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Given the particular importance of dye photostability for single-molecule and fluorescence fluctuation
spectroscopy investigations, refined strategies were explored for how to chemically retard dye photobleaching.
These strategies will be useful for fluorescence correlation spectroscopy (FCS), fluorescence-based confocal
single-molecule detection (SMD) and related techniques. In particular, the effects on the addition of two
main categories of antifading compounds, antioxidamgropyl gallate, nPG, ascorbic acid, AA) and triplet

state quenchers (mercaptoethylamine, MEA, cyclo-octatetraene, COT), were investigated, and the relevant
rate parameters involved were determined for the dye Rhodamine 6G. Addition of each of the compound
categories resulted in significant improvements in the fluorescence brightness of the monitored fluorescent
molecules in FCS measurements. For antioxidants, we identify the balance between reduction of photoionized
fluorophores on the one hand and that of intact fluorophores on the other as an important guideline for what
concentrations to be added for optimal fluorescence generation in FCS and SMD experiments. For nPG/AA,
this optimal concentration was found to be in the lower micromolar range, which is considerably less than
what has previously been suggested. Also, for MEA, which is a compound known as a triplet state quencher,
it is eventually its antioxidative properties and the balance between reduction of fluorophore cation radicals
and that of intact fluorophores that defines the optimal added concentration. Interestingly, in this optimal
concentration range the triplet state quenching is still far from sufficient to fully minimize the triplet populations.
We identify photoionization as the main mechanism of photobleaching within typical transit times of fluorescent
molecules through the detection volume in a confocal FCS or SMD instrumsédntZ0 ms), and demonstrate

its generation via both one- and multistep excitation processes. Apart from reflecting a major pathway for
photobleaching, our results also suggest the exploitation of the photoinduced ionization and the subsequent
reduction by antioxidants for biomolecular monitoring purposes and as a possible switching mechanism with

applications in high-resolution microscopy.

1. Introduction compounds having a retarding effect on the bleaching of
fluorophores (expressed as the bleaching probability per excita-

Photophysical and photochemical properties of fluorescent i I the photod dati e i i itati
marker molecules are of great importance for all applications ton cycie or the photodegradation rate given a certain excitation

of fluorescence spectroscopy where a high read-out rate or a"€nsity), a corresponding or even stronger fluorescence
high sensitivity is required. In particular, this is important for duenching often occufs® As a consequence, bleaching retar-

applications regarding single-molecule detection (SMD) or dation by fluorescence quenching can indeed maintain a certain
fluorescence correlation spectroscopy (FCS) in which a low fluorescence intensity level from a sample over a longer time,
fluorescence signal cannot be compensated by an increasedput the total amount of emitted fluorescence photons from the
fluorophore concentration. In this respect, there is a need to sample will not increase. This mechanism therefore does not
optimize the fluorescence, both with respect to the total number provide a true strategy to retard photobleaching itself, and in
of photons that can be extracted per molecule as well as with particular for SMD and FCS experiments it will not prove useful
respect to the fluorescence emission rate itself. Chemically, given the importance of the fluorescence emission rate per
different strategies have been proposed for how to improve the molecule as a figure of merit. In addition, for many compounds
fluorescence rate and decrease photobleaching including deoxythe reported antibleaching effects have often been found to be
genation and addition of antioxidants, oxygen scavengers, singletcontradictive for one and the same compo8@ad@his can partly
oxygen quenchers, or triplet state quenchekowever, for be rationalized to be an effect of differences in the environments
under which the different investigations were made. However,
it may also reflect that the underlying mechanisms of photo-
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concentration of fluorophores but also the excitation conditions improve the fluorescence rate as well as retard photobleaching.
can have a substantial effect on the bleaching propérties3 Here, we study the effects of mercaptoethylamine (MEA) in
Therefore, one should not expect a photostability of a certain water and cyclo-octatetraene (COT) in ethanol. In the past, the
dye at a certain concentration in a certain environment inves- addition of triplet state quenchers has proven to be a useful
tigated within a conventional fluorescence ensemble experimentstrategy to improve both outcome of fluorescence spectroscopic
to be fully comparable to the photostability it would have in a studie$637as well as performance of dye laséts*!
SMD or a FCS experiment in which the excitation rate is In the framework of single-molecule and fluctuation spec-
typically considerably higher. troscopy, our investigations indicate that the impact of the
In previous works, it has been shown how FCS itself can be additives is sometimes different from what has previously been
used as a method to characterize f|u0r0ph0res ona microscopid’eported in conventional fluorescence ensemble studies. Their
scale with respect to fluorescence saturation involving triplet mechanisms of action are investigated and the relevant rate
state formatior§;14 charge transfe isomerizatiorté and pho- ~ Parameters involved are determined.
todegradation;*2 providing a useful alternative and comple- _
mentary technigue to previously more established photophysical2- Experimental Setup
techniques such as flash photolysis. In this work, we have used The experimental setup for the FCS studies has been
FCS to study the impact of different antifading compounds with previously described!21442The fluorophore molecules under
a particular focus on excitation conditions relevant for fluores- jnyestigation were illuminated through a microscope cover glass-
cence-based confocal SMD and fluctuation spectroscopy. Thecorrected water-immersion objective (Zeiss, Plan-Neofluar, 63x,
purpose is to better define mechanisms and useful concentration 2 N.A., 160 mm tube length) by a strongly focused beam
levels of suitable additives and thereby refine strategies for how (diameter 0.6.m) of an argon-ion laser (Spectra Physics 165,
to chemically retard dye photobleaching under conditions 514 nm emission wavelength). The fluorescent light was
relevant for SMD, FCS, and related techniques. collected by the same objective and was detected by two
The strong dependence on both environmental and excitationavalanche photodiodes (EG&G/Perkin-Elmer) in a beam split-
conditions indicate that photobleaching can occur by several ting arrangement. Typical diffusion times of the fluorophores
different mechanisms and, from a general point of view, can through the detection volume were-480 us at room temper-
be considered to be quite complEXlowever, the mechanisms  ature (214 3 °C). By use of the two detectors, all inherent
that are maybe the most often referred to and of strongestnoise due to the detectors alone, as well as their dead times,
relevance arei) photo-oxidation in which chemically reactive  can be eliminated as long as it is not correlated between the
singlet oxygen is formed by sensitization of ground-state triplet detectors. A band-pass filter (Omega Optics 565DF50) was
oxygen molecules by triplet state dy¥s? and (i) photoion- inserted in front of the detectors, and a pinholegBddiameter)
ization, taking place on the basis that the dye molecules in polarwas placed in the image plane to discriminate the fluorescence
solvents after excitation to the first or higher excited electronic spectrally and spatially, respectively. The signals of the two
states more efficiently generate highly reactive radicals and detectors were transferred to a PC-based correlator (ALV-5000
solvated electron!2132021 Removal of oxygen has been with fast option). Rhodamine 6G (Rh6G) (Lambda Physik) was
proposed as a remedy against photobleaching by photo-dissolved in ethanol and was diluted to nanomolar concentrations
oxidation. On the other hand, interaction of oxygen with dyes in ultrapure water or ethanol. MEA, COT, nPG, and AA (Sigma
in their metastable states such as the triplet state can lead tcChemicals) were then added without further purification.
both ground state recovery and generation of irreversible Solutions were prepared freshly in direct conjunction to the
photoproducts. Thus, depending on which effect is predomi- experiments to minimize oxidative deterioration.
nantly suppressed, deoxygenation has been found to de- By defocusing the excitation laser beam (diametem8in
crease;17.2223gven increas&2* or to leave the photobleaching focus) and by inserting a larger pinhole (2@ in diameter),
guantum yield mainly unaffecteéd-27 In this study, we instead  an increased excitation/detection volume was obtained in the
concentrated our efforts to investigating the effects on the FCS measurements. With this arrangement, typical dwell times
addition of two main categories of antifading compounds: of the fluorophores within the detection volume were increased
antioxidants, possibly promoting recovery of photoionized dye to 2.2-2.5 ms, allowing transient states with relaxation times
radicals, and triplet state quenchers, by which generation of up to this time range to be analyzed. Complementary measure-
singlet oxygen also should be reduced. ments with an expanded detection volume were also performed
Among antioxidants, we focused orpropyl gallate (nPG)  at a separate setup (diffusion time +13 ms, laser beam
and ascorbic acid (AA). Retarding effects on photobleaching diameter in focus Z:m, pinhole 150um) based on a similar
when adding nPG up to concentrations of 10 mM have been instrumentation (objective: Olympus 60x, NA 1.2). The mea-
reported for fluorescein Conjugates in g|ycea'ﬁ6$,|n aqueous sured correlation curves were fitted to different eXpreSSionS for
solution2® and for phycobiliproteins in phosphate buffénPG the FCS curves as stated, using a Levenbétgrquardt
has well-known antioxidative properties and is also used to Nonlinear least-squares algorittf.
prevent oxidative deterioration of fatty materials such as edible )
oils and fats as well as cosmetic produi! Likewise, the 3. Theoretical Background

