2 u2n1
2!21/2, ~12!

wherel0 is the wavelength of the excitation light in vacuum
and n2 , n1 are the indices of refraction of the glass/qua
and the air/liquid, respectively. The angle-dependent de
constantd is typically ;150 nm for green laser excitation
and the small size of this parameter shows that the pump
excitation extends only a short distance into the low-ind
medium. Hence, the primary asset of TIR-based microsc
is that only fluorophores that are sufficiently close to t
coverglass–air/water interface will be excited, while tho
further out in the bulk will not, and the volume of samp
which can produce an interfering background is minimize
While TIR microscopy has been used for biological samp
for a long time,104,105 only recently has the method bee
applied to single-molecule studies.101,106

A TIR microscope can be implemented by coupling
microscope coverslip to a prism with an index matching flu
(n51.51 for glass!. A laser beam can easily be coupled in
the prism above the critical angle to achieve TIR, and
microscope can image the fluorescence excited from the
nescent field created at the interface. Figure 7~a! shows a
schematic drawing of a prism-type TIR setup used to ima
single dyes106 and single copies of GFPs embedded in
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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FIG. 8. ~Color! Total internal reflection microscopy, through-the-objective configuration.~a! Schematic of a representative experimental setup: (O) objective,
(D) dichroic beamsplitter, (F) filters, ~CCD! two-dimensional array detector.~b! Example image of R6G in PMMA, scale bar 10mm, incident intensity at
532 nm50.56 kW/cm2. This image was recorded with a TE300 inverted microscope~Nikon! with a 603, 1.4 NA oil-immersion objective, 545LP dichroic
filter, HQ525/50 emission filter~Chroma, Brattleboro, VT!, and a frame-transfer, intensified CCD camera with 100 ms integration time~Princeton Instruments
I-Pentamax! ~from Ref. 110, used by permission!.
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water-filled poly~acrylamide! ~PAA! gel matrix to restrict
Brownian diffusion;107 see Refs. 108 and 109 for mor
sample preparation information. For this experiment, illum
nation was provided by the evanescent wave generate
TIR of a linearly polarized laser beam at the interface
tween the quartz cover slip and the gel sample. The cor
incidence angle for TIR on this interface was obtained by
use of a triangular quartz prism and a layer of glycerol on
of the upper cover slip. A quartz prism was used instead
glass to minimize background autofluorescence. Typical
citation intensities were of the order of 1 kW/cm2, but of
course, the distance of the molecules from the interface
not controlled, so the absolute intensity at each molec
could vary by as much as a factor of 2 or more. In typic
measurements, saturation of the emission was avoided.
ure 7~b! shows a rendered three-dimensional plot of G
fluorescence as a function of two-dimensional position in
microscope plane; it should be noted that this type of plo
yet another method to display single-molecule fluoresce
image data, and it is easy to compare the relative intens
of individual molecules by examining relative peak heigh

TIR can also be created by coupling an input laser be
through the extreme edge of a high-NA microscope obj
tive, in order to place the evanescent field at the position
the first boundary between a glass cover slip and a low
index medium. The method is then called through-th
objective TIR, a technique first implemented for SMS
Funatsuet al.101 Figure 8~a! shows the through-the-objectiv
TIR microscope. As with the epifluorescence microscope,
input laser beam is not collimated, and identical optics c
be used for both setups, by simply mounting the final mir
of the laser input path on a translation stage. The microsc
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can be switched between epifluorescence and TIR by sim
translating this mirror such that the input beam is coup
through the edge of the microscope objective or through
center as described in detail in Ref. 110. Figure 8~b! shows
an image of single R6G molecules embedded in a PMM
film.

The primary benefit of TIR is the reduced backgrou
that comes from the reduced illuminated sample thickn
and the lower absolute powers that are required to illumin
the samples. However, TIR is usually limited in its use
regions located within;150 nm of the glass microscop
coverslip, and for imaging away from the glass covers
interface, such as the MHCII diffusion study describ
above, epifluorescence can be useful. In one report, TIR
the interface between the cell and the surrounding aque
medium has been described.111 Several detailed comparison
of the various TIR configurations have been presented.110,112

