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Dye photobleaching is a major constraint of