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Quantitative determination of the single-molecule detection regime in
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Fluorescence fluctuation experiments are performed in single-molecule detection regime if the
fluorescence of at most one molecule is registered at a time. Although the significance of such
experiments for investigations of complex nonergodic systems like those met in the biosciences has
been stressed out by many scientists, the quantitative and accurate determination of the
single-molecule detection regime received rather little attention. In this work we present a method
based on the photon counting histogram �PCH� analysis, which enables the determination of the

average number N̄ of molecules within the observation volume, for which only the fluorescence of
individual molecules is detected at a time. Thus, the accurate design of fluorescence fluctuation
experiments performed in single-molecule detection regime is possible. Demonstrative fluorescence
fluctuation experiments based on two-photon excitation are performed on diluted solutions of
coumarin 153, in order to verify the potential of the PCH analysis in experiments on the

single-molecule detection level. If the mean number N̄ of molecules within the excitation volume is
larger than 0.048, the probability to simultaneously detect the fluorescence of two or more

molecules is no longer negligible, i.e., no single-molecule detection regime. If the mean number N̄
of molecules is lower than 0.0057, the detection limit of the method is reached, i.e., the fluorescence
signal cannot be distinguished from the background. Consequently, the concentration of coumarin
153 characteristic for the single-molecule detection regime lies in the range 13–110 pmol/ l for the
given experimental conditions. We also investigate the influence of the molecular brightness, i.e.,
detected photons per fluorophore molecule and sampling time, on the single-molecule detection
regime. © 2006 American Institute of Physics. �DOI: 10.1063/1.2179793�
I. INTRODUCTION

The development of fluorescence fluctuation spectros-
copy �FFS� techniques based on far-field microscopy, in
which the fluorescence signal of single molecules or of en-
sembles of few molecules is detected, has a particular sig-
nificance for the biosciences, since these techniques enable a
very detailed insight in complex biological systems at ambi-
ent temperature.1–5 The major advantage of the FFS methods
against standard macroscopic procedures is that they yield a
distribution of the investigated parameter and not only its
statistical average.

If the system under study is ergodic, the same averaged
value of the parameter of interest is obtained in macroscopic
experiments, in FFS experiments on ensembles of few mol-
ecules, as well as in FFS experiments on single molecules.
However, if the investigated system is nonergodic, these val-
ues differ, since certain molecular processes can be regis-
tered only if single molecules are observed one at a time, i.e.,
in FFS experiments performed in single-molecule detection
regime.6 Due to the heterogeneous cellular environment and
to the complex structure of biomolecules, such nonergodic
systems are rather often in the biosciences.7–10 For instance,
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in fluorescence correlation spectroscopy �FCS� experiments,
in which the conformational fluctuations of DNA fragments
are monitored, Rigler et al. stress out that, since the system
under study is nonergodic, the relaxation rates of the hetero-
geneously distributed subfractions of DNA fragments can
correctly be determined only if the DNA fragments are indi-
vidually detected. Thereby, they express their concern about
the possibility of monitoring the fluorescence of two frag-
ments at the same time.11 Moreover, the theoretical models
employed in FFS techniques, e.g., FCS simulation
approaches,12,13 are single-particle models, i.e., they describe
the statistics of individual molecules.6 In ergodic systems,
these hypothetical single-particle models well represent the
dynamics of both ensembles of molecules as well as of
single molecules. In nonergodic systems, this assumption is
no longer true. Only the data registered in experiments per-
formed in single-molecule detection regime can directly be
compared with the results of theoretical single-particle
approaches.6

Although the importance of single-molecule detection in
the FFS techniques is obvious,14 the quantitative determina-
tion of the single-molecule detection regime received little
attention until now. Rigorously, FFS experiments are per-

formed in single-molecule detection regime, if all the mea-
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surement time only the fluorescence of individual molecules
is detected, i.e., if the maximum number Nmax of molecules,
the fluorescence of which simultaneously contributes to the
detected signal, is one. The parameter, which defines the
single-molecule detection regime, is consequently Nmax.
Since Nmax is hardly accessible experimentally, only the av-

erage number N̄ of molecules within the observation volume
can be used as an indicator of the single-molecule detection

regime. Here it is important to notice that N̄=1 does not
indicate the single-molecule detection regime. Even if the

average number N̄ of molecules present in the observation
volume is smaller than 1, there is a probability that two,
three, or more molecules are simultaneously monitored.7,10