IV. SPECIFIC DETECTION MODALITIES

Since the inception of SMS over 10 yr ago, great effo
have been made to extract the maximum information fr
every photon emitted from a single fluorophore, often a d
ficult task due to the intrinsically small signals inherent
single-molecule fluorescence. The ability to observe in
vidual members of an ensemble population has demonstr
that significant heterogeneity exists even among molecule
crystals. SMS has shown that molecules are very sensitiv
their local environment, and this sensitivity can be exploit
to gain new insights into a variety of processes. Numer
techniques have been developed that can characterize se
physical properties, such as molecular orientations, ma
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



ro
uo
uc
rd
n

th
a

o
e
ti

ed
s
la

nt
to
le
h

he
n

e
an

to
th

ith
co
n

t
p
io
cu
of

r-
a
rly
e
s
s
us
ed
th
-
le-
rm

r-

n
ex-

ns-

fil-
or
ol-
the
as
ig.
rly
the

ith
le

,
ati-

ous

a-
d

lly

e-
e

ll as
in-
hed

an
d to
IR,
iza-

in
le.

nse
ro-

ng-
d

orre-
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molecular conformational changes, energy transfer p
cesses, and even providing insight into the physics of fl
rescence itself. The overriding theme is to obtain as m
information from the emitted photons as possible by reco
ing their polarization, time of arrival, wavelength, actio
spectrum, etc. To study diffusion effects, the position of
molecule is recorded as a function of time and the data
analyzed for departures from Brownian motion.102,103,113This
section briefly introduces several useful SMS detection m
dalities, describes the general implementation of the conc
highlights a few recent achievements using each respec
technique, and directs the interested reader to detailed
ticles available in the literature.

A. Polarization microscopy

Despite the fact that the spatial resolution of~diffraction-
limited! optical methods is on the order of a few hundr
nanometers, the extreme sensitivity of SMS to change
local orientation allows one to probe effects on the molecu
scale. One of the most powerful SMS techniques curre
employed is polarization microscopy, which allows one
determine the exact angular orientation of single molecu
In most cases, the absorption and emission dipoles of hig
fluorescent molecules are parallel, and this is assumed
for simplicity. One way to extract orientational informatio
is via modulation of the excitation polarization@polarization
modulation,~PM!#. The physical basis for PM is simple; th
excitation of a molecular transition is dependent on the
gular alignment of the excitation electric field vectorE ~po-
larization! and the molecular transition dipolem, specifically
the probability of excitation depends uponum"Eu2. For a
single molecule, there is only a single transition dipole
consider, so there is a discrete polarization anisotropy of
fluorescence. If the molecule is static or rotating slowly w
respect to the integration time, then one can observe a2

dependence of the fluorescence signal as the polarizatio
the excitation laser beam is rotated with respect tom. Similar
arguments apply to the emission polarization: because
molecular emission has the shape of the dipole emission
tern, detection of the emission in two orthogonal polarizat
channels allows extraction of information about the mole
lar orientation. For reviews of polarization microscopy
single molecules, see Refs. 114 and 115.

Excitation polarization modulation can easily be inco
porated into a confocal or wide-field microscope by using
electro-optic modulator to rotate the polarization of a linea
polarized input laser beam.116 Confocal PM geometries hav
been used to measure reorientations of dye molecule
polymer films117 and hindered rotation of dye molecule
linked to tethered DNA molecules in an aqueo
environment.118 Wide-field PM experiments have been us
to observe molecular machines in real time, including
rotation of F1-ATPase,119 and to study the rotational flexibil
ity of single kinesin motor proteins as a function of nuc
otide state, revealing a previously unseen highly mobile fo
when adenosine diphosphate~ADP! is bound, providing new
insight into the complex walking mechanism for this impo
tant protein.120,121
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As an illustration of the use of PM to extract orientatio
information for a single molecule in an epifluorescence
periment, Fig. 9 shows results for a singly labeled poly~buta-
diene! chain in a PMMA matrix.50 The pump polarization
was electro-optically toggled between two orthogonal tra
verse directions in the sample plane, denotedX andY. The
emitted fluorescence was collected through appropriate
ters as usual, but with no analysis of the polarization. F
each pump polarization, a 100 ms image of the single m
ecules was obtained. After the end of the experiment,
time trajectory of each of the molecules in the field w
extracted, and data from a typical molecule is shown in F
9~a!. The ratio between the two emission signals clea
changes as a result of rotation of the molecule, up until
point of photobleaching at;22 s. Figure 9~b! shows one
way to display the data as a polar plot of in-plane angle w
the radial position showing the total intensity of the molecu
estimated using (X21Y2)(1/2). From molecule to molecule
the dynamical character of such traces can change dram
cally as a result of the hidden heterogeneity in an amorph
material.

