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Single-Molecule Identification of Coumarin-120 by Time-Resolved Fluorescence Detection:
Comparison of One- and Two-Photon Excitation in Solution
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Using two-photon excitation (TPE) at 700 nm as well as one-photon excitation (OPE) at 350 nm, we applied
confocal fluorescence microscopy to detect single Coumarin-120 molecules in the solvents water and triacetin.
To study the behavior of Coumarin-120 under different excitation conditions, fluorescence lifetimes,
multichannel scaler traces, and autocorrelation curves have been measured simultaneously. A signal-to-
background ratio of 1300 was achieved for TPE due to a very low background level. The detection efficiency
of TPE is limited by other competing nonlinear processes, in particular continuum generation in the solvent.
The applicable laser intensity for OPE is limited by two-step photolysis of the dye as shown by fluorescence
correlation spectroscopy (FCS). The time-resolved fluorescence signals were analyzed by a maximum
likelihood estimator to identify the fluorophore through its characteristic fluorescence lifetime. The average
fluorescence lifetimes 4.& 1.2 ns in water and 3.% 0.6 ns in triacetin are in good agreement with results
obtained from separate measurements at higher concentrations.

1. Introduction absorption maxima in a wavelength region ranging from green
to near-IR i.e., fluoresceirfs,boradipyrromethane dyés,

Detection of single molecules by laser-induced fluorescence . . )
9 y rhodamined;!3 oxazines® and carbocyanin€d. To our knowl-

opens new horizons for applications in analytical chemistry, . . . .
biology, and mediciné® In previous studies of single edge, single dye molecules with 55, absorption maximum

molecules in liquids by one-photon excitation (OPE), small in the UV ha.ve not yet been detecteq in solution by OPEj
detection volume¥ in sheath-flow cells\¢ ~ 1 pL)* or in a A comparison of OPE for Co_umarln-120 z_and rhodamines
confocal microscopeM ~ 1 fL)5 were used to reduce the shows that_ln contrast to rhodar_mnes Coumarin-120 has a large
background signal. This is caused mainly by the Raman Stokes shift of 6750 cmt which allows a good spectral -
emission of the solvent. Its intensity is proportional to the Separation of the fluorescence from Raman scattering. This
detection volume/.45 Due to the considerable overlap of the ~Property makes Coumarin-120 a good candidate for SMD due
fluorescence spectra of the used dyes with the Raman spectral0 @ low background level. A serious problem of most
it appears to be necessary to use small volumes. To discriminatecoumarins is their low photochemical stability. The quantum
the fluorescence signal against the instantaneous Raman emisyiéld of photobleaching on low-intensity OPE is on the order
sion, time-resolved fluorescence detection has been appliedof 107~10"41" which is 2 orders of magnitude larger than
previously? the photobleaching yield of rhodamin®s. An additional

The necessity for the small detection volumes may be Problem of OPE in the UV region may be two-step photolysis
circumvented by two-photon excitation (TPE) of the fluoro- at high excitation intensitie®s.
phore, because Rayleigh and Raman scattering occur in the near- The main task in SMD in liquids is to maximize the number
IR and are well separated spectrally from the fluorescence signalof detected fluorescence photons and to minimize at the same
in the UV/vis. The optimum size of the detection volume for time the background signal, because the statistical accuracy of
TPE depends on several factors: (1) concentration of the dye characterization via fluorescence spectra or lifetimes
fluorescent dye, (2) fluorescence background due to impurities, depends on the number of collected fluorescence phdfons.
(3) diffusional transit time, in which an average number of Therefore, it is a prerequisite for successful SMD with TPE
fluorescence photons is emitted, and (4) photobleaching. TPEthat the TPE cross section of the fluorophore is sufficiently high;
has been used successfully for single-molecule detection (SMD)i.e., it should be possible to reach the saturation for dye
of Rhodamine B in watetr SMD of diphenyloctatetraene trapped excitation before other limiting nonlinear effects (see below)
in an-tetradecane matrikfluorescence correlation spectroscopy or heating of the solvent occur. In this view coumarins are
(FCS) in cell8 as well as in fluorescence microscdignd many ideal candidates for SMD by TPE, because they have high TPE
others. A particular feature of TPE is its dependence on the cross sections of approximately 20 10750 c¢n* s in the
square of the intensity. This permits selective excitation in the wavelength region around 700 rif??
focal plane. This inherent sectioning effect avoids excessive Recent advances in SMD have made it possible to character-
photodamage of the fluorophore as well as excitation of jze single molecules through their fluorescence properties.

impurities anywhere else in the sample. ~ Single molecules in solution have been identified on the basis
So far, dyes have been used for single-molecule detectionof their fluorescence emission spectfdor of their fluorescence
and identificatioR>!*1> by OPE, which have their 5SS lifetime 1415 Hence, molecular recognition which allows the
g . : FRyE— characterization of particular molecular states will be a major
* Corresponding author. E-mail: cseidel@gwdg.de. i _ ;
T Max-Planck-Institut fu Biophysikalische Chemie. .Ste.p .toward the StUdy Of s[ngle mOIepme dynamics. T.O detect
# Universita-Gesamthochschule Siegen. individual states in equilibrium for a single molecule of interest
€ Abstract published ilAdvance ACS Abstractdfay 1, 1997. by time-resolved fluorescence spectroscopy, a fluorescent probe
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whose fluorescence lifetime is influenced by these dynamics ments of Coumarin-120 (Lambda Physik, tGagen) were
must be attached to the molecule. A dye appropriate to detectprepared by diluting & M stock solutions with the appropriate
and to characterize nucleobases in their DNA environment is amount of solvent, double-distilled water or triacetin (Aldrich,
Coumarin-120. If this dye is coupled to nucleotides, its Steinheim, Germany), down to the required concentration of 1
fluorescence is quenched in a typical way by each nucleobase,x 10711 M. During the measurements the dye solutions were
resulting in nucleobase-specific fluorescence lifetimes. The four contained in a depression of a microscope slide with a volume
nucleobase-specific fluorescence lifetimes range from 1.9 to 5.3 of approximately 100uL (Roth, Karlsruhe, Germany) and
ns1® This suggests applications in projects for single-molecule covered by a conventional cover glass. For OPE the microscope
DNA sequencing:? Furthermore, coumarin dyes are frequently slides were illuminated by UV light before use to bleach
used as laser dy¥sand as fluorescent labels in life sciences contaminations.