To our knowledge a quantitative determination of N̄ charac-
teristic for the single-molecule detection regime �Nmax=1�
has not been performed in FFS yet. Therefore, a FFS theo-

retical approach, in which Nmax and N̄ explicitly appear as
parameters, is necessary.

The FFS techniques are based either on the analysis of
fluorescence fluctuation dynamics, i.e., fluorescence correla-
tion spectroscopy,1,10,13,15,16 or on the analysis of fluores-
cence fluctuation amplitudes at the equilibrium, i.e., moment
analysis of fluorescence intensity distribution17,18 �MAFID�
and the very similar techniques photon counting histogram
�PCH� analysis19–21 and fluorescence intensity distribution
analysis �FIDA�.22 Thereby, fluorescence can be induced ei-
ther by one-photon or by two-photon excitation of the chro-
mophore molecules. In one-photon confocal experiments
even low laser intensities are sufficient to achieve a high
fluorescence signal and, thus, the photodamage of the sample
at the focal plane is rather low. Whereas the advantages of
the two-photon microscopy in biological investigations are
an excellent intrinsic three-dimensional �3D� resolution, low
photodamage at the out-of-focus regions, and a large pen-
etration depth in tissue.23,24

In FCS approaches, the simulation of fluorescence fluc-
tuation dynamics results in theoretical autocorrelation func-
tions. These functions explicitly depend only on parameters
which describe the molecular dynamics and photodynamics,
e.g., diffusion coefficient, photobleaching rate or triplet state

rate, and on the average number N̄ of molecules present in
the excitation volume.1,12,13,16 The maximal number Nmax of
simultaneously fluorescing molecules does not explicitly in-
fluence the shape of the autocorrelation function.

The fluorescence fluctuation amplitudes at the equilib-
rium are best described by the photon counting distribution
of the fluorescence signal. While in MAFID the simulation
of this distribution is not optimal due to the arbitrary selec-
tion of ordinary and central moments of fluorescence fluc-
tuations, the PCH analysis and FIDA offer reliable and very
similar simulation approaches, which differ only slightly in
the mathematical formalism.

In the PCH analysis, i.e., a method based on the theory
of photon detection, the statistics of fluorescence fluctuation
amplitudes at the equilibrium is restored by a super-
Poissonian �bistochastic� distribution of the photon counts.19

This photon counting distribution is theoretically defined as a

convergent series of terms which describe the photon count-
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ing statistics of one, two, or more fluorescing molecules
present in the observation volume.19,20 The parameters,
which influence the distribution of a single fluorescent spe-
cies, are the molecular brightness �, i.e., number of photons
emitted by a molecule during a sampling period, and the

average number N̄ of molecules in the observation volume.19

This series can numerically be evaluated by summing up to
the maximal number Nmax of molecules, the fluorescence of
which simultaneously contributes to the detected signal, i.e.,
up to Nmax for which the series converges to its limit. Physi-
cally, the calculation of the series up to infinity describes the
situation in which the fluorescence signal emitted by the
sample is registered over an infinite time with an infinitesi-
mal time resolution, so that there is a probability of simulta-
neously monitoring even an infinite number of molecules.
However, under real circumstances, both the measurement
time and the time resolution are finite and only the relevant
fluorescence of Nmax molecules contribute to the detected
signal. Thus, the shape of the simulated photon counting his-
togram in the PCH analysis is explicitly influenced by both

the average number N̄ of molecules within the observation
volume and the maximal number Nmax of simultaneously
fluorescing molecules. Consequently, the PCH analysis is the
appropriate FFS technique for a quantitative determination of