An alternate approach to extracting polarization inform
tion involves pumping with circularly polarized light an
resolving the emission into two orthogonal directionsA and
B.122 In this case, the fluorescence polarization is usua
calculated using (I A2I B)/(I A1I B). If the molecules are ro-
tating rapidly, the emission will be unpolarized and the d
tected P values will cluster around zero. However, if th
rotation is slow, characteristic departures fromP50 will be
observed. Some investigators have done both: PM as we
resolution of the emission, which can extract additional
formation such as the cone angle of a covalently attac
fluorophore.115

It should be noted that TIR and NSOM geometries c
introduce complicated polarization effects that can be use
further probe molecular orientations. In the case of T
p-polarized input laser light produces evanescent polar
tion in both the transverse and axial (z) directions, the latter
of which can be used to excite molecular dipoles oriented
thez-axis direction perpendicular to the plane of the samp

FIG. 9. Example of the use of polarization modulation microscopy to se
the in-plane orientation of the transition dipole moment of a single fluo
phore on a single polymer chain.~a! Fluorescence emission withx and y
polarized pumping as a function of time, illustrating a continuously cha
ing in-plane dipole angle.~b! The trajectory of the in-plane dipole angle an
the overall brightness of the molecule shown in~a!, which shows the range
of angles sampled by the dipole. The open squares and filled circles c
spond to the early half and last half of the trajectory, respectively~from Ref.
50, used by permission!.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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A prism TIR geometry was used to image the emission
pole orientation for single molecules by observing the em
sion patterns for single molecules,123 capitalizing on spheri-
cal aberrations present when imaging several microns a
from the glass cover slip with high-NA microscope obje
tives. This effect caused thez-oriented molecules to appea
slightly defocused, giving them a ‘‘doughnut’’ emission pa
tern, whereas molecules with the transition dipoles aligne
thex–y plane had a normal emission pattern. The local el
tric fields vary wildly across the aperture of an NSOM fib
probe, due to near-field effects described elsewhere.76 Be-
cause the aperture is orders of magnitude larger than a s
molecule, a molecule interacts with different local elect
fields as the fiber is scanned across the molecule. The
tected fluorescence intensity maps how the molecule in
acts with these complex fields, and this can be used to p
the orientation of molecules, an effect originally seen in
first NSOM SMS experiments.76 Other methods that hav
been to extract orientation involve annular illumination124

and simultaneous resolution of the emission into three po
ization directions.125

B. Spectral dispersion of emission

The previously mentioned single-molecule detect
methods involve counting the total numbers of photons o
broad-band detector, usually a CCD camera or a SPAD, m
suring total redshifted fluorescence as a function of time.
also possible to obtain spectral information about sing
molecule emitters as a function of time by using a modifi
version of the scanning SMS microscopes described ab
Specifically, the single element detector can be replaced
a grating spectrometer to spectrally disperse fluorescence
lowed by a CCD camera placed at the slit position of
grating spectrometer. Each vertical strip of pixels on
CCD chip can be summed to create a ‘‘superpixel’’ that re
resents a single wavelength, and a complete fluoresc
spectrum is then obtained with each frame read out on
CCD. One needs to realize that the emission spectrum fro
single molecule has a SNR that is inherently worse tha
wavelength-integrated signal, since the same number of p
tons is now being dispersed over many superpixels, wh
behave like individual detectors. Further, dispersion op
introduce additional optical losses in the microscope syst
For this reason, high resolution grating spectrometers are
dom used in favor of low f-number systems with high
throughput.

The original single-molecule emission spectra were
tained for molecules embedded in solids at cryoge
temperatures,80,81 a topic covered in several reviews.82,126

Such spectra are actually equivalent to resonance Ra
spectra, and the line positions show the Raman active mo
of the electronic ground state. The primary benefit of wo
ing at low temperatures is that linewidths are extremely n
row, and it is easy to see small changes in the position
these sharp peaks. Further, even very weak lines are e
detected in the single-molecule spectrum since the pho
for a given spectral feature are concentrated on a small n
ber of pixels. Spectra have been obtained for single m
Downloaded 08 Sep 2004 to 128.115.101.197. Redistribution subject to A
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ecules embedded in a variety of crystalline127 and
polymer80,81 hosts, revealing quite distinct spectral line po
tions arising from different local environments.