(e.g., AMCA). In view of the versatile use of coumarins, we 2.2. Fluorescence Correlation SpectroscopyFluorescence
decided to study the efficiency of SMD by OPE as well as TPE. correlation spectroscopy (FCS) was used as a tool to obtain
In the present article we compare both excitation techniques, precise statistical characteristics with respect to an average
calculate the signal-to-background ratio, and show the limitations molecule number in the detection volume and an average
with respect to SMD of Coumarin-120. Important techniques diffusion time (i.e., spot size of laser focis}® Furthermore,

for data analysis are fluorescence correlation spectroscopy andhe analysis of the dependence of the average molecule number
time-resolved fluorescence spectroscopy. We present a maxi-N in the detection volume on the laser excitation intensity
mum likelihood algorithm which allows the identification of  provides information on the photostability of the fluorescent
single Coumarin-120 molecules via their characteristic fluores- dye molecules. The fluctuations of the fluorescence photon flow

cence lifetime. Fp(t) were analyzed by the normalized intensity autocorrelation
function G(t), wheret. is the correlation time. The spatial
2. Experimental Section distribution of the detected fluorescence depends on two

parameters: (1) the excitation volume defined by the photon
2.1. Setup. The experimental setup has been described in flux Ep in case of OPE or of the squared laser photon i
principle recently:* A mode-locked titanium:sapphire laser in case of TPE; (2) the collection efficiency function CEF of
(Mira 900F, Coherent, Palo Alto, CA) pumped by an argonion the detection system given by the size and the position of the
laser (Innova 415, Coherent) was used as excitation source apinhole. The resulting molecule detection efficiency MDE can
700 nm for TPE and frequency doubled at 350 nm for OPE. pe approximated by a 3-dimensional Gaussian fluorescence
The pulse widthr, was approximately 300 fs at a repetition  distribution W(x,y,2) = exp(—2(2 + y2)/we?) exp(2(22)/z?)
rate of 76 MHz. Possible group-delay dispersion effectson in the case of OPE or by the squared distribution?(x,y,2) in
are not taken into account. For TPE the laser beam wasthe case of TPE. If translational diffusion is the only noticeable
prefocused by a leng & 200, 250, or 300 mm depending on  process that causes the measured fluorescence Rty to

the type of experiment) and coupled into an epiilluminated fluctuate about an average valiB(t)[) G(tc) is given by eq
microscope by a dichroic short pass beam splitter (Laseroptik, 1 29,30

Garbsen, Germany). An oil-immersion objective (SPlanapo
100x, NA = 1.4 oil; 160 mm optics, Olympus, Japan) was [Fo(t) F(t+t)0

used to focus the laser beam onto the sample. For OPE theG(t) = ————

diameter of the laser beam was adjusted by a telescope. The [Fp(t)ﬁ

beam was coupled into an epiilluminated microscope by a

dichroic long pass beam splitter (400 DCLP; AHF Analysen- a- IB/S)ZI 1

technik, Tibingen, Germany) and focused onto the sample by =1+ /8N \1 + (e X)) X

a glycerol-immersion objective (Ultrafluar 180 NA = 1.2; b

infinity optics, Zeiss, Germany). For OPE and TPE the laser 1 12 1)
spot sizes were de_terrr_]ined by_fl_uorescence correlatioP spec- 1+ (WOIZO)Z(t 750
troscopy using a diffusion coefficie® = 8 x 107°% cm? s71

for Coumarin-120 in wate¥! The laser power was adjusted
by inserting different neutral density filters (Lambda Physik,
Gottingen, Germany) and by two polarizers. The mean quasi-

gi\ilglgrﬂgsegeft égﬁesr:mfleszsrer::::géev?/azycﬁlIggxzr bmitﬁéDepending on the type of excitation, different characteristic
! ) y times for diffusionzpy in the excitation volumes are obtained:

same objective (Olympus-SPlanapo) and passed through a

- ) ; . . 7p1 for OPE & = 1) andtp, for TPE x = 2). Using a three-
[)Jllrtlgftljllj?;\r(ccj)larg;tis:ra %A(/)g :ge'g ;h&;)muzﬁ]gnglwte& 1:50(; tmhﬁ12$|oss- dimensional Gaussian intensity distribution for the MDE, the

suppress scattered excitation light, a dichroic band-pass filterradlal 1/é radiuswo is related to the different characteristic times

(395-547 nm; Schott, Mainz, Germany) was placed in front for cﬂffuszl/odfr::)m;:j/la th_e trazr;sll:?tlonal diffusion coefficieri:
of the detector (bialkali photomultiplier tube R5600P-03 0~ @077 andrpz = woTeh.