N̄ in the single-molecule detection regime.
We apply for the first time the photon counting histo-

gram analysis to quantitatively determine the single-
molecule detection regime and discuss the influence of bio-

logically relevant values of the molecular brightness on N̄ in
this regime. Thereby, the single-molecule detection limit and
the detection limit �background� defined as the upper, respec-
tively, the lower limit of the single-molecule detection re-
gime are determined by comparing the experimental uncer-
tainty with the deviation between the super-Poissonian
fluorescence distributions calculated up to Nmax=1 and
Nmax=2, respectively, and with the deviation between the
Poissonian background distribution and the super-Poissonian
fluorescence distribution calculated up to Nmax=1, respec-
tively.

In order to verify the reliability of the PCH analysis on
the single-molecule detection level, we performed two-
photon excitation experiments on low concentration solu-
tions of coumarin 153, i.e., an ergodic system, and approxi-
mate the resulting photon counting histograms of the
fluorescence signal with the theoretically calculated super-
Poissonian distributions. Moreover, the molecular brightness
� obtained in these experiments is exemplary employed to

determine N̄ in the single-molecule detection regime under
the given experimental conditions.

The quantitative determination of the single-molecule
detection regime described in this work is generally valid for
all FFS techniques and allows the control of the experimental
parameters, i.e., chromophore concentration, laser power,
and excitation wavelength, for an accurate design of single-

molecule detection experiments.
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II. PHOTON COUNTING STATISTICS

Let us consider that one or few molecules, which dwell
in a small region around the laser focus, i.e., in the observa-
tion volume, are excited into the first �S1� or a higher �Sn�
singlet state, relax into the energetically lowest vibrational
state of S1 and, by subsequent fluorescence, into the ground
state S0. The absorption-fluorescence cycles can be inter-
rupted by transport processes, e.g., diffusion, or by photo-
physical processes, e.g., photobleaching or intersystem
crossing.16 The fluctuations of the detected fluorescence sig-
nal contain information about molecular parameters, which
can be extracted by means of PCH analysis as demonstrated
by Chen et al.19 and Mueller et al.20

The photon counting statistics of the fluctuating fluores-
cence signal is accurately described in a semiclassical man-
ner by Mandel’s formula.19,20 Thereby, two random pro-
cesses determine the shape of the photon counting
distribution. The first process reflects the statistical indepen-
dence of the photoelectric detection process for coherent
electromagnetic radiation �the noise of the detector� restored
by a Poissonian distribution. The second source of random-
ness is the fluorescence process itself. Consequently, since
the Poissonian distribution of a light source, which emits a
constant signal in time and space, is broadened if the emitted
signal fluctuates, the photon counting histogram of the de-
tected fluorescence signal is given by a super-Poissonian dis-
tribution, i.e., bistochastic distribution.

The fluctuations of the emitted fluorescence signal are
caused by two factors.

• The spatially nonuniform illumination of the excitation
volume given by the point spread function, PSF �r ,z�.

• The variation of the number N of molecules within the
excitation volume due to transport and photoprocesses,
which is restored by the Poissonian distribution

Poi�N̄ ,N�. Here N̄ is the number of molecules within
the excitation volume averaged over the entire measure-
ment duration.

Considering these sources of fluorescence fluctuation,
the photon counting distribution of the detected fluorescence
signal is given by the sum over all photon counting distribu-
tions pN�k ;V0 ,�� weighted with the corresponding Poisso-

nian terms Poi�N̄ ,N�,19

��k;N̄,�� = �
N=0

�

pN�k;V0,��Poi�N̄,N� , �1�

with N the number of molecules present at a time in the
excitation volume V0 and � the molecular brightness, i.e.,
number of photons emitted by a molecule during a sampling
period T.

The function pN�k ;V0 ,�� describes the photon counting
distribution of the fluorescence signal originating from N
molecules and is calculated as the N-fold convolution of
pI�k ;V0 ,��, i.e., the photon counting distribution of the fluo-
rescence signal of a single molecule.19 In the case of two-
photon excitation, for which the point spread function can be

approximated by a two-dimensional �2D� Gauss-Lorentz dis-
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tribution, the function pI�k ;V0 ,�� is defined as in Ref. 19.
The function pI�k ;V0 ,�� calculated for the confocal one-
photon fluorescence fluctuation microscopy is given in Refs.
25 and 26.