Emission spectra have also been acquired for single m
ecules at room temperature, revealing similar effects to
low temperature studies, including spectral diffusion and h
erogeneity among the peak fluorescence positions for dif
ent molecules83,84,92and for extended chromophores in sing
polymer chains.128 The primary difficulty in obtaining room
temperature spectra is that linewidths are quite broad, t
cally on the order of 75 nm~FWHM! or more, making it
challenging to trade off SNR and spectral resolution. A
cent study129 observed detailed variations in the local cha
acteristics of thin polymer films by recording spectra fro
single nile red molecules, a polarity-sensitive dye able
sense charge transfer with the surrounding medium. The
thors took spectra of nile red in relatively nonpolar PMM
and polar poly~vinyl alcohol! ~PVA! films, measuring the
position and widths of the fluorescence spectra. Interestin
two distinct peak widths were observed for molecules
PMMA films, an effect the authors attribute to the presen
of two domains in the polymer film with different local ri
gidities. Conversely, the PVA films showed a broad distrib
tion of environments whose rigidity strongly depended
the level of hydration.

An example of fluorescence emission spectra fr
single molecules at room temperature is shown in Fig.
Single DiIC18 molecules embedded in a PMMA film wer
illuminated with 1.5 kW/cm2 532 nm laser light in a confoca
microscope configuration. The top and middle panels sh
spectra from two different single molecules, with an integ
tion time of 30 s. One may note how the individual mo
ecules display radically different spectra, a result of differe
local interactions. For comparison, the lower panel of Fig.
shows a bulk spectrum taken with a 1 sintegration time and
greatly attenuated laser intensity for a film of many tho
sands of DiIC18 molecules in PMMA. The ripples in the bulk
spectrum are a result of the transmission characteristic
the microscope filters~see Fig. 2!.

FIG. 10. A fluorescence spectrum of a single DiIC12 molecule embedded in
a PMMA film, recorded with the filtering described in Fig. 4, but obtain
by directing the emission through a grating spectrometer to which a liq
nitrogen cooled CCD array detector has been attached. The excitation i
sity was 1.5 kW/cm2 at 532 nm.~Top and middle panels! Two different
single molecules, with an integration time of 30 s.~Lower panel! Bulk
spectrum, 1 s integration time, greatly attenuated laser intensity.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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C. Fluorescence resonant energy transfer „FRET…

Another often-used fluorescence technique is FR
where a short-wavelength ‘‘donor’’ fluorophore is pump
by a light source, and its energy is transferred to a lon
wavelength ‘‘acceptor’’ molecule via Fo¨rster dipole-dipole
interactions, whereupon the acceptor fluoresces, emit
light at a long wavelength. The FRET efficiency,Ed , is de-
pendent on the distance between the donor and acceptor
can be expressed:Ed51/$11(R/R0)6%, whereR is the dis-
tance between the donor and acceptor molecules, andR0 is
the characteristic distance where 50% of the energy is tr
ferred from the donor to the acceptor. Under appropriate c
ditions, the energy transfer efficiency may be extracted fr
the ratio of the emission intensity of the donor to the em
sion intensity of the acceptor. Molecular factors that infl
enceR0 are the spectral overlap of the donor–acceptor p
the refractive index of the medium, the quantum yields of
donor and acceptor, and the relative orientation of the tr
sition dipoles for the donor and acceptor; typicalR0 values
range from 2 to 6 nm. Excellent treatments of FRET a
available in several monographs and reviews,130–132 and
single-molecule FRET has been the topic of a rec
review.133

As a result of the sixth power dependence ofEd on the
donor–acceptor distance, FRET is widely used to meas
small distances between sites on large molecules suc
proteins, and has been a useful bulk fluorescence assa
quite some time.134 The spatial scale of FRET is far belo
the diffraction limit, so it is in principle possible to extrac
high resolution distance information in this manner. R
cently, FRET has shown to be a powerful tool for using SM
to study conformational changes of biological macrom
ecules. Haet al.135 were the first to use FRET to detect co
formational changes of a three-helix ribonucleic acid~RNA!
junction, whose structure folds upon binding of the ribos
mal protein S15. In this experiment, the authors used a c
focal microscope, but split the detected light to two SPA
detectors using a dichroic beam splitter; the transmitted
~acceptor! intensity and the reflected blue~donor! intensity
could then be monitored simultaneously.