(Hamamatsu Photonics, Shimokanzo, Japan)). The amplified
detector signal was registered by three different devices: (1) a
PC adapter counter (CTM-05, Keithley, Taunton, MA) for 3.1. Intensity Dependence of OPE and TPE Fluorescence.
multichannel scaler traces of the signal, (2) a real-time correlator To obtain information necessary for an optimized single-
card (ALV-5000/E, ALV, Langen, Germany), and (3) a time- molecule detection, we studied the dependence of the fluores-
correlated single-photon counting (TSC) setup in the reversedcence signal on the excitation intensity, in particular (1)
mode with conventional NIM modules interfaced with a PC dependence of the signal-to-background ratio (S/B) on the
board (ATDIO32F, National Instruments), which allows a excitation energdf and (2) deviations from the expected linear
sequence of measurements of fluorescence decay curves with and quadratic relations to obtain information on the saturation
fixed photon number. The solutions for single-molecule experi- of the optical transition and on photobleaching. Furthermore,

To correct the decrease of the amplitu@dé. = 0) caused by
the background signal, the ratio of the background intersity
to the total signal intensit$ (S= F + I) is included in eq £°

3. Results and Discussion
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FCS was applied to determine the diameter of the laser beam a 4E+4
in the sample plane and to investigate photobleaching. In the | ' 0
subsequent analysis of OPE and TPE it appears advantageous 1E+4 9
to describe the laser intensityW cm—2) by the photon flux EERNE 3 2
Ep (cm2 s~ 1) and the time-averaged collected fluorescence ép
signal by the fluorescence photon fldw (s71).1°

3.1.1. OPE Analyzed by Time-Correlated Single-Photon
Counting. In the absence of saturation of the-S5, transition
and photobleaching of a fluorescent dye, eq 2 gives the linear
dependence of the collected time-averaged fluorescence photon
flow Fp on the quasi-CW photon fluEp gew

o)
(@)

—_
m
+
w

signal [Hz]

1E+2 1Y

¢

Fp= 00CNG(Ep o) [ W(XY.2) dxdydz  (2) e s 7 af |
BE+0 e : -
where o is a unitless constant which is proportional to the 1E+19 1E+20 1E+21 1E+22 1E+23 1E+24
detection efficiency of the system,is the one-photon absorp- Ep [em2sM
tion cross sectiorg is the molar concentration of the fluorescent qew
dye,Na is Avogadro’s constantPe is the fluorescence quantum
yield, andg is a unitless constant for the relation betwden
andEp qcw The spatial distribution of the detected fluorescence 1.010
photons for a OPE can be described by a three-dimensional R
Gaussian distributiol(x,y,2) (see section 2.2). In the case of -
OPEp is expected to be equal to 1. =1 0064
Using time-resolved fluorescence detection, we investigated ©
the intensity dependence of the OPE fluorescence onxa 5 1.004 1
108 M aqueous solution of Coumarin-120 at an excitation
wavelength of 350 nm. Varying the excitation intensity by 5
orders of magnitude, the time-resolved signal decays were 1.000 e — . r r .
measured for a fixed integration time. Each integrated signal 0.01 01 1 10 100 1000
curve was fitted by a single-exponential fluorescence decay to t, [ms]
calculate the fluorescence photon fldw. In Figure la the
fluorescence signal is plotted versus the quasi-CW photon flux
Ep qcw according to eq 2 (open circles). For comparison, the 90L
signal of pure water is also given in Figure 1a (filled diamonds). 1
For all laser intensities the fluorescence decay curves show a
single-exponential decay with a fluorescence lifetime of 5.0 ns, ]
which is typical for Coumarin-120 in waté?. 30- L
Three characteristic regions of the fluorescence signal can ] ¢y |,
be distinguished in Figure la: (1) By fitting the datayte= 0 05 1 15 2 25
a for a small photon flux, we obtaif = 1.04 as expected P [mW]

from eq 2. (2) At a photon flux of &% 10?2cm=2s1 a rather . " ional ircles) of .
harp maximum of the fluorescence signal is reached. (3) A Figure 1. (a) Average fluorescence signal (open circles) of Coumarin-
sharp 9 : 120 (5 x 10°® M in water) and background signal of water (filled

further increase of the excitation energy results in a dramatic giamonds) at an excitation wavelength of 350 nm. The signal is plotted
decrease of the fluorescence. On the other hand, the backgroundersus the mean quasi-CW photon flEx ow according to eq 2. Fit

signal measured on pure water increases linearly over the entireaccording to eq 2 with3 = 1.04. The detection volume was

investigated intensity range. We attribute the main part of the characterized by FCS for low intensitieso: = 0.08 ms (o = 0.51

; ; ; inly 4M); Zolwo = 2.5um. (b) Fluorescence autocorrelation cuGé) of
background signal to luminescence of the optical setup, mainly 105 M Coumarin-120 in water with OPEP(= 182 xW) for an