The function p0�k ;V0� represents the Poissonian distri-

bution Poi�k̄ ,k� of the background photons with k̄ the aver-
age number of background photons detected during a sam-
pling period T.

Concluding, the normalized distribution ��k ; N̄ ,�� for
one fluorescing species depends only on two parameters: the

molecular brightness � and the average number N̄ of mol-
ecules present in the excitation volume.19,20

Numerically, the function ��k ; N̄ ,�� cannot be calcu-

lated up to infinity. Since ��k ; N̄ ,�� is a convergent series, it
can accurately be evaluated by summing up to a maximum
number Nmax of molecules simultaneously present in the ex-
citation volume, the fluorescence of which still has a signifi-
cant contribution to the detected signal.

��k;N̄,�,Nmax� = �
N=0

Nmax

pN�k;V0,��Poi�N̄,N� . �2�

Thus, beside the molecular brightness � and the average

number of molecules N̄ within the excitation volume, another
parameter influences the distribution ��k�, i.e., the maximum
number Nmax of fluorescing molecules simultaneously
present in the observation volume. Nmax is the quantitative
indicator of the single-molecule detection regime and, thus,
of particular significance. The deviation between the distri-

bution ��k ; N̄ ,�� calculated up to Nmax=1 and up to Nmax

=2, respectively, is in the case of single-molecule detection

equal to 0, i.e., the series ��k ; N̄ ,� ,Nmax� already converges
to its limit for Nmax=1. A pragmatic approach, which is es-
sential in experimental investigations, defines that the single-
molecule detection regime is reached if the deviation be-

tween ��k ; N̄ ,� ,Nmax=1� and ��k ; N̄ ,� ,Nmax=2� does not
exceed the experimental uncertainty.

III. EXPERIMENT

The basic setup used to register the fluorescence signal
in the fluorescence fluctuation experiments is similar to that
described by Mertz et al.24 The characteristics of the pulsed
laser beam are 200 fs pulse width and 76 MHz repetition
rate. A microscopy objective Plan Neofluar �40�, NA=1.3,
oil immersion� of the company Carl Zeiss is used to focus
the tenfold expanded laser beam into the sample. The dimen-
sions of the effective two-photon excitation volume are for
an excitation wavelength � of 800 nm: secondary axis
�0=334 nm at the focal plane �x-y plane�, principal axis
zc=1570 nm on the optical axis �z direction�, and volume
V0�0.74 fl.27 These values were validated in experiments
with fluorescent latex microbeads for the x-y resolution and
with fluorescein isothiocynate �FITC� monolayers for the z
resolution.28 As detection unit we use an avalanche photodi-
ode �SPCM-AQ-131, EG&G Optoelectronics Canada�, en-
compassing a total detection efficiency of 3% for coumarin

153 ��F=532 nm�. The signal of the avalanche photodiode is
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directed to a multichannel scalar �MCD-2E, 7882, FAST
ComTec� operated at 10 kHz �sampling period T=100 �s�.
The total number of data points M is 1.32�105.

For the fluorescence fluctuation experiments we used so-
lutions �50, 100, 200, and 400 pmol/ l and 1 nmol/ l� of cou-
marin 153 �Radiant Dyes� in glycol p.a.

IV. DATA ANALYSIS

If the deviation between the distributions ��k ; N̄ ,� ,

Nmax=1� and ��k ; N̄ ,� ,Nmax=2� is equal to or lower than
the experimental uncertainty, it can be assumed that the
single-molecule detection regime is reached, i.e., the prob-
ability to simultaneously detect the fluorescence of two mol-
ecules is negligible.