One issue that should be considered with FRET
single molecules is the fact that the degree of energy tran
is extremely sensitive to the fluorescence properties of e
dye molecule. Fluorescence dynamics can be extrem
complicated for even the simplest systems, as shown ab
for the spectral diffusion of single molecules. Fluctuations
the fluorescence properties of the dyes themselves du
varying interactions between the dye and its local envir
ment can drastically change parameters such as the emi
spectrum and quantum yield, and these two properties
have to be measured separately in control experiments.
ther, the rotational characteristics of the dye labels affect
orientational factor inR0 , and these can dynamically chang
on the time scale of the desired experiment. Since~for a fixed
distanceR) the FRET efficiency goes from a maximu
when the donor and acceptor transition dipoles are alig
parallel to zero when the dipoles are perpendicular,
could mistake a conformational change for a rotational ev
Downloaded 08 Sep 2004 to 128.115.101.197. Redistribution subject to A
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if the relative dye rotation is slow enough. While these co
cerns are less of an issue with bulk measurements since
ensemble is a statistical average of all orientations, quan
yields, and other relevant fluorescence characteristics,
needs to perform many controls with a single-molecule s
tem. Even small changes in theR0 value will have huge
changes in the FRET efficiency. For example, the rotatio
correlation times of the two dyes may need to be separa
measured with polarization anisotropy to extract precise
formation.

Another limitation of FRET is that two separate dy
molecules must be introduced to the system. Because
primary benefit of SMS is its inherent sensitivity to syste
heterogeneity, the two dye labels must be carefully int
duced to the identical location of all studied molecules, a
for proteins, the specific introduction of multiple dye labe
is a challenging problem,136 especially for those located in
side living cells. However, fusions to GFP avoid this dif
culty because the DNA that codes the protein for study
be genetically modified to include the DNA for GFP at
specific location in the DNA sequence, thereby creating
naturally fluorescent label at a known location. A recent
fort in the Moerner lab137 used a so-called ‘‘cameleon’’ con
struct that is a fusion of two GFP mutants to th
Ca21-dependent calmodulin protein.138 Upon binding Ca21,
the cameleon protein contracts, pulling its two ends clo
together. On one end of the cameleon, a blue-shifted var
GFP is expressed, and on the opposing end a redshifted
mutant is expressed. The authors pumped the blue do
GFP and were able to detect a significant increase in FR
efficiency~to the red acceptor GFP! upon Ca21 binding, the
first example of a single-molecule FRET system without
ing dye labels. However, the poor photostability of GFP
duced the amount of information obtainable.

In spite of these issues, single-molecule FRET contin
to be a useful tool to study biomolecular dynamics. To a
dress the orientational factor, often the two fluorophores
attached with floppy saturated alkane linkers to reduce
rotational correlation time. In addition, rather than attem
ing to extract precise values of the interdye distanceR, large
and qualitative changes in FRET efficiency are sufficient
conclude that the conformation of the system has change
addition to the studies mentioned above, single-molec
FRET has been used to study enzyme conformatio
dynamics,139 the folding of individual RNA enzymes,140

single GCN4 proteins,141 DNA unwinding by Rep
helicase,142 and the list of experiments continues to grow.

D. Two-photon excitation

Recently, two-photon excitation of fluorescence has
come a powerful tool for imaging biological systems in thr
dimensions, due to the quadratic dependence of two-pho
excitation probability on laser intensity, a process that crea
a vastly reduced excitation volume.143 This aspect of two-
photon microscopy can be thought of as an enhancemen
the confocal advantage, where the depth of field is extrem
thin, since the laser intensity outside the beam waist is m
lower than that at the laser focus, allowing for superior cro
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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sectioning ability. Indeed, the construction of a two-phot
microscope is very similar to a confocal microscope usin
femtosecond pulsed laser excitation source, except tha
confocal pinhole is removed, since it is no longer need
The primary advantages of two-photon microscopy are tw
fold. First, the reduced sample volume excites fewer ba
ground impurities, lowering background fluorescence. S
ond, it is possible to access transitions in the near UV us
near infrared~IR! light, a powerful benefit since many ma
terials fluoresce strongly when pumped in the near UV
are transparent to IR light, including cells and even the gl
used in optical elements.