the objective, because the_5|gnal IS alsc_> pr(_asent in the abs’enchpanded excitation volume: Recorded data (black dots) and fitted
of sample. The use of microscope objectives other than the fynction (eq 1) with weighted residuals (inset: w. ré8 Parameters
Zeiss Ultrafluar resulted in higher background signals. of the fit with a background intensity of 9.4 kHz and a total signal
The deviation of the fluorescence signal from the linear power intensity of 24 kHz: base line= 1.001,N = 61, 7p1 = 0.5 ms (vo =
dependence at higher intensities is not caused by saturation ofl.34um), Z/wo = 8.7. (c) Dependence of the average nunt@PE)
the $—S; transition. This follows from the calculation of the gsgf;?ﬁég‘ft%%gg'gggéﬁ iIr:]e:jhtfydlf(t:es(:t?Rev(;#g;een?ﬁu?reesi%ﬂlceed
fraction Sya of dy_e molecqles_ being in the, State using a .., autocorrelation curves were recorded under the same optical conditions
steady-state solution in a kinetic molecular energy scheme with 5,4 \yith the same dye solutioN(OPE) is calculated from the
three levels® electronic ground state,Jirst electronic excited amplitudeG(t:=0) of the fits according to eq 1 (see (b) for parameters).
singlet state § and triplet state T According to this
calculation, the portiors; sy of the molecules in the ;Sstate is as water. Hence two- or multistep absorption processes open
only 2967 at the maximum of the fluorescence signal. This additional channels for photobleaching at high intensities.
indicates that the 5 S; transition is far away from saturation. By transient absorption spectroscopy (TRABS) of Coumarin-
It is well-known for UV excitation (photon energy 3.2 eV) that 120® and related coumariri8,it was shown that the Ss well
the absorption of a second photon of molecules in the first as the T state absorbs also in the wavelength region of the
electronic excited singlet or triplet state, &d T, produces a S—S transition; i.e., there is a certain probability for a two-
higher energetic Sand T, state (two-step excitation) which  step laser photolysis. Using an aqueous solution of Coumarin-
couples quite efficiently with ionic states in polar solvents such 120 (10° M), the dependence of the transient spectra on the

w. res.

100 1000

N (OPE)
()]
o
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laser powef was studied (data not shown). Two different lasers a E fem2 s
were used for an excitation with a repetition rate smaller than P.pk

: . 3E+28 1E+29 1E+30 1E+31 3E+31
1 Hz: (1) a XeF excimer laser (pulse width = 20 ns, AE44 ool R
wavelength 351 nmEp psaturation)= 5 x 10?4 cm™2 s7%); 1 AL L1
(2) a frequency-tripled Nd:YAG laser laser (pulse widf+ 1E+4 - AT |
30 ps, wavelength 354 nnip psaturation)= 9 x 107 cm 2 ] ésc" ! W‘cp
s™1). For both lasers we detected the characteristic spectra of P :
the two-step photolysis products at higher pulse energies: 1E+3 4 s
solvated electrons (absorption maximum at 720 nm) and dye .
radical cations. The concentration of the photolysis products
showed a quadratic dependence on the pulse energy. Compared
to TRABS, the photon fluxEp p{saturation)= 3 x 10" cm 2
s1) at the focal plane necessary for an efficient SMD is of the
same order of magnitude. Therefore, we applied FCS to
investigate the hypothesis of two-step photolysis in SMD by B
studying the dependence of the average number of unbleached 1E+0 i ‘

T T T t T

1E+2

i

signal [Hz]

:‘ | ”‘

IR

1E+1

AT

L 4
&
<

dye moleculed\ in the detection volume on the laser povirer 1E+24 1E+25 1E+26 7E+26
EP,ch [cm

We expanded the radius of the excitation volume by a factor -2 5'1]
2.6 compared to Figure 1a in order to increase the probability
of observing photobleaching due to a longer transit time through
the excitation volume. A typical correlation cur@gt.) for the
expanded excitation volumey§ = 1.34um, tp; = 0.5 ms) is
given in Figure 1b.

According to eq 1, the average number of dye molecules
N(OPE) was calculated from the amplitu@t.=0) corrected
for the background signal. Figure 1c shows the dependence of
N(OPE) on the laser powdpP. A drastic drop inN(OPE),
decreasing from 100 to 1, is detectable already for Rw

In conclusion, we have evidence that the efficiency of OPE
of Coumar_ln-_120_|s I|m_|t_ed by a two-step photoionization at o iy T To o0 1600
higher excitation intensities.

3.1.2. TPE Analyzed by Time-Correlated Single-Photon
Counting. In the absence of saturation and photobleaching of ¢ 30

the fluorescent dye, eq 3 (see Appendix) describes the quadratic ]
dependence of the collected time-averaged fluorescence photon —20 ]
flow Fp on the quasi-CW photon fluEp qew20 22 w o
L o ® o*e
B % 0.585 =10 *
Fp=adcN, o of Ep qodB [ Wo(xy,2) dx dy dz (3) ]
0

0 100 200 300 400
wherea, ¢, andN, are used analogous to eq®js the two- P [mW]

photon absorption cross section, ghds an unitless constant  Figure 2. (a) Average fluorescence signal (open circles) of an aqueous
for the relation betweefp andEp gce  (For TPES should be solution of Coumarin-120 (5 108 M) and the signal of pure water
equal to 2.) The factol/, takes into account that two photons  (filled diamonds) due to background signal and continuum generation
are needed for excitation. The periodic train of excitation pulses (excitation wavelength 700 nm). The signal is plotted versus the mean
is characterized by the repetition rdtend the excitation pulse ﬁﬁ;ﬁ\'ﬂg}vg ihftgg fggfggmp';':i:‘gr‘iotrﬁéngetgke;hgtgor: ]SEs(pTiaS”gﬁ’\t‘é’r:O”
width z,. The spatial distribution of the detected fluorescence "o upper scale, assuming = 300 fs andxa6 =76 MHz. The
photons for TPE is described by a squared three-dimensionalgetection volume was characterized at a photon B, = 2 x 1078
Gaussian distributiof\?(x,y,2) (see section 2.2). Using time- cm2s? 75, = 43 us (wo = 0.53um), zlwo = 8.5. (b) Fluorescence
resolved fluorescence detection, the intensity dependence of theautocorrelation curv&(t;) for an aqueous solution of Coumarin-120
TPE fluorescence of Coumarin-120 was investigated with an (10°° M) with TPE (P = 207.5 mW): recorded data (black dots) and
excitation wavelength of 700 nm. Varying the excitation fitted curve (eq 1) with weighted residuals (inset: w. re.parameters