antioxidative effects of AA (vitamin C) have been well-known | FCS, the fluorescence intensity fluctuations of fluorescent
for a long time. In many different organisms, AA is one of the molecules excited by a focused laser beam are stdéié8iA
main intracellular antioxidants and is also Wldely used as a broad range of dynamic processes can be ana]yzed as |0ng as
food preservativé? In fluorescence spectroscopy, AA has been they reflect themselves in terms of fluorescence fluctuations.
used as a radical scavenger and antioxidant with a reportedrypically, fluorescence fluctuations arise as a result of trans-
retarding effect on the photobleaching rete%t 3’ lational diffusion of the fluorescent molecules into and out of
By many investigators, the triplet state is considered to be the sample volume element and from transitions to and from
the main precursor state of photobleaching. For this reason, itthe triplet states of the fluorophores. The time dependent part
is of interest to find triplet state quenchers that ideally would of the correlation function can then be expresséd as
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Here,N is the mean number of fluorescent molecules within =0l e k 1
the sample volume elemenby andw, are the distances from T
the center of the laser beam focus in the radial and axial direction S
respectively at which the collected fluorescence intensity has 0

dropped by a factor o’&ompared to its peak value. The sample  Figure 1. Simple photodynamic model including the three main states
volume element is determined by the spatial distribution of the involved in singlet-triplet transitions of Rh6G molecules in aqueous
laser excitation and the collection efficiency function in the solution (see text for detalils).

confocal setup. The characteristic diffusion time for the
fluorescent molecules is given via the diffusion coefficiémy,

by 70 = wo%4D. Equation 1 assumes the collected fluorescence

profile and different diffusion pathways through the detection

volume, leading to different excitation histories of the inter-

to be Gaussian shaped in the axial as well as in the radial rogated molecules. One contributing reason can also be that not
all molecules are subject to the same photobleaching pathways.

direction but, under our conditions, also provides a good Und diti db ) hotobleach
approximation for the case of a Lorentzian-shaped axial profile . naer our conditions, and by assuming an average photobleach-

of the laser bearf? Treqis the mean fraction of fluorophores ing rate constant, the actual space-dependent distribution of the
. eq . . . . . .
within the sample volume element being in their triplet states bleaching reactions within the excitation volume can be shown

andrr is the relaxation time related to the triplet state relaxation. to .]E:)est g:)rreipond ;[O anff 0\{[(_arall t;leashlngfregctl?r(l) ;V't? a
Making the simplifying assumption of a uniform excitation Uniform bleaching ratég affecting a fraction of about 0.8 o

profile within the detection volume, the expressions#pand all the molecules contained in the detection volthe.

i 2,14
Tieqare given by 4. Results and Discussion

To1lexdisc 4.1 Addition of Antioxidants. 4.1.1. Millimolar concentra-
er =k + Ky + 0oyl @) tions of nPG in water We first investigated the possible
e retarding effect of NnPG on the photobleaching of Rh6G in water.
. 001l excKisc According to previous reports on the photobleaching retarding
T ®) effects of nPG, relatively high nPG concentrations of around

120 Gl ec(kr + kisd) + Kyok
otlelkr + Kso) + kadky 10 mM should be necessary to obtain a significant effé&g®

Here, with reference to the simple three-state model of Figure However, from our FCS measurements, nPG was found to
1, kyo is the deactivation rate of the first excited singlet state, Strongly quench the fluorescence of the Rh6G molecules at these
S, to the ground singlet stateo.Sksc denotes the rate of ~ concentrations. To analyze the nature of the quenching more
intersystem crossing from,$o the lowest triplet state, ;Tkr closely, a serles.of correlation curves were .me.asu.red at varying
is the rate of triplet state deactivation from S, ooq is the nPG concentrations (0.250 mM) and excitation intensities
excitation Cross sectiorle signifies the average excitation ~(20kW/cnF—6MWi/cn?) (Figure 2). The measured fluorescence
intensity within the detection volume, and the average excitation autocorrelation curves showed a characteristic decay |n_the time
rate within the detection volume then given kyi = ooilexc range of a few hundred panoseconds or shorter, whlgh very