Two-photon single-molecule fluorescence was first
ported in 1995 for single Rhodamine B molecules diffusi
through the reduced two-photon laser focus.144 Immobilized
single molecules have also been observed with a compar
SBR to conventional confocal microscopy, but the proba
ity of photobleaching was increased by approximately a f
tor of 2, possibly due to absorption of a photon while t
molecule is in a dark triplet state,145 a possible limitation
inherent to this technique. There is also the possibility
heating of the host matrix or liquid by overtone absorptio
One must also take great care when focusing femtosec
pulsed light in a two-photon microscope; even modest po
ers can generate white light in the sample, limiting the int
sity regime accessible to SMS experiments, which often
quire relatively high excitation rates to obtain an adequ
SNR. Nonetheless, with the recent commercial availability
femtosecond pulsed lasers, the use of two-photon mic
copy will continue to grow, especially for use in cellula
systems and other thick samples that are subject to auto
rescence.

E. Time-dependent dynamical studies

No matter which experimental variable is measured,
time-dependent changes in the signal are usually of g
interest. In fact, it is a particularly important advantage
single-molecule optical spectroscopy that the system un
study can often be followed noninvasively as it procee
through different time-dependent states. This dynamical
formation is an example of the type of information that is n
easily available from ensemble averaged-measurements
as x-ray crystal structures or cryo-electron microscopy,
example. To be more specific, if a bulk ensemble sampl
composed of enzymes in different chemical states, the st
are often not synchronized and details of the state chan
can be smeared out. However, a single-molecule experim
that follows the time-dependent behavior of each single m
ecule, one at a time, can remove this dynamic heterogen
without synchronization.

Time-dependent effects can arise on many different t
scales, from nanoseconds to thousands of seconds, and
may arise from a variety of factors. Here the time scales
physical effects will be described proceeding from the fas
to the slowest, and examples of the type of analysis in e
regime will be briefly mentioned.
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1. Fluorescence lifetime measurements

On the shortest time scale of nanoseconds, the strea
photons emitted by the molecule contains information ab
the system encoded in the arrival times of the individu
photons. One way to obtain information in this regime i
volves pumping the sample with short pulses from a rep
tively pulsed source such as a mode-locked laser or a pu
light emitting diode. After each excitation pulse, at most on
one photon can be emitted since only one molecule
pumped. For sufficiently short excitation pulses, measu
ment of the distribution of time delays between the pum
photon and the emitted photon allows a direct measurem
of the excited state lifetime of the moleculetF . Once a
single molecule is microscopically selected by any of t
optical configurations shown above, the lifetime can be m
sured by the standard technique of time-correlated sin
photon counting. In this method, digital timing electroni
are used to measure the histogram of time delays for a s
pump photon–emitted photon pairs. For example, a spec
ized personal computer board~TimeHarp, Picoquant! can be
driven by pulses signifying the time of the pump pulse a
the time of detection of an emitted photon. Typically, t
number of photons that must be detected to allow deter
nation of the excited state lifetime is on the order of 10
with more photons required if high accuracy is needed.
actual experiments, the time resolution of the measureme
limited in the usual way by the instrument response functi
and the maximum repetition rate is limited by the dead ti
of the detector. For the latter parameter, the SPAD detec
typically have larger dead times than PMTs, but there
other advantages of the SPAD detectors as described ab

The earliest single-molecule lifetime measurement
volved flowing stream studies,146 followed the next year by
low-temperature single-molecule lifetime experiments
the canonical pentacene/p-terphenyl system.147 The first
room temperature studies observing the same molecule
an extended time were performed on R6G on surfaces u
NSOM methods,83,91,93 and a puzzling effect was reporte
that the observed lifetime depended upon the exact pos
of the tip with respect to the molecule. This turned out to
due to the quenching influence of the metallized portion
the tip on the molecular dipole emission. Later experime
have used far-field methods to avoid distortion of the o
served lifetime.92 In recent work, sophisticated data proces
ing methods have been devised that allow one to dyna
cally shift the time frame over which the lifetime i
measured, which allows observation of time-depend
changes in the lifetime due to dynamical quenching effe
arising from conformational changes.148 Single-molecule
lifetime measurements have been useful in exploring tR
dynamics,149 DNA conformational fluctuations,150 and elec-
tron transfer at interfaces,151 to cite a selection of recent stud
ies.