. . . . . of the fit with a background intensity of 0.26 kHz and a total signal
intensity by 3 orders of magnitude, the time-resolved signal intensity of 4.36 kHz: base line 1.0,N = 19.4,70, = 1505 (0o =

decays were measured for a fixed integration time. In Figure 0.98um), zJ/wo = 10.7. (c) Dependence of the average nunM(@PE)

2a Fp is plotted versus the quasi-CW photon flBe gew of Coumarin-120 molecules in the detection volume on the applied
according to eq 3 (open circles). For comparison, the peak laser powelP for TPE determined by FCS. The different fluorescence
photon fluxEp pi defined ap gew x 0.88/f7;),2t is given on autocorrelation functions were recorded under the same optical condi-
the uppenx-axis. A maximum peak photon flukp px of 3 x tions and with the same dye solutidd(TPE) is calculated from the

amplitude of the fits toG(t;) according to eq 1 (see Figure (b) for

1 —2 o1 i
10%1 cm~2 slwas applied. ] parameters).

Again, three characteristic regions of the signal are o
served: (1) if the data are fitted accordingytc= ax? for a begins to occur at a quasi-CW photon flux ofx210?° cm—2
small photon flux, we obtaip = 1.99 as expected from eq 3. s L (3) If the quasi-CW photon flux exceeds>2 10?5 cm2
The fluorescence decay curves can be described by a singles™1, an additional component with a short decay time becomes
exponential decay with the fluorescence lifetime of 5.0 ns typical apparent, and the fluorescence rate decreases. The fwhm of
for Coumarin-120 in watel® (2) Saturation of fluorescence the fast component is identical with the instrument response
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o

function of 400 ps. Attempts to block this component by 5
different band-pass filters failed. Hence, we assign this signal
to continuum generation (“white light”) induced by a combina- 0
tion of several intensity effects such as spatial and temporal
self-phase modulation, parametric four-wave mixing, stimulated
Raman scattering, and thermal lens eff@e&. For comparison,
the signal of pure water is given by the filled diamonds in Figure
2a. For small intensities the background signal has a long decay 5
time, whereas at high intensities a characteristic scatter peak is
detected, i.e., the continuum generation is caused by the solvent 5o 05 10
and not by the dissolved dye. The threshold photon Bp¥cw Time [s] - Bin Width [1ms]
=2 x 10?8 cm 2 s 1is clearly evident by the abrupt increase
of the water signal and by the change of the decay curve.

To determine the portio, 5, of molecules in the Sstate at
the maximum fluorescence sigrfdlve calculate the excitation
efficiency of TPE. It turns out that the portion of dye molecules
in the § state Gay = 1—2%) is approximately the same as for
OPE (see above); i.e., the deviation from the quadratic behavior
is not caused by depletion of the State. It is important to
mention that we have checked the TPE absorption cross section
o of Coumarin-120 in water, because the TPE cross sections of
coumarins, which are given in the literature, were measured in 0
alcohols but not in water. We observed an approximately 6-fold 0 oo 2 8
reduction in the excitation efficiency of Coumarin-120 in water Time [s] - Bin Width [1ms]
compared to that of ethanal(gthanol)yx~ 20 x 10750 ¢ sp1.22 Figure 3. (a) Lower MCS trace: signal photon flovg with
at 700 nm; i.e.g(water)~ 3 x 1050 cnt*s. Additional proof quorescen_ce bursts observed from C?um7%r|9112&(1011 M in
of competing nonlinear solvent effects is the fact that the "W"gtse%:r);g'rﬁigt2?2\”;&3@;7;60182 d(;r':; ;oir)l'tsl:)‘;t:ragggfr%o?l s
saturathn of the TPE fluorescence '§ not specific for the dye integration time). Upper MCS trace: signal photon flow of pure water.
Coumarin-120. Fluorescence saturation occurs also for the dyesparameters of the detection volume are the same as in Figure 1a. (b)
Rhodamine 6G and Rhodamine B under the same conditionsLower MCS trace: signal photon flo with fluorescence bursts
for TPE (data not shown). A direct comparison of experiments observed from Coumarin-120 (¢ 10°** M in water) excited at 700
with a multichannel scaler (see below) for single-molecule "M Epgew= 2 x 10?°cm? s7*). Data acquisition was performed at a
detection of Rhodamine 6G by one-photon excitation (OPE) speed of lQOO_data points per second (1 ms integration time). Upper
and by two-photon excitation (TPE) demonstrates that the MCS trace: signal photon flow of pure water. Parameters of the

. - detection volume are the same as in Figure 2a.
maximum fluorescence burst rates obtained by TPE are at least

1 order of magnitude smaller than those obtained by OPE. This Figure 3a,b shows two MCS traces of a ¥0M aqueous
is in agreement with results for the efficiency of fluorescence . ,marin-120 solution for OPE and TPE: ) 4 OPE) =
generation by OPE and TPE reported by Brakenhoff &t al. ;"2 2 st (150 4W) and (b)Ep qcv\(-l.—PE)’(i 2 % 1096

We used FCS to investigate photobleaching for TP_E. A cm2gt (225 mW). In both cases the background signal of
typical autocorrelation curve of an aqueous Coumarin-120 pure water is given in the upper trace.