Effects of termination of fluorescence emission of dye much resembled that obtained from the electron transfer induced

molecules during their passage through the volume element haglueénching of Sdeoxy guanosine triphosphate (dGTP) in a
experimentally been shown to result in an additional factor to Previous study®> The time-dependent part of the correlation

the correlation function of eq %12 curves could be well fitted to the expression of eq 1 with an
additional exponential process included. Then, w@&b(z)
Gg(7) = G(7)(1 — B + B exp(—kg7)) (4) denoting the diffusion dependent part (2nd and 3rd factors) of
G(7) in eq. 1,

The decrease in the time the molecules remain fluorescent

while passing the sample volume caused by photobleaching thusG(z) = 1 Gp(7)[1 — Teq— Ceqt
results in a shortening of the overall decay time of the correlation N(1 - Teq— Ceq)
curves. Because photobleaching occurs only in the irradiated Teq€XP(T/77) + Coqexp(=1/7c)] (5)

volume element, typically comprising only a small fraction of

the total sample volume, an exchange of photodestructed to Similar to dGTP and because nPG is known as a reducing
intact dye molecules takes place during measurements. Thereagent, this additional exponential process can be attributed to
fore, unless the total sample volume (i.e., the space within which nPG acting as an electron donor with charge-transfer taking
the fluorescent molecules are free to diffuse) is not further place upon hydrophobic interaction between the nPG and the
restricted}”#8and following a possible initial equilibration after ~ Rh6G molecules. As for the charge transfer observed for Rh6G
onset of excitation, a close to steady-state concentration of intactand dGTP.® a rate scheme as outlined in the inset of Figure 2
fluorescent molecules can be maintained in the detection volume.was used to describe the observed exponential relaxations in
This makes it possible to treat the photobleaching reaction as athe FCS curves. This rate scheme includes the three state model
chemical pseudo-equilibrium reaction with the effective rate of Rh6G with ground and first-excited singlet statesagd S,
constant for bleachinlgs, andB specifying the average fraction and the lowest triplet state;Tas depicted in Figure 1. It also

of fluorophores undergoing photobleaching within their passagesincludes the possibility of complex formation between Rh6G
through the detection volume. At first glancB, would be and nPG and subsequent electron transfer from nPG to Rh6G
expected to be equal to 1. However, typically this is not the with different rates depending on if Rh6G is in itg & S

case. This can largely be attributed to a nonuniform excitation state. The rate scheme can be reduced to a three state model,
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Figure 2. FCS curves of R6G in aqueous solution containing 1, 3, conc. n-PG (mM)

and 10 mM concentrations of nPG. Excitation intensity 4 MW{cm  Figure 3. Calculated rates of associatidko kass) and dissociation

Obtained relaxation paramete§tc, Ted7r): 0.31/0.124s, 0.30/3.6 (kais9 of Rh6G and nPG, obtained by global fitting of the relaxation

us (1 mM), 0.49/0.07%s, 0.20/4.7us (3 mM), 0.76/0.04Q«s, 0.075/ rates and amplitudes of charge transtergndCeg) and singlet-triplet

7.1us (10 mM). Inset: rate scheme describing the relaxation behavior state transitionsr¢ andTeq) observed in the FCS curves (Figure 2) for

of the two exponential processes of the recorded correlation curves, the given concentrations (see text and ref 15 for further details).

involving singlet-triplet transitions and charge transfer followin . - .

hydrophgobic %Ommgx formation (Rh6GIPG), v%herekdisg( and Kaes g the dissociation rate of the hydrophobic complexess), and

refer to the rates of dissociation and association, respectively, betweenthe triplet state parametekgc andkr. The excitation intensity

Rh6G and nPG with Rh6G in the excited & 1) or in the ground and nPG concentration dependencies of the amplitliglgend

state K = 0). The initial rise in the correlation curves is attriouted to  C,qand the relaxation times andzc were analyzed in analogy

Zﬂgg“fg‘ﬁg'vr\‘l%(atﬁzrg fgl’gxtcri‘faggﬁ‘;'sgct’r:‘ergagoaég’g)‘:‘git&?ot:)e f—;?glet to the procedure presented in ref 15. For each concentration of

amplitude of gorrelation curves are normalized to 1 at&%see text nPG, the rate coefficientisso Kassa Kaisso kisc, andkr were

and ref 15 for further details). re_tneved by _glqbal_ﬁttmg_qteq, Teq 71, andzc, measured at
different excitation intensities (20kW/c&m6MW/cn?) (see ref

consisting of a Rh6G singlet state, S @d ), the lowest 15 for details).

triplet state, T, and a complexed state with nPG, C.¢%nd The obtained rate constantslagss Kassi andkgisspare plotted

Sc1, denoting the ground and first-excited singlet states of Rh6G Vversus the concentration of nPG in Figure 3. For concentrations

when in complex with nPG, see inset Figure 2), by recognizing below a few millimolar, a close to linear relationship on [nPG]

that the intrasinglet state transitions (i.e., those betwgem®&  was found forkasso(1.5+ 0.3 x 10° M™% s7%) andkass1(5 + 2

Sy, and between & and %, respectively) take place onatime  x 10° M~1 s71), while kyisso (6 x 10° s7) showed a close to

scale much faster than any of the other dynamic processesconstant value independent of [nPG]. The obtained parameter

involved: values are close to those found for dGTP and RE&EGor
Rh6G/dGTP as well as for Rh6G/nPG, the partly hydrophobic
C&»S&T ©) nature of the molecules promotes aggregate formation and
Kaisso ke 1 subsequent electron transfer to Rh6G. From the rate constants,

we get the dissociation constatgy = KassdKdisso= 250 M1,
Here, kass = kot/(Ko1 + Kio)Kass1 t+ Kio/(Ko1 + Kig)kassoand and Kp1=Kkass{kaisso= 830 M. These are about a factor of 2

kisc' = koi/(ko1 + kio)kisc denote the effective rates of complex higher than those for dGTP and indicate a slightly more
formation between Rh6G and nPG and of intersystem crossinghydrophobic character of nPG. The hydrophobic character (i.e.,
within the Rh6G molecules, respectively. When Rh6G is in a an increased tendency for dimer formation at higher nPG
complex state with nPG (C), the deactivation ride > kio concentrations) is also a possible explanation for the slight
and the population of & is negligible (see inset Figure 2).  deviation from linearity of the association rates over [nPG] as
Therefore, dissociation fromcg via kiss1 can be disregarded  observed in particular fdssiin Figure 3. The triplet parameters
in eq 6). The measured amplitudds{andCeq) and relaxation  k; andksc were found to be clearly reduced in the presence of
times (r andzc) from the correlation curves are given from  npPG (down to 0.2« 106 st and 0.7x 10° s 1 from 0.5x 10°
the corresponding rate equations, i.e., from the following system s-1 and 1.1x 10° s'1in the absence of nPG, respectively) and