The experimental uncertainty represents the difference
between the normalized experimental data pexp�k� and the

¯
calculated photon counting histogram ��k ;N ,�� and is given

marin 153 in glycol is analyzed by means of PCH analysis in
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by the �2 parameter. Assuming that the probability of observ-
ing k photons n times out of M trials is a binomial distribu-
tion, the �2 parameter is given by19,20

�2 =
M2

kmax − d
�
k=0

kmax � pexp�k� − ��k;N̄,��
	

�2

. �3�

Here, M is the total number of trials �data points�, kmax is the
maximum number of photons detected during a sampling

period T ,d is the number of fitting parameters �� and N̄�,
pexp�k� is the experimental probability of detecting k photons
during a sampling period T, and 	 is the standard deviation
defined as 	Mpexp�k��1− pexp�k��. In addition to the reduced
�2 parameter, the normalized residuals r�k�=M�pexp�k�
−��k ; N̄ ,��� /	 of the fitting procedure indicate the quality
of the theoretical model.19,20

In order to quantify the deviation between the distribu-

tions ��k ; N̄ ,� ,Nmax=1� and ��k ; N̄ ,� ,Nmax=2� we define
2# 2
the � parameter analogously to the � parameter,
�2# =
M2

kmax − d
�
k=0

kmax ���k;�,N̄,Nmax = 1� − ��k;�,N̄,Nmax = 2�
	�

�2

. �4�
Here, the standard deviation 	� is defined as 	�

=	M��k ;� , N̄ ,Nmax=1��1−��k ;� , N̄ ,Nmax=1��.
Consequently, the single-molecule detection limit is

mathematically described by the relation: �2=�2#. The fac-
tors which influence the �2# parameter, i.e., the single-

molecule detection limit, are the average number N̄ of mol-
ecules within the excitation volume and the molecular
brightness �.

The deviation between the Poissonian distribution

Poi�k̄ ,k� of the background photons and the distribution

��k ; N̄ ,� ,Nmax=1� given by the �2* parameter and defined
analogously to the �2 parameter indicates the detection limit
of the experimental method,24

�2* =
M2

kmax
�
k=0

kmax ���k;�,N̄,Nmax = 1� − Poi�k̄,k�
	�

�2

. �5�

If this parameter is lower than the experimental uncertainty,
the emitted fluorescence signal cannot be distinguished from
the background and, thus, cannot be detected.

Thus, the single-molecule detection regime is defined as
the range between the upper single-molecule detection limit
��2#=�2� and the lower detection limit ��2*=�2�.

V. RESULTS AND DISCUSSION

A. PCH analysis of experimental data

The fluorescence signal of very diluted solutions of cou-
order to verify the reliability of this method in evaluating
fluorescence fluctuations around the single-molecule detec-
tion limit. Moreover, in this way the experimental uncer-
tainty restored by the �2 parameter is obtained, which is
necessary for the quantitative determination of the single-
molecule detection regime by means of PCH analysis.

The fluorescence signal of four solutions of coumarin
153 in glycol �50, 100, 200, and 400 pmol/ l� was registered

at a mean laser power P̄=22 mW and at an excitation wave-
length �=800 nm. Under these conditions, no photobleach-
ing or intersystem crossing occurs and, thus, the number of
fluorescing molecules present in the excitation volume varies
only due to diffusion.27 The sampling time T=100 �s is
short enough to track the fluctuations of the fluorescence
signal induced by the diffusion of the fluorescing molecules
through the excitation volume �average diffusion time deter-
mined in FCS experiments is 1.25 ms�.27 The mean back-
ground count rate of glycol, including a dark count rate of
200 Hz, amounts to 500 Hz. The experimental photon count-
ing histograms of the detected fluorescence signals of the
four solutions are approximated by simulated photon count-
ing distributions ��k�. Nmax is fixed to 50 molecules, a few

hundred times larger than the average number N̄ of mol-
ecules present in the excitation volume in order to assure that
all molecules, which might contribute to the detected fluo-
rescence signal, are taken into account.