2. Single-molecule quantum optics

A further set of interesting time-dependent effects ari
from the fact that the single molecule is a quantu
mechanical object, and hence quantum-optical correlati
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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are contained in the statistics of the photon emission tim
even for cw illumination. On the time scale of the excit
state lifetime, photons emitted from single quantum syst
are expected to show photon antibunching, which means
the photons ‘‘space themselves out in time,’’ that is, the pr
ability for two photons to arrive at the detector at the sa
time is small. Antibunching is fundamentally measured
computing the second-order correlation of the electric fi
g(2)(t) @which is simply the normalized form of th
intensity-intensity correlation functionCs(t)], which shows
a drop below the uncorrelated value of unity when an
bunching is present.152 For a single molecule, antibunching
easy to understand as the individual molecule cannot e
two photons at the same time. After photon emission, a t
on the order of the inverse of the Rabi frequency must ela
before the probability of emission of a second photon is
preciable. At sufficiently high laser intensity, Rabi oscill
tions can be observed as the laser coherently drives the s
molecule into and out of the excited state before emiss
occurs.

In actual practice, in order to overcome time limitatio
caused by the dead time of photomultipliers or SPADs, t
identical detectors are used to measure the distribution
time delays between the arrival times of consecutive pair
emitted photons as in the classical Hanbury Brown–Tw
experiment.152 The expected antibunching in single-molecu
emission was first observed for a single molecule of pen
cene in p-terphenyl153 demonstrating that quantum optics e
periments can be performed in solids and for molecules.
course, if more than one molecule is emitting, the antibun
ing effect as well as any bunching effect due to bottlene
states both quickly disappear since the various resonant
ecules emit independently. The observation of high-cont
antibunching is strong proof that the spectral features
indeed those of single molecules. A variety of oth
quantum-optical experiments have been performed on si
molecules at low temperatures, including ac Stark effects
electro-optical mixing, reviewed in Ref. 126.

In the room temperature regime, an extremely sta
emitter is needed to complete useful single-molecule qu
tum optics experiments. For example, single CdSe/C
nanocrystals show antibunching on the short~ns! time scale
of the excited state lifetime,59 in spite of serious blinking and
fluctuation effects on longer time scales.61 Surprisingly, re-
searchers have shown that terrylene molecules prote
from photo-oxidation in a p-terphenyl crystal at room te
perature show a very low probability of photobleaching48

and this system showed clear high-contrast antibunchin154

under cw illumination.
Terrylene in p-terphenyl was recently utilized to produ

a high efficiency, highly quantum mechanical source
single photons on demand.155 A high performance, room
temperature source of single photons at a designated re
tion rate would be a key component in an optical quant
cryptography and communication system. It was possible
use a standard optical microscope and a simple doped
lecular crystal to make a source in which the probability
single-photon emission per pump pulse was as large as 8
a highly nonclassical value which strongly departs from
Downloaded 08 Sep 2004 to 128.115.101.197. Redistribution subject to A
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usual Poisson statistics. With this stable emitter, single p
tons could be emitted at a rate of several MHz for a total
109 photons or more.

3. Intermediate time regime

In the time regime of microseconds to milliseconds,
large array of dynamical effects can be felt in the sing
molecule emission, such as photophysical effects like in
system crossing and photochemical effects such as prot
tion, electron transfer, or conformational fluctuation
Autocorrelation analysis has long been recognized as a
ful method for statistical study of stochastic dynamical p
cesses that may be partly obscured by noise.23,156By defini-
tion, the autocorrelation measures the similarity~overlap!
between the photon emission signalS(t) and a copy ofS(t)
delayed in time by a lag timet

CS~t!5E S~ t !S~ t1t!dt. ~13!