of coupled first order differential equations in particular for nPG concentrations in the upper range (2-mM
. , 10 mM). We attribute these rate reductions to complex formation
qls - (|’<|sc +kie) kr Kisso |[S between Rh6G and nPG, a subsequent shielding of oxygen, and
at Ty )= |ksc —kr 0 T, @) a reduced oxygen-induced enhancement of betland kisc.
C Kass 0 —kiso]\C Again, a similar effect was noticed for the interactions between
Rh6G and dGTP, as previously reporféd.
by its steady-state populations of @and C, and the inversed In other words, at millimolar concentrations nPG does not

nonzero eigenvalues of its rate matrix, respectively (see ref 15 show an overall beneficial effect on the Rh6G fluorescence due
for further details). Consequently, the relaxation processesto its strong contribution to both statika(sg as well as dynamic
observed in the FCS curves and their amplitudes and relaxation(kass) fluorescence quenching. Although the photobleaching
times can be expressed as functions of the association rateneasurements undertaken at those concentrations indeed show
coefficients for formation of NnPG/Rh6G complexes from the a retardation of the photobleaching, also under our conditions
ground and excited singlet statdgstoandkassy respectively), (no significant shortening of the overall decay times of the
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Figure 4. FCS curves recorded from Rh6G and nPG in aqueous v red i .
solution using an expanded sample volume. nPG concentrations are Photobleaching
between 0 and 20 micromolar. Excitation intensity 0.2 MWACRY" nPG* nPG

and 7r (replacing B and 1kg, respectively in eq 4) values of the
curves: 0.04/0.022 ms (2@M), 0.22/0.21ms (2M), 0.47/0.49 ms Figure 5. (A): Major features of the photoionization/reduction process

(0.54M), 0.76/1.6 ms (uM). Teq= 0.16= 0.01 andrr = 2.3+ 0.4 of R6G in the prescence of nPG, viewed on a time sealihe triplet
us for all curves. The amplitude of correlation curves are normalized relaxation timerr. F denotes the fluorescent, non-ionized fluorophore,
to 1 at 10us. R" is the photoionized state that can be regenerated into F by donation

of an electron from nPGk,' andked denote the effective rates of
photo-oxidation and reduction by nPG, respectively. (B): Five-state
correlation curves) the fluorescence quenching is much more model taking photoionization from both first and higher excited singlet
pronounced. Under our conditions, addition of nPG in millimolar (St @nd $) and triplet states (fand T) into accountkex and ko
concentrations therefore does not seem to provide a usefulﬂ.enOte the rate coefficients for photo-oxidation from the lower and
. igher excited singlet/triplet states, respectively. See text for further
strategy to reduce photobleaching. detalils.
4.1.2. Micromolar Concentrations of nPG in Watdn
contrast, at concentration levels of nPG in thé range when
most of the static and dynamic quenching effects observed atbrated on the time scale of this oxidation/reduction of the
millimolar concentration were no longer traceable, the retarding fluorophores. The photoionization/reduction reaction of Figure
effect of nPG was still pronounced in the sense that addition of 5a can be described by
increasing amounts of nPG increased the overall decay times

of the correlation curves. In particular, this effect could clearly F o, R (8)
be seen from the FCS measurements when expanding the sample Kred

volume element so that the passage time of the Rh6G molecules
were in the order of a few milliseconds (Figure 4). In this way,
the exposure and interrogation time of the molecules passing

the detection volume by diffusion is made longer, and any an average fluorescence brightness, which is proportional to the

present mfluencg of photobleaching is F“ade more pronounceo"steady-state population of the first-excited singlet state and based
These correlation curves recorded with the expanded sample . - )
; . on the steady-state populations of the singlet and triplet states.

volume were found to be well fitted to the expression of eq 4.

Thus, the relaxation times showed a behavior similar to that Rt is the fraction of photoionized, nonfluorescent, fluorophores.

previously analyzed and attributed to photobleacHitd-ow- Kox aqd Ked are the .effecnve rates of phot0|qn|zat|on and
ever, with increasing concentrations of nPG the amplitBde reduction of photoionized fluorophores, respectively.

’ ) . . In previous studies of photobleaching by FCS, the quantum
was found to continuously decrease, while the relaxation rate ield of photobleaching®s, defined as
ks was found to increase (Figure 4). Taking into account the y P 9o,
ability of nPG to act as an electron donor, as shown above, this number of photobleached molecules
!oehav_|or is well in agreement with a bimolecular reaction O, = total number of absorbed photons ©)
involving the nPG and the fluorophore molecules. In this
reaction, the fluorescence emission of the fluorophores can bewas found to increase with higher excitation intensities, in
“switched off” as a consequence of laser irradiation and particular at levels at or close to excitation saturatieg,=
photoionization. The photoionized Rh6G molecules can then kig/oo1.%12 Here, ky is the deactivation rate of the first-excited
be “switched on” again by receiving an electron, following a singlet state Sto the ground singlet statey,Sandoo; denotes
collisional encounter with an nPG molecule. The major features the excitation cross section fromy ® S. This increase ofby
of this photoionization/reduction process are outlined in Figure was found to be taken well into account by including excitation
5a. From the relaxation times of the correlation curves of Figure to higher excited singlet and triplet states from which a
4, we note that the oxidation/reduction typically takes place on subsequent photobleaching reaction may occur. The inclusion
a time scale of 10@s and longer. This is a much slower time  of higher excited singlet and triplet states also is supported by
scale than that of the transitions between the singlet states angulse radiolysis studies in which excited-state absorption of
the triplet state, which typically have relaxation times, in Rhodamine dyes was found to be significant over a broad range
the range of a few:s (at air-saturated conditions). We can of visible excitation wavelength§,and photoionization could
therefore consider the singtetriplet transitions to be equili- be recorded following both mono- and bi-photonic absorfott.