Figure 1 demonstrates that the experimental photon
counting distributions are well approximated by the func-

2
tions ��k� �� amounts to approximately 2� and are signifi-
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cantly broader than the corresponding Poissonian distribu-
tions. The photon counting distribution of the background
signal is accurately approximated by a Poissonian distribu-
tion ��2=1.22�. In all experiments the residuals r�k� oscillate
around 0 with a maximal amplitude smaller than 10−5 �data
not shown�.

By fitting the experimental photon counting distributions
with the simulated functions ��k� a molecular brightness �

of 1.21±0.02 cpm �counts per molecule and sampling time
T� was obtained for all four concentrations. A more general
molecular parameter independent from the sampling time is
the specific molecular brightness �T=� /T, which amounts in
this case to 12 100 cpms �counts per molecule and second�.
The average number N̄PCH of molecules within the excitation
volume obtained in the same fitting procedure is in good

agreement with both the average number N̄ of molecules
within the excitation volume calculated from the bulk con-

centration of the solution N̄=cV0NA and with results of fluo-
rescence correlation spectroscopy �FCS� experiments �see

Table I�. In FCS experiments, the average number N̄FCS of
molecules within the excitation volume can be acquired from
the amplitude of the fluorescence autocorrelation functions.24

¯

FIG. 1. Experimental photon counting distributions of the detected signal of

of the solvent �glycol�, calculated super-Poisson distributions ��k�, an

�=800 nm. Parameters employed in the simulation of ��k�: T=100 �s

=0.024 for c=50 pmol/ l, N̄=0.047 for c=100 pmol/ l, and N̄=0.196 for c=
As expected, the parameter N determined by means of
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PCH analysis and that determined from the bulk concentra-

tion N̄=cV0NA are larger than that determined by means of
FCS, as shown in Table I.

The results presented in this section demonstrate the re-
liability of the theoretical PCH model to simulate the photon
counting distribution of the fluctuating fluorescence signal
around the single-molecule detection limit. Moreover, we ob-
tain a typical experimental uncertainty �2 around 2 �see inset
of Fig. 1�.

different solutions of coumarin 153 in glycol �400, 100, and 50 pmol/ l� and

responding Poisson distributions. Experimental parameters: P̄=22 mW,

x=50 molecules, M =1.32�105. Fitted parameters: �=1.21±0.2 cpm; N̄

pmol/ l.

TABLE I. The mean number N̄ of molecules within the excitation volume as

it results from the bulk concentration of the solutions N̄=cV0NA, from the
approximation of the experimental photon counting distributions with the

functions ��k� �N̄PCH� and from the analysis of the fluorescence autocorre-

lation functions �N̄FCS�.

c �pmol/l� N̄=cV0NA N̄PCH N̄FCS

50 0.022 0.024 ¯

100 0.045 0.047 0.063
200 0.088 0.095 0.115
400 0.177 0.196 0.251
three

d cor

, Nma
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B. Single-molecule detection regime

Rigorously defined, the single-molecule detection re-
gime is reached if only the fluorescence of single molecules
present in the excitation volume is detected at a time. In the
following we will demonstrate how the single-molecule de-
tection regime in fluorescence fluctuation experiments can
quantitatively be determined by means of PCH analysis.

The photon counting histogram of the detected fluores-
cence signal originating from one or few molecules is re-

stored by the series ��k ; N̄ ,� ,Nmax�. On the single-molecule
detection level, only the fluorescence signal of individual

molecules is detected and, thus, the series ��k ; N̄ ,� ,Nmax�
already converges to its limit for Nmax=1. Consequently, the

deviation between the distributions ��k ; N̄ ,� ,Nmax=1� and

��k ; N̄ ,� ,Nmax=2� quantified by the �2# parameter is negli-
gible in the case of single-molecule detection. The other two

parameters of the series ��k ; N̄ ,� ,Nmax�, i.e., the average

number N̄ of molecules within the excitation volume and the
molecular brightness �, implicitly influence the �2# param-
eter and, thus, the upper limit of the single-molecule detec-
tion. We will first concentrate our attention on the influence

of the average number N̄ of molecules present in the excita-
tion volume on the �2# parameter and then on the influence
of the molecular brightness � on �2#.