solupon (1 nM) is given in Figure 2b. Fluorescence burst rates up to 13 and 22 kHz at a background
. Figure 2c gives the calculated average _number of mOIe_CU|eScount rate of 380 and 430 Hz were obtained for OPE and TPE,
:n the detecﬂ;mn volum&|(TPE) as a function of the applied respectively. The following signal-to-background ratios were
aser poweir. L . ) obtained using the parameters for eq 4 given in the figure
From Figure 2c it is evident thaN(TPE) remains ap-  cantions: S/B(TPE) 1300 and S/B(OPE} 400. According
proximately constant15) over the whole applied range of 4 rigre 24, it should be possible to increase the signal-to-
laser power. T_h_ls indicates that photobleaching is negligible background ratio of TPE by a factor of 6, Bb geis reduced
under the conditions used here. to 1.5 x 10?5 cm2 s, because the photon flux is just below

3.2. Comparison of OPE and TPE for SMD. We the threshold for continuum generation resulting in an extreme
compared the fluorescence fluctuations due to single-molecule|q,, background rate of 70 Hz. Figures 1 and 3 prove the

transits through our detection volume by a multichannel scaler g herior S/B ratio achieved for Coumarin-120 by TPE. The
(MCS) using OPE at 350 nm and TPE at 700 nm. PoiSsOn regits obtained for Coumarin-120 are comparable to those of
statistics predicts for such low concentrations that the number o frequently used dye Rhodamine-6G, where a S/B ratio of
of molecules in the detection volume fluctuates predominantly 1o for CW OPE and a S/B ratio of 4’@'&)for pulsed OPE
between zero and one for a detection volume on the order of 1 46 reported. This result must be seen in view of the fact that
fL. Let us define the signal-to-background ratio S/B by eq 4. gpodamine-6G has superior properties with respect to the
We use a normalized signal count rate for a single-molecule 5psomtion cross section, fluorescence lifetime, fluorescence

transit, which i§ optaingd by the ratio qf the signal counts to quantum yield, and triplet quantum yield as well as photosta-
the characteristic diffusion time determined by FC&! This bility. The high S/B ratio for SMD of Coumarin-120 can be

definition allows a comparison of measurements with different _ -1iaved due to the extreme low background level which has

experimgntal setups and is independent of the binning time of ¢\ aral reasons: (1) For OPE at 350 nm the Raman signal of

the multichannel scaler. the solvent is well separated spectrally from the fluorescence
signal due to the large Stokes shift of 6750 drtmaximum of

4) fluorescence at 443 nm). (2) Also, for TPE at 700 nm Rayleigh
and Raman scattered photons can be easily separated from the

Counts [kHz]

=n
°

Counts [kHz]

signal counts of a single molecutg/
~ background counts per second
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Using a diffusion coefficientD = 8 x 107% cn¥/s for
Coumarin-120 in watét and the results of the fit given in Figure
4, a detection volum&’ = 0.95 fL is calculated. For such a
small volume and a Coumarin-120 concentration of 10 pM an

NERTINAP R average number of molecules in the detection vollge=
L 5.7 x 10~3is calculated. This result is in good agreement with
zglog avalue ofNa = 2.2 x 1073 obtained from the amplitude of the

autocorrelation functiors(t.=0) (see eq 1). For this average
molecule number there is only a small probability to find more
than one molecule at a time in the detection volume; i.e., we
can be fairly sure to detect predominantly single-molecule events
in our experiments. The inset in Figure 4 demonstrates the well-
defined solution of eq 1 for the detection volume by the pfot
(goodness of fit) vs the ratia/wo.

0.5 Ao P
001 0.1 1 10 100 1000 10000 3.3.2. Time-Correlated Single-Photon Counting and Maxi-
a 27 mum Likelihood Estimator.We measured repeatedly 100
£o successive signal decay curves with a constant number of
Foll photons at a quasi-CW photon flux of 2 10?6 cm2 s1 to
001 o1 : [ms]‘o 100 1000 10000 obtain fluorescence lifetimes of single molecules. The dead
C

time of the electronics between two decay measurements within
Figure 4. Normalized fluorescence autocorrelation cuGfg;) for an one sequence was smaller than 1 ms. Beside experiments in
aqueous solution of Coumarin-120 (20 M): recorded data (black  water (viscosity; = 1 cP at 293 K), we chose the more viscous
dots) and fitted curve (eq 1) with weighted residuals (w. 1#s.).  gq|yent triaceting = 28 cP at 290 R to slow diffusion and
E?éﬁgf;gf gghﬁzf:'t ‘t')vggea”gicg%gggﬁ\;riegzz T;g%::jg%;: ignal 45 increase Fhe observation time of each single molecule. This
(wo = 0.53um), zwo = 8.5. The inset demonstrates the well-defined 1€ads to an increased number of detected fluorescence photons
solution of eq 1 for the detection volume by the pi8t(goodness of per molecule transit. For one decay measurement 50 photons
fit) vs the ratioz/wo. have been collected in water and 200 photons in the more
viscous triacetin. As expected from the simultanously measured
fluorescence signal. On the other hand, it is obvious that the MCS and FCS data, most time-resolved signal decay curves
fluorescence bursts of Coumarin-120 are small compared toshowed a photon distribution that is typical for continuum
those of Rhodamine-6G, e.g., Rhodamine 6G up to 250 generation and additional constant background (dark counts).
photond* and Coumarin-120 up to 280 photons (see Figure  Only in some measurements was an exponential signal decay
3b). This result for Coumarin-120 is evidence for the low observed that is typical for fluorescence as shown in Figure 5.
efficiency of OPE and TPE which limits the accuracy of the | the following statistical analysis of only a few detected
single-molecule detection. In the case of Rhodamine 6G therephotons in a single fluorescence burst, we need an optimal
is a tradeoff between the number of detected photons and theggtimation procedure to determine the fluorescence lifetime.
signal-to-background ratio, because the Raman spectrum of theAccording to the Rae Cranie theorem, a maximum likelihood
solvent and the fluorescence spectrum of the dye overlap. Theggtimator (MLE) is an efficient estimaté?3334 because the
efficiency of OPE of Rhodamine-6G is very high and is mainly - egtimates by a MLE reach the minimal limit for the variance.
limited by ground state depletion resulting in fluorescence r,thermore, it has the lowest error or misclassification prob-
saturation, while the background S|g_nal increases linearly with ability for small signal intensitie® Koliner et all® used the
intensity and does not saturate. Th|5_ effec_t leads to a depen-, ¢ successfully for fluorescence pattern recognition. In
de_nce_ of_the S/B ratio on the I_ase_r Intensity, where th_e S/B single-molecule detection with TPE the number of emitted and
ratio first increases with increasing intensity up to a maximum oo ted fluorescence photons in experiments with single
and then decreases due to saturation caused by ground statgslecules is limited by the excitation efficiency, the diffusion