Here, F denotes the fraction of the fluorophore molecules
within the detection volume that are in a fluorescently viable,
non-ionized state. On the time scale of the reaction, they have
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For the photoionization occurring in our experiments, we
therefore take the population of (and photoionization from)
higher excited singlet and triplet states of Rh6G into account
by use of a 5-state model (Figure 5b), includingad S, the

nth excited singlet state,sand their corresponding triplet states,
T1 and T,. On the time scale of photoionization/reduction, we

Widengren et al.

nPG concentration, the pair ok and Rt, measured at more
than 10 different excitation intensities, were globally fitted to
the expressions of eqs 12 and 13 (incorporating egs 10 and 11)
by variation of the parametekgyi, koxn andkeed . In the fitting
procedures, and in the calculation of the steady-state populations
of the electronic states of Figure 5b from eq 4@; and ko

can restrict ourselves to consider only the steady-state populawere fixed to 2.22x 10716 cn? and 250x 10° s™1, andkisc

tions of the states within this 5-state model:

S)eqz
anlkSnlkalO
anlkT(kSnl(klO + kOl) + k01k51n) + kISCkSnlkOl(len + anl)
Kot
Sleq k S)eq
ISC
1eq k Sleq
(10)
Ksn
Sneq k Sleq
len
Tneq = aTleq

The rate coefficients are defined in Figure 5b with the
excitation rate from § S;, and T given by the excitation cross
sections from the state in questionkgs= go1lexe Ksin = Tsmlexc
and krin = o7inlexe respectively. In this model, as an ap-
proximation we disregard intersystem crossing invoh@&and
Tn, because the deactivation ratks; and krmy have been
reported to be of the order 5% 10 s1 12 |eading to
corresponding low quantum yields of intersystem crossing. From
eq 10, it can be seen that thg-dependence dbeqand Sieq
differ only by a scaling factor from that oTieq and Tnegq
respectively. We therefore only consider the joint contribution
from bothTieqandSieqto the effective rate of photoionization
on the one hand, and that Bfeq andS,eq 0n the other. In other
words, we assume that the effective rate of photoionizaligh,
is proportional to and takes place by equal rakgg, andkoxn,
from TiedSieq and Tred Sieq respectively:

kox' = koxl[Sleq+ Tlec;l + I<oxn[sneq + Tneq.l
(11)

kred’ = kfecInPG]

Here, the effective rate of reduction Bf, denotedk.ed, is
assumed to depend on the rate of collisional interactiori of
with nPG and to be proportional to the nPG concentration by
the bimolecular rate constaktd = kedNPG]. With reference
to eq 4, we introduce the relaxation time of photo-oxidation/
reduction,tr, and the probability of finding the flurophores in
the detection volume in a photo-oxidized sta®e, replacing
1/kg and B respectively:

1_ 1

"k ket kol 2
ok
R=° kfed' + kox' (13)

To test this model more in detaitr andR™ were measured
systematically by FCS for a range of nPG concentrations+0.1
20uM) and excitation intensities (£01500 kW/cnd). For each

andkr to 1.1 x 10° s7* and 0.49x 1(f s1, respectivelyt
Further, for the excitation to the higher singlet and triplet states,
the literature valuessy = 0.077 x 10~ 6cn? andoy, = 0.38
x 10716cn? were used? The rates oks,; andkry; were set to
5 x 10'2s71 2in agreement with earlier determinations of these
rate constants for Rhé&and for other xanthene dydsn water.
The fitted expressions forg and R, together with their
corresponding experimental values, plotted versus the applied
excitation intensities at [nPG¥ 0.2, 1, 5, and 2Q«uM are
included in Figure 6, panels-al. The parameters &1, Koxn
and k.4 obtained after fitting the experimental parameters
obtained from each concentration of nPG are plotted versus
[NPG] in Figure 7. Whilekox1 andkoyn remain close to constant
and independent of [NnPG}.d shows a linear dependence from
which a slope okeq= 2.3 x 10° M1 s71 can be determined.
We note thak,eq has an intermediate value in relationk@so
and kass1in Figure 3, and that the transfer of electrons from
nPG to Rh6G thus takes place with about equal efficiency; either
the Rh6G molecule is in its cation radical stakad or in &
(Kasso inset Figure 2) or S(kassa inset Figure 2). From Figure
7, kox1 andkoxn can be estimated to average values of 20°
and 0.8x 10° s71, respectively. It should be noted that in the
determination ofkoxn, ksn1 and krn were fixed to literature
values, which can be inaccurate by at least a factor of 2.
Therefore koxn should rather be considered as ratigg/ksn
= koxn/ktns = 1.6 x 1074, i.e., as photoionization pre-factors to
the cross-sectionssy, and otin, Or in other words, as the
photoionization quantum yieldsp(S,)ion and ®(Ty)ion, Of S,
and T, respectively. The corresponding photoionization quan-
tum yield of § is ®(Sy)ion = koxa/kio = 0.8 x 1076. From eqs
10 and 11, a composite photoionization quantum yield of S
and T, can be defined as®(Sy, T1)ion = P(Sp)ion[1 + kisc/kr]
= 2.6 x 10°%. For low excitation intensities, when excitation
to higher singlet and triplet states can be neglectg&, T1)ion
can be considered as the photoionization analoguépfor
photobleaching (eq 9). The difference of 2 orders of magnitude
betweern®(S))ion and®(S)ion is Well in agreement with previous
findings by flash photolysis showing that ionization can be both
mono and biphotonic with a considerably higher ionization yield
following after biphotonic excitatiof?*50.51

4.1.3. Ascorbic Acid in Wateilhe dependence &6x1, Koxn,
andked on [nPG] (Figure 7) and the dependenceghndR*
onlexc for each [NPG] (Figure 6) well support the hypothesized
model of photo-oxidation and subsequent restoring reduction
of the photo-oxidized fluorophores by nPG, taking place via
collisional interactions. To strengthen the support of the model
further, we also investigated the response on the measured
and R* after addition of the well-known antioxidant AA in
similar concentrations and under similar excitation conditions.

As for the investigation involving nPG, a series of correlation
curves of Rh6G in water were recorded at different AA
concentrations and excitation intensities using an expanded
volume element. The results are very similar to those obtained
after addition of nPG. As shown in Figure 8, addition of
increasing amounts of AA in the submillimolar concentration
range to the Rh6G solution increases the overall correlation
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Figure 6. (A—D): Relaxation times for photo-oxidation/reductian,
(replaces 1 in eq 4), and the fraction of fluorophores being in a photo-
oxidized stateR" (replacesB in eq 4), determined by FCS at different

excitation intensities for the nPG in aqueous solution at concentrations

0.2, 1, 5, and 2@M. The fitted expressions forz (eq 12) andR;R* o .
(eq 13) are for each concentration indicated by a dashed and a soligtransfer does not appear to be the dominating reason. The similar

line, respectively.

decay time.