Figure 2 shows the photon counting distributions

��k ; N̄ ,� ,Nmax� calculated for three different parameters N̄

and different Nmax. If the average number of molecules N̄
within the excitation volume is equal to 1, the maximum
number Nmax of molecules which simultaneously contribute
to the detected signal is significantly larger than 1 �up to

4 molecules� �Fig. 2�c��. Even for N̄=0.48, Nmax is larger
than 1 and the experimental photon counting distribution of
the fluorescence signal of a 1 nmol/ l coumarin 153 solution

cannot be approximated by ��k ; N̄=0.48,� ,Nmax=1� �Fig.

2�b��. Only for N̄
1, the contribution of two simultaneously
fluorescing molecules to the detected signal vanishes �Fig.

2�a��. In this case, the theoretical function ��k ; N̄
=0.024,� ,Nmax=1� accurately approximates the experimen-
tal data �50 pmol/ l coumarin 153 solution�. The molecular
brightness employed in the simulation is �T=12 100 cpms.

Quantitatively, the upper single-molecule detection limit
is mathematically defined by the relation �2#=�2. Thus, the

influence of the average number N̄ of molecules present in
the excitation volume on the upper single-molecule detection
limit is investigated by comparing the �2# parameter depen-

dence on N̄ with the constant value of the experimental un-
certainty �2 �in our experiments �2 is approximately 2�. The

function �2#�N̄� is calculated for a fixed molecular brightness
�T=12 100 cpms, i.e., the molecular brightness of coumarin

153 �C153� at P̄=22 mW and �=800 nm.
As Fig. 3 shows, the �2# parameter tends asymptotically

to zero at low N̄ and increases superpolynomial for N̄ larger

than 0.1 molecules. By comparing the function �2#�N̄� with
2
the � parameter, i.e., experimental uncertainty, we find that
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the upper single-molecule detection limit is already reached

at N̄=0.048 �or c�110 pmol/ l for V0=0.74 fl� for
�T=12 100 cpms.

For N̄ below 0.0057 molecules �c�13 pmol/ l for V0

=0.74 fl� the deviation between the photon counting distri-

bution ��k ; N̄ ,� ,Nmax=1� and the Poisson distribution
¯ 2*

FIG. 2. �a� Experimental data of a 50 pmol/ l solution of coumarin 153 in

glycol and corresponding photon counting distributions ��k ; N̄
=0.024,� ,Nmax� calculated for Nmax between 1 and 3 molecules. �b� Experi-
mental data of a 1 nmol/ l solution of coumarin 153 in glycol and corre-

sponding photon counting distributions ��k ; N̄=0.48,� ,Nmax� calculated for

Nmax between 1 and 4 molecules. �c� Photon counting distributions ��k ; N̄
=1,� ,Nmax� calculated for Nmax between 1 and 5 molecules. The contribu-
tion of the fluorescence of more than one molecule to the detected signal is

significant for N̄=0.48 �up to 3 molecules� and N̄=1.0 �up to 4 molecules�
but negligible for N̄=0.024. Parameters employed in the simulation: �T

=12 100 cpms.
Poi�k ,k� of the background signal given by the � parameter
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is lower than our experimental uncertainty �2. Thus, below
this level no detection is possible �see Fig. 3�. Up to this

point, the influence of the average number N̄ of molecules on
the �2# parameter and on the �2* parameter has been dis-
cussed only for a given molecular brightness. However, the
molecular properties and the instrumental factors, i.e., the
molecular brightness, significantly influence the dependence

of these parameters on N̄ and on the regime of single-
molecule detection. Consequently, we investigate the func-

tions �2#�N̄� and �2*�N̄� at different values of the molecular
brightness �T, from 1625 to 30 000 cpms. These values
cover the typical range of molecular brightness met in bio-
scientific investigations.3,4,21

The comparison of the functions �2#�N̄� calculated for
different values of � with the experimental uncertainty �2

evidence that the mean number N̄, at which the upper single-
molecule detection limit is reached, increases with decreas-

ing molecular brightness �T �Fig. 4�. Consequently, N̄, at
which the upper single-molecule detection limit is reached,
amounts to 0.007 molecules for a molecular brightness �T

=30 000 cpms while the same parameter for ten times lower
molecular brightness �T=3250 cpms amounts to

0.42 molecules. The comparison of the functions �2*�N̄� cal-
culated for the same values of �T with the experimental un-

certainty �2 reveals that N̄, at which the fluorescence signal
vanishes in the background �i.e., the detection limit�, also
increases with decreasing molecular brightness �data not
shown�.