The shape of the autocorrelation function contains
tails of the dynamical process, under the assumption that
dynamical process is stationary, that is, the dynamics m
not change during the time needed to record enough ph
arrivals to generate a valid autocorrelation. Because the n
component of the signal is uncorrelated, its contribution
Cs(t) decays quickly, leaving information about the~aver-
age! time-domain correlations ofS(t). In practice, when
photon counting is used, a commercial digital correla
~Brookhaven, Malvern! is employed to measureCs(t) by
keeping track of the arrival times of photons. Modern co
elators can do this over a huge logarithmic time scale cov
ing many decades in time, a feature that is very useful
studying the dispersive dynamics characteristic of am
phous systems.

It is important to distinguish two regimes:~a! measure-
ment on the same single molecule for as long as poss
and ~b! measurement of many single molecules, one a
time, but summing together the signals from all of them
increase the SNR of the correlation function. The latter
gime is the FCS limit mentioned at the beginning of Sec.
and FCS is generally performed for emitters at very lo
concentration in solution where diffusion is used to bri
each new molecule into the volume to generate a new b
of emitted photons. The former regime is the primary foc
of this article. The decay in the autocorrelation of the emit
photons for a single molecule of pentacene in p-terphe
due triplet intersystem crossing effects was first reported
the low temperature studies,3 and similar experiments in
polymer systems allowed identification of different types
two-level systems in the host.157

4. Milliseconds and longer

Most single-molecule microscopy experiments explo
the time scale from ms to many seconds, chiefly because
high intensity needed to obtain short-time information oft
results in premature bleaching. Moreover, most systems s
ied to date have shown some form of fluctuating, flickerin
or stochastic behavior6 arising from photochemistry, spectra
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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shifts, enzymatic activity,53 or environmental fluctuations be
tween the chromophore and the surrounding host matrix.
full array of physical effects leading to fluctuations will n
be reviewed here, but to give an example, Fig. 11 shows
time dependence of the photon emission signal for a sin
copy of a mutant GFP-even though the laser is on cont
ously throughout the trace, the emission from the single p
tein emitter turns on and off in a roughly digital fashion, b
with several characteristic time scales.109

Fluctuating time-dependent signals like those shown
Fig. 11 may be analyzed in several ways. First of all, it
important to try to obtain as long a time trace with as ma
‘‘on/off’’ switching events as possible to improve the stat
tical sample. If the time scale of interest is very long, th
proper selection of the illumination duty cycle can be e
tremely helpful. With a sufficiently long time trace, calcul
tion of the correlation function is a useful first step; if th
process is characterized by simple two-state kinetics, the
relation function will be exponential. However, there are s
eral single-molecule experiments where the decays are
simple single exponentials, indicating more compl
kinetics.149,158 One example would be the behavior of th
angular orientation of single probe molecules in a polym
near the glass transition,72 where stretched exponential kine
ics have been observed. Another would be the dark t
distributions of single CdSe quantum dots which show
power law time dependence.61 In the event that the signa
seems to switch between two values, experimenters ge
ally attempt to extract separate distributions of on times
off times from the single-molecule time traces.122 When this
is possible, the experimenter can turn to the large array
mathematical analysis methods that have been previously
veloped for the analysis of single ion channel data.14 As a
further example at room temperature, correlation analysis
been applied to explore rotational correlations for molecu
in polymers.159

For the case of single copies of the enzyme cholest
oxidase, higher-order correlation analysis, in which
lengths of successive on-times were correlated, pro
useful.53,160 By this method, evidence was gathered for t
hypothesis of fluctuating rate constants, an interesting typ
dynamical disorder only observable at the single-molec
level.

V. DISCUSSION

This article has described in detail the experimental c
siderations and microscopic configurations needed to

FIG. 11. Time trajectory of the emission from a single copy of the G
mutant 10C in PAA using a confocal microscope, with 10 ms integrat
time and 514 nm pumping with an excitation intensity of 1.6 kW/cm2 ~from
Ref. 109, used by permission!.
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serve single-molecule fluorescence. The SNR depends u
a variety of properties of both the molecule of interest a
the host matrix that should be carefully optimized. Micr
scope configurations of both the wide field and the scann
type can be used for such measurements. In all cases
extraction of the maximum amount of information from ea
emitted photon is essential, and a variety of detection m
dalities are available. With the large array of successful te
niques described here, it is to be expected that a further
pansion of single-molecule optical measuremen
unobscured by ensemble averaging, will occur.
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