As for nPG, the measuragdand R agree well

with the schedule of Figure 5b. Global fitting of the measured
tr andR' parameters, recorded at different excitation intensities, the effects of nPG and AA on the fluorescence of Rh6G, it
yieldedkoxs = 4 x 10® 571, koxn = 0.6 x 10° s7%, andkreq= 1.3
x 10° M~1 s71, Our observations of the influence of nPG and With reference to the scheme outlined below (eq 14, combining
AA on Rh6G are well in line with the reported oxidation
potentials of AA (0.86 V versus NHE in 40) and nPG (0.82
V versus NHE in 4:96 MeOH/bD).5° The somewnhat lowekeq
of AA compared to that of nPG can be a consequence of the can take place). The antioxidants then have to be present at

J. Phys. Chem. A, Vol. 111, No. 3, 200435

L & Lo @ &
&
] 6 -1
01 L] k0X1 (10 S )
(0] 9 _-1 ,
2 ® Koyo (107s S
an il 0x2' e
0.01 - A kred (106 5'1) e ot
] e n
: ................... ;&-.f‘..I ....... | SR . .........
1= R
] PO vl
ja-
1E-4 + | T
0.1

1
n-PG conc. (M)

Figure 7. The parameters d&x1, koxn, andkeed Obtained after fitting

the experimental parameters obtained from each concentration of nPG
(Figure 6a-d). Linear regression analysis on the/ values yields the
slopekred= 2.3 x 10° M1 571, Koxs andkox, Show an [nPGJ-independent
behavior withkox; = 2.1 x 10* st andkoyn = 8 x 1P s71.
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Figure 8. FCS curves of Rh6G in aqueous solution with different
concentrations of ascorbic acid addee-80 uM). Excitation intensity

0.7 MW/cn?. Rt/zr values of the curves: 0.13/0.009 ms (8@), 0.20/

0.026 ms (2Q:M), 0.32/0.49 ms (0..xM), 0.76/1.6 ms (UM). Teq=
0.16 + 0.01 andzr = 2.3 + 0.4 us for all curves. For reference, a
correlation curve is added and measured at the same excitation intensity
with no AA added. (Curves normalized to an amplitude of T at 3

us).

100

AA molecules being less hydrophobic, and therefore less readily
forming complexes with Rh6G. Given the relatively similar
redox potentials reported in literature for AA and nPG, a less
favorable matching of the redox-potentials between AA and
Rh6G* (1.22V versus NHE in dimethylformamide) for electron

rates of electron transfer induced fluorescence quenckigg (
and kass) that we observe for nPG, and that which has been
measured previously for dGTP, indicate that the quenching rates
for both compounds are close to diffusion controlled.

4.1.4 Summary of Obsezd Effects of Antioxidant$:rom

seems as if the concentration of antioxidants has to be balanced.
the schemes of egs 6 and 8), we note that antioxidants can bring

photo-oxidized dye specieR' back to a fluorescent form F
(within which transitions between the singlet and triplet states
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high enough concentrations that the effective rate of reduction, 22
kied, Can compete with the effective photo-oxidation radg. 1A: MEA 12 * kise (s 3
On the other hand, if present at too high concentrations, the 2.0+ ol L2 KTl
extent of reduction of fluorescent dye molecules by the 6
antioxidants can get significant and can generate a strong static 184 4 :
as well as dynamic quenching. This reduction is effectuated by 2] = i e
. ) ; SN 1.6+ o "
the effective rate of reduction following associatidgss, in = N " F ER TR SR M
eq. 6 6 T L MEA conc. (mM)
4N—8 mM
R v AN 124 —4mM
C N T, R* (14) —2mM
K s k]; ke 1.0 0 mM
€4 1E3 001 01 1 10
In contrast to previous reports, our observations indicate that correlation time (ms)
the quenching effects at high concentrations of antioxidants seem -
only to a very minor extent to be related to an increase of triplet " IB: MEA 2mM, deoxygenated
state populations and then only indirectly. This indirect increase
can follow as an effect of decreased accessibility of oxygen L . 2
molecules to the dye molecules when in complex with the 8l _390kw"°m2
antioxidant molecule® For both nPG and AA, a slight increase ] —— 180kW/cm
of koxa for concentrations above-8.0 uM could be observed = 18 —— 70kW/em?
(Figure 7). The reason for this increase is not fully clear. One (5’ ] — _ —0mM / 70kW/em?2
possibility is that it is due to interference with the triplet state 1.4
kinetics. With higher concentrations 5—10uM) the relaxation :
times of ionization/reductiorck) start to partially overlap with 1.2
those of singlettriplet transitions {7), and although separable T
the fitted parameters from the two relaxation processes may 1.0+
systematlcallylnfluence each other. The tha}lned valuels,igr BB T s e SR s
andkoxn, and their corresponding photoionization quantum yields
are relatively well in agreement with the corresponding values correlation time (ms)
for photobleaching in our previous FCS studié3lt is therefore
reasonable to believe that, at least within the time scale of the 1C: COT/EtOH 8] . ks
translation of the fluorescent molecules through the detection 2.0+ ; P g
volume of FCS (typically<10 ms), photoionization is the major 1 ] el
mechanism of photodegradation. On the other hand, the pho- 1.8 4 e "
toionization seems to be almost fully recoverable at least by ; : " . :
addition of antioxidants. __ 164 1
4.2. Addition of Triplet State Quenchers.4.2.1. MEA in L 0 05 10 15 20
Aqueous SolutionAdding MEA into an aqueous solution of O 141 KRG
Rh6G led to a clear reduction of the triplet state contribution in | —2.4mM
the correlation curves (Figure 9a). Moreover, in addition to the pad| = 0.5 mM
triplet state relaxation~1 us range), an additional relaxation | OmM \
process in the-10 us range could be observed (Figure 9a) with 1.0 =

an amplitude that increased with the applied excitation intensi- 64 1E3 001 O 4 40 460 400D

ties. By fitting the correlation curves measured at different correlation time (ms)

excitation intensities to eq 5 (eq 1 with an additional exponential ) ) ) N
relaxation process) and then fitting all the obtaingdind Te, Figure 9. (A)_: FCS curves of Rh6G in aqueous sol'utlt_)n vv_|th adgjltlon
at different excitation intensities but with the same concentration ¢’ MEA at different concentrations (@ mM). Excitation intensity

f 2 and 3 ively. th for i 2.9 MW/cn? for all correlation curves. For these curves, the fitted
of MEA 10 egs 2 and 3, respectively, the rates for INtersystém ig|ayation parameters according to eq 4 waie«( Blzs): 0.089/0.14

crossingkisc and triplet state decalr could be determined. ;s 0.27/3.4us (8 mM), 0.15/0.21us, 0.20/4.Qus (4 mM), 0.30/0.40
This fitting procedure was done as described in ref 8, also taking us, 0.19/7.7us (2 mM), 0.54/0.84s (0 mM, triplets only). Inset: the
into account effects of nonuniform excitation within the [MEA]dependence okisc andkr, extracted from FCS measurements
detection volume. The triplet state rate parameters determined@nd therr and T, measured at different excitation intensities (10 kw/

for different concentrations of MEA are plotted in the inset of CM—3MWi/cn). (B): FCS curves of Rh6G in deoxygenated aqueous
Figure 9a as functions of MEA concentration. It can be seen solution with addition of_2 mM MEA at different excitation intensities.
9 ) For these curves, the fitted relaxation parameters according to eq 4

that kr increases linearly with the MEA concentratioky (= were (T/zr, Blrs): 0.067/1.6us, 0.14/110us (70 kW/cnd), 0.11/1.7
0.5x 1°s 1+ 0.9 x 1° M~1s 1 [MEA]) while kiscremains  us, 0.32/10Qus (180 kW/cnd), 0.23/1.2us, 0.55/8s (390 kW/cr),
essentially unaffected (on average &k210° s~1). Population 0.88/17us (0 mM, triplets only). (C): FCS curves of Rh6G in ethanol
of triplet states, or other photoinduced states with low quantum With addition of COT at different concentrations 2.4 mM).
yields of formation but with long lifetimes, can be quite Excitation intensity 1 MW/crh for all correlation curves. For these

L . . . e ... curves, the fitted relaxation parameters according to eq 4 vilére, (
significant in FCS measurements in which excitation intensities Blrs): 0.20/0.12us, 0.05/3.9us (2.4 mM), 0.25/0.1%s, 0.04/5.7us

close to the saturation limit are often applied. In agreement with (4 5'mm), 0.30/0.2s (0 mM, triplets only). Inset: the [COT] depen-
this, we observe that addition of MEA to an air-saturated dence okisc andkr, extracted from FCS measurements, ancrand T;
aqueous Rh6G solution can produce a strong increase in themeasured at different excitation intensities (40 kW¥e& 2 MW/cnr).
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fluorescence count-rate per molecule, CPM, of approximately solutions at similar excitation intensities and MEA concentra-
100% (the CPM calculated as the product of the amplitude of tions (Figure 9b). Also, the relaxation times of this process were
the FCS curve after triplet state relaxation (equald, see eq found to be longer. This is well in agreement with previous
1) and the fluorescence count-rate registered during the FCSreports stating that the major decay pathway of the reduced,
measurement). As the measurements indicate, this increase imonfluorescent form of Rh6G is by collisional interactions with
fluorescence CPM is also observed in FCS measurements usingnolecular oxygeft? From this point of view, addition of MEA

a small detection volume in which the fast passage of the to deoxygenated solutions has a stronger relative effect on the
molecules reduces the effects of possible photobleaching. Ourtriplet state population. However, MEA also promotes formation
observations are well in agreement with previous investigations of reduced Rh6G, which in the absence of oxygen can be
in which MEA has been reported to quench the triplet state of strongly accumulated. Therefore, in deoxygenated as well as
fluorescein without quenching the fluorescefice. in air-saturated solutions, there is for MEA a tradeoff between

However, when increasing the concentrations of MEA above triplet quenching on the one hand and fluorophore reduction
2—6 mM, no significant further increase in the fluorescence ©n the other. Typically, efficient triplet state quenching only
output could be noticed. We attribute this to the process S€ems to be effectuated at MEA concentrations in which a
underlying the additional exponential relaxation process that Significant population of the nonfluorescent reduced form of
could be observed in the FCS curves upon addition of MEA Rh6G is also generat(_ed, irrespective of the oxygen concentration
(Figure 9a). The relaxation rates of this process were somewhatof the agueous solution.
lower than those of the singletriplet transitions and increased 4.2.2. COT in Ethanolin Figure 9c, FCS curves for Rh6G
with higher excitation intensities (ranging from-5 us (at 70 in ethanol with different concentrations of COT are shown. It
mM MEA and 200 kW/crA) and exceeding-4200us at MEA can clearly be seen that COT diminishes the degree of triplet
concentrations in the sub-mM range). For MEA concentrations sState build up. The effect of COT in ethanol was analyzed in
above 2-6 mM, the amplitude and the relaxation rate of this the same way as MEA in aqueous solution. Similarly, the
exponential process increased with the applied MEA concentra-intersystem crossing ratésc, remained the same at different
tions (Figure 9a). On the other hand, for MEA concentrations COT concentrations, while the triplet decay rate increased
below this range we instead noted decreasing relaxation linearly with the COT concentration (see inset Figure 9c). At
amplitudes with increasing MEA concentrations. Overall, we Cconcentrations above approximately 3 mM, the triplet quenching
attribute this process to MEA-induced reduction of the Rh6G effect of COT was diminished probably because of micelle
molecules. This is in agreement with transient state absorptionformation of the COT moleculé.Below this limit, the addition

studies in which MEA has been found to quench radical forms of COT enhanced the fluorescence output from the Rh6G
of the dye fluoresceif. molecules. The maximum CPM increased by almost 100% upon

For [MEA] > 2—6 mM, MEA preferentially reduces intact addition of COT. These results support the view of COT as a

fluorescent Rh6G molecules. Here, MEA promotes the genera—'oOtent triplet state quencher of RNGG and other laser dyes as
tion of a nonfluorescent, reduced form of Rh6G, and the put forth by investigators more than 30 years #gt and

amplitude of the relaxation process in the FCS curves conse-g'Sf"’“f/.o.r f‘ ?fonlewh?t morg recten(tjllde?kéhatf(t:r? U dexggts s
quently increases with the applied MEA concentration. (In eneticial Sect on 1asing oy retarding tec ot e dyes.

analogy to nPG and with reference to eq C4ncreases at the As Vl‘gtg MigAn'Qﬁa%uiicms soI:thlcl)nt,i ansecs/nd ?xpo? denél?l f;)ﬁgés
expense of due to an increaseklss, which exceedeggissg- could be identine € correlalion curves recorded 1o

On the other hand, at lower concentrations MEA preferentially with COT/EtOH. However, at comparable excitation intensities

promotes the regeneration of photo-oxidized Rh6G into fluo- and COT concentrations the relative amplitudes of this second

rescently viable Rh6G molecules in agreement with the observed[?;i);?;'r?tn ﬁg%cfﬁjsosr’ezr;i:\Tl;i:geogogﬁgagorxe?;tgﬁﬁgsr:e:r?%rr‘g;nrg
decrease of the relaxation amplitude with increasing MEA ' i

concentrations (and analogous to a decreadeoflue to an of magnitude lower than for MEA/KD. This relaxation time

increasedced rate exceeding that ¢, (eq 14)). Overall, these possibly can be attributed to an electror_l transfer process.
effects of I?/IEA in principle seem t:) be very. similar 1[0 those However, because of the low relative amplitudes observed for

observed for nPG (see sections 4.1.1. and 4.1.2.). However,thls Egoces.s and the reported complex redox properties of
. ! . ; COT 28 the identity of this relaxation process was not further
given the slower relaxation times observed in the samples

containing MEA, compared to samples with similar added investigated.
concentrations of nPG, the reduction of Rh6G by MEA seems
to be less efficient.

The relative effect of triplet state quenching of MEA in
deoxygenated solutions is shown in Figure 9b. Molecular oxygen In Figure 10, panels a and b, the effects of addition of nPG
is believed to play an important role in photodegradation of and MEA at different concentrations on the fluorescence count-
fluorophores. On the other hand, oxygen is also an efficient rate per molecule (CPM) of Rh6G is plotted as a function of
triplet state quencher, and collisionally induced triplet state excitation intensity, recorded in an expanded laser beam/
quenching by oxygen is the main contributionkpunder air detection volumedyo = 1.2 um, pinhole diameter=150 um,
saturated conditiorfs?’ In principle, from a photostability point  objective: 60x, 1.2 NA). In agreement with previous findings,
of view, it would be ideal to remove the oxygen and replace its addition of the antioxidant nPG in micromolar concentrations
triplet quenching effect by the addition of another triplet state has a strongly beneficial effect on the recorded CPM. However,
quencher. After deoxygenation, we observe a strong accumula-at increased concentrations the extent of electron donation and
tion of the fluorophores in their triplet states, which after addition quenching of intact fluorophores by the antioxidants becomes
of MEA indeed is strongly reduced (Figure 9b). However, we increasingly dominant and reduces the fluorescence brightness
also found the amplitude of the second relaxation process inof the fluorophores. An optimum in CPM is reached at
the FCS curves to be more prominent-@ times higher) in concentrations wherked is comparable to or higher thag,’
deoxygenated aqueous solutions compared to air-saturatedand wherekasspandkassiare still close to negligible compared

5. Optimization of Fluorescence Output Per Molecule in
an Expanded Detection Volume
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Figure 10. (A—B): CPM of Rh6G measured by FCS with an expanded
volume elementdo = 1,2um, pinhole diameter 150um, objective:

60x, 1.2 NA) versus excitation intensity and after addition of different
concentrations of MEA (A) and nPG (B). (C): CPM of Rh6G measured
in the same experimental setup at an excitation intensity of 0.3 MW/

cm?, as a function of added concentration of MEA.

to kaisso With reference to eq 14, the useful concentration interval

of an added antioxidant can thus be defined as:

Kox 'Keqg < [antioxidant conc.< KyigedKase

For both nPG and AA acting on Rh6G in aqueous solution,
the optimum is found already at a concentration of abquiti2

(15)

Widengren et al.

(Figure 10a). Typically, no significant additional gain in CPM
can be noticed for higher concentrations, except at excitation
intensities close to or above several hundreds of k\&/dkh
these intensitiekoy is prominent, and the beneficial effects of
nPG and AA orked can still dominate over the likewise strong
qguenching effects, effectuated lyssoand kassy However, at
these excitation intensities the antioxidative effect can still by
far compensate the overall photo-oxidation/photobleaching, and
the recorded CPM is considerably less than the optimum CPM
of about 300 kHz, obtained at 26@00 kW/cn?.

After addition of MEA (Figure 10, panels b and c) even
higher CPMs (up to 400 kHz) can be obtained than for AA or
nPG. To some extent, this reflects the double impact of triplet
state quenching. On the one hand, by reductioil@f itself,
the average fluorescent brightness of the (non photo-oxidized)
fluorophores increases. In addition, the population of a possible
precursor state of photo-oxidation/photobleaching is reduced,
thereby leading to a lower rate of photodegradation. However,
as mentioned above, we also noted the presence of an additional
relaxation process in the FCS curves, which we attribute to
electron transfer from MEA to Rh6G and reduction/quenching
of the Rh6G molecules (Figure 9a). In analogy to the effects of
the antioxidants AA and nPG, this electron transfer can also
possibly work advantageously in particular at excitation intensi-
ties at or close to saturation, regenerating photo-oxidized
fluorophores into fluorescently viable states by reduction. This
combined effect of reduction and triplet quenching can explain
the higher maximum count rates obtainable with MEA, com-
pared to those reached after addition of AA or nPG. As judged
from the CPM dependence of the MEA concentration and the
applied excitation intensities (and similar to the effects of AA
and nPG), the effects of the reduction of photo-oxidized states
dominates over the reduction/quenching of nonphoto-oxidized
states at lower MEA concentrations. The overall maximum count
rates are reached Rf. = 200—-300 kW/cn? with approximately
4 mM of MEA. Itis interesting to note that the optimum MEA
concentration is considerably lower than that required for a full
triplet quenching (Figure 9a). This indicates that for MEA, its
antioxidative properties and the balance between electron
donation to photo-oxidized fluorophores (promoting fluores-
cence) and the reduction of non photo-oxidized fluorophores
(quenching fluorescence) is at least as important as the extent
of triplet quenching. In other words, the MEA concentration at
which an optimum CPM was obtained is strongly determined
by the antioxidative properties of MEA. This conclusion is
further supported by the observation that the addition of
antioxidants (AA or nPG) to a solution of MEA at optimum
concentrations~{4 mM) led to a clear reduction of CPM for
Rh6G (except aleyc far above the overall CPM maximum).

6. Concluding Remarks

Photostability and fluorescence brightness per fluorescent
molecule (reflected in the CPM) remain prime figures of merit
for virtually all ultrasensitive fluorescence spectroscopic tech-
niques, such as FCS and SMD, but also for a range of
applications of fluorescence spectroscopy in which a high read
out rate is required. In this paper, we have defined and
characterized mechanisms that retard photobleaching and en-
hance fluorescence in such measurements based on triplet state
guenchers and antioxidants. We note that within typical transit
times of fluorescent molecules through the detection volume
in a confocal FCS or SMD instrument(0—20 ms), prominent
photoionization and dye radical formation can occur. At
excitation intensities at or close to saturation, photoionization
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