depletion. In_ case of Coum_arln-120 the S/B ratio POWET time, the triplet lifetime, and the photostability of the dye.
dgpgndenlc_e 1S (;]ompletely_ different, because r:he Iex_(:lt?tlon Recent experiments with time-resolved fluorescence detection
OPE or due 1o competing nonlinear effects n the sowent for 2NelYZe the fluorescence decay only pdthy* by disregard
TPE. We used TlgE f(?r single-molecule identification of ing its max.imum. Therefore, we hqve Qeveloped an improvgd
Cour.narin-120 for the following reasons: (1) The S/B ratio and MLE algorithm, which uses the entire signal for data analysis.
: To obtain a signal curve appropriate for data analysis by the

the burst rates are higher than for OPE. (2) The high .tWO final eq 9, several steps are needed (eg8)5to generate a
photon cross sectiafof Coumarin-120 allows a more selective L :
o . realistic signal decay pattern M corresponding to a monoexpo-
excitation by TPE than by OPE, since the one-photon cross . . e
nential fluorescence decay with a fluorescence lifetim&he

sectiono at 350 nm is quite small (5.& 10" cn¥). This is : . .
; . . ; . fluorescence data obtained by time-correlated single-photon
Important for solutions of Coumarin-120, which may contain counting are accumulated kchannels of a finite measurement
some fluorescing impurities (e.g., biomolecules). - 9 ) . .
. S . window T expressed as a reduced time window (in numbers of
3.3. Single-Molecule Identification by Time-Resolved lifetimes) I' = T/t. Assuming that the instrument response

Fluorescence Spectroscopy and TPE3.3.1. Determi_nation function (IRF) may be described bydapulse, the probability
of the Molecule Number by FCSTo prove that we indeed . of finding a count in channel is then given by eq 5,

observe single-molecule events, we measureql the statisti(_:a onsideringZp; = 1 according to a multinomial distribution.
average number of dye molecules in the detection volume via

FCS for an aqueous Coumarin-120 solution 0M). A ik

typical normalized fluorescence autocorrelation curve is shown p(z,TK) = (e__l)eif/k (5)
in Figure 4 with an amplitud&(t; = 0) of 3.7. T
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Figure 5. Normalized fluorescence decay curves (left axis) of single (&) Water: 7oy = 4.8+ 1.2 ns, bin width 0.4 ns. (b) Triacetina, =
Coumarin-120 molecules in water (a) and triacetin (b). The dashed line 3.3+ 0.6 ns, bin width 0.1 ns.

represents the normalized instrument response function (IRF) (right

axis). Five channels of the peak were used for convolution (eq 6). The L(k,T). Equation 8 gives the signal decay pattex(r, T k,y,L)

fit (bold line) has been performed using the maximum likelihood in the channeli appropriate for eq 9 by the sum of the

estimator (eqs 8 and 9) with a variable scatter fracti@ndz. A total normalized distributiond (k, T) and ¢ (z,T,K).

of 119 channels have been used for data collection. The number of ' Y

detected fluorescence photoNswas calculated frony and the total m(e,Tky,L) = yL(TK) + (L — )¢/ (7, T.K) ®)
y Tyl i ) i L]

number of collected signal photons. The insets show the dependence

of 2I* on the fluorescence lifetime. (a) Water: tyie = 5.1 ns,y =

0.45, 2 = 0.234;Nr = 28. (b) Triacetin:tmie = 3.4 ns,y = 0.2,1,* For pattern recognition signal pattermd(z,Tk,y,L) with

= 1.103,Nr = 200. variable fractiong of background signdl(k,T) were generated
by eq 8 in steps off = 100 ps. On this two-dimensional
parameter surface the optimal pattern was determined by the
MLE in eq 9 on the basis of a minimum reduced*2
(Kullback—Leibler minimum discrimination information=
21%).10 Heren, is the number of detected photons of the signal
Sin channeli, m is the probability of a distinct signal decay
pattern that a count will fall in channglandf is the number of
fitted parametersf(= 2). Normalization of 2* by the degrees

In eq 6 a more realistic fluorescence lifetime pattern C is
generated by convolution of the probabilRyof the normalized
instrument response function with the photon probabHitgf
our lifetime model for & IRF (eq 5). Herau is the number of
channels of the scatter decay cuRased for convolution. The
scatter decay curve was obtained by continuum generation in
the pure solvent at a high photon flux of the laser.