Concluding, fluorescence of individual molecules is de-
tected only in the range given by the lower detection limit
��2*=�2� and the upper single-molecule detection limit

��2#=�2�. The values of N̄ corresponding to these limits vary

with the molecular brightness, however, N̄ at the lower de-

tection limit is always smaller than N̄ at the upper single-

FIG. 3. The �2# parameter and the �2* parameter as functions of the mean

number N̄ of molecules within the excitation volume. By comparing the

functions �2#�N̄�, respectively, �2*�N̄� with the experimental uncertainty �2,

the upper single-molecule detection limit is determined to be at N̄

=0.048 molecules while the lower detection limit is reached at N̄
=0.0057 molecules. Parameters employed in the simulation: �T

=12 100 cpms, M =106.
molecule detection limit. Thus, experiments in single-

Downloaded 20 Jun 2006 to 134.169.49.66. Redistribution subject to
molecule �SM� detection regime can generally be performed
for all values of the molecular brightness, i.e., independent
from the fluorescing species and under arbitrary instrumental
conditions. However, since biological investigations should

be carried out at low mean laser powers P̄ in order to avoid
photodamage at the sample and since the molecular bright-

ness quadratically scales with P̄, relevant experiments are
possible only for �T up to a maximal value determined by the
maximal noninvasive mean laser power. On the other side
the concentration of the fluorescing species �directly propor-

tional to N̄� in the single-molecule detection regime is very
large for low values of �T. A too large concentration of fluo-
rescing species constitutes a significant disadvantage in bio-
logical studies, i.e., in labeling experiments, since this may
lead to modifications of the natural environment and, thus, to
alterated results.

The quantitative determination of the single-molecule
detection regime by means of PCH analysis is generally
valid for all fluorescence fluctuation techniques. However,
the SM regime is influenced by experiment specific factors
like the experimental uncertainty and, thus, may slightly vary
for different setups.

VI. SUMMARY

We presented a novel application of the photon counting
histogram �PCH� analysis, which enables the accurate design
of fluorescence fluctuation experiments in single-molecule
detection regime.

In the single-molecule detection regime the maximal
number Nmax of molecules simultaneously fluorescing in the
observation volume is equal to 1. Under these conditions, the
photon counting histogram of the fluctuating fluorescence

signal mathematically described by the function ��k ; N̄ ,
� ,Nmax�, i.e., a convergent series in Nmax, already converges
to its limit for Nmax=1. The upper limit of the single-
molecule detection level is practically reached if the devia-

tion between ��k ; N̄ ,� ,Nmax=1� and ��k ; N̄ ,� ,Nmax=2� is

FIG. 4. The dependence of the �2# parameter on the mean number N̄ of
molecules present in the excitation volume calculated for different values of
the molecular brightness �T. Parameters employed in the simulation: T
=100 �s, M =106.
equal to the experimental uncertainty. The lower limit of the
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single-molecule detection level is reached if the deviation

between the photon counting distribution Poi�k̄ ,k� of the

background signal and ��k ; N̄ ,� ,Nmax=1� equals the experi-
mental uncertainty. For instance, the lower detection limit is

reached at N̄=0.0057 molecules �c=13 pmol/ l� while the

upper single-molecule detection limit is reached at N̄
=0.048 molecules �c=110 pmol/ l� for C153 excited at �

=800 nm and P̄=22 mW ��T=12 100 cpms�. Furthermore,
we studied the influence of the molecular brightness on the
lower and on the upper detection limit.
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