min(i,u) of freedom k — 1 — f) leads to the reduced!2, which is
¢(r,TK = (R® P(r,TK), = Z) rjpi—j(T!le) (6) comparable to the reduceg? known from least-squares
= estimators.
The fluorescence lifetime of Coumarin-120€ = 5 ns in 2 k n
water8) is quite long compared to the time window of the 2| * = n, 9)

measuremenT = 12.5 ns, set by the repetition rate of the " k—1-f&

titanium:sapphire laserfl# 13.2 ns. Hence, we must take the

possibility into account that a dye molecule could have been  Two representative signal decays of Coumarin-120 in water
excited by a previous pulse. Therefore, we sum over severaland triacetin as well as the corresponding instrument response
pulsesy preceding the fluorescence photon, whereby the channelfunctions are given in Figure 5a,b. The insets show a cut
incrementW s given byW = K/(Tf). In our case itis sufficient  through the B* surface of the dependence orior an optimal

to setf = 3. The final normalized fluorescence lifetime fraction y of background. The average number of photons

n —
Sm(z,T.ky,L)

probability in channel, ¢'i(z,Tk), is given in eq 7. detected in a burst of Coumarin-120 was 30 for water and 100
o K o for triacetin. The distribution of the fluorescence lifetimes
¢@TR=Sc c @) derived from individual bursts is shown in Figure 6a,b.
A UZO oW ;LZD oW Fitting to a Gaussian distribution yields the following average

fluorescence lifetimes,, and standard deviationg,(water)
In our experiments each signal decay contains variable = 4.8+ 1.2 ns anda(triacetin)= 3.3+ 0.6 ns. These results
fractionsy of background signal due to continuum generation are in good agreement with values obtained from separate
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measurements at higher concentrations as well as with literatureppg = g

data: r(water)= 5.0 ng8 andz(triacetin)= 3.4 ns.

4. Conclusions

We have shown the identification of a single fluorescent dye
molecule in solution by time-resolved fluorescence spectroscopy
with two-photon excitation due to its characteristic fluorescence
lifetime. This appears to be the first single-molecule detection
of a fluorescent dye by OPE and TPE, which has its one-photon
S—S; absorption maximum in the near-UV. A high signal-
to-background ratio of 1300 was achieved for TPE due to
efficient rejection of background fluorescence and excitation
light. SMD via TPE is free of multiphoton photolysis and has
a high sensitivity. The high two-photon absorption cross section
of Coumarin-120 allows a selective excitation. On the other
hand, the efficiency of TPE is limited by competing nonlinear

Brand et al.

b0 EXPEAOC + Y)og)
exp(-4(2)/zy) = Ep gWAxy,2) (A3)

The photon fluxgp o at the focal center of the Gaussian beam
(z= 0) can be calculated by the #/mdiuswg and the total
laser powerP(W) given by eq A4. The radius can be
determined by FCS (see Section 2.2) while the total power of
the focused Gaussian beam is measured by a power meter
integrating over the entire bea,= fexp—(x2 + yd)lwo?) dx
dy = (7/2)w>.?*

P4

B (7/2)w,? Ty (A4)

P.,0

In eq Adhis Planck’s constant arglis the velocity of light.

processes of the solvent. Experiments are underway to study TPE was performed by a mode-locked laser. The periodic
the dependence of TPE efficiency for SMD in liquids on laser nature of this pulse train is defined by the repetition faté

pulse width. The applicable laser intensity and thus the accuracy

the laser and the excitation pulse widih(fwhm). However,

of SMD of Coumarin-120 by OPE are limited by two-step We can only measure a time-averaged quasi-CW photon flux

photolysis. The photostability of Coumarin-120 under the

conditions of TPE was found to be sufficiently high. The results

presented here offer new perspectives for such analytical
applications in which fluorophores of small molecular weight

are needed.

Ep qcwby @ power meter. Since TPE is a nonlinear process, the
difference between the squared photon figk(t) and the square

of the photon fluxEp(t)2 has to be taken into account by defining

a two-photon “advantage” factgr?? This factor is determined

by the second-order temporal coherence of the laser pulse with
respect to a specified pulse shape and by the duty dygle
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Appendix. Square Law of TPE

This appendix gives a derivation of eq 3 and treats the
dependence of the time-averaged fluorescence photonFtow
(s™1) on the average photon flugp(x,y,2) (cm™2 s71). Let us
consider the collected fluorescence photon flen(t) of a
solution excited by a mode-locked laser whose intensity is a
periodic function in time. Equation Al gives the quadratic
dependence of the collected fluorescence photon Heft) on
the space- and time-dependent peak photonBhg(t,x,y,z),20 22
where the parameters are defined in egs81

Fo(t) = 0N, %F J Ep pic(txy,2) CEF(y,2) dxdydz (A1)

The photon flux profile of a focused laser beam is an axial
(2) Lorentzian and radiak( y) 2-dimensional Gaussian distribu-
tion (egs A2a and A213

2
Er(xyd = Ep,o% exp(-2(¢ + )o@ (A2a)

A )2 2
Np7Tw,

whereEp o is the photon flux at the center of the laser beam
waist on the optical axisyg is the 1/@ radius of the Gaussian
laser beam in the radial directiofx,y) at z = 0, np is the
refractive index of the medium, aridis the laser wavelength.

In eq A3 the molecular detection efficiency MDE Ep @ x

CEF is approximated by a squared 3-dimensional Gaussian
fluorescence distributiok\?(x,y,z).23

0(2° = w,’ + ( (A2b)

eq Ab5.

CEAY S f(Ep sechi(1.76/7))? dt o588
(Ee)* ([ fEsech(L.7ary) dy? T

(A5)

If time-averaged signals are used for data analysis, the time-
averaged fluorescence photon fldw must be studied as a
function of the time-averaged quasi-CW photon fl&x gcw
analogous to eq A1. Combining egs Al, A3, and A5, eq 3 can
be derived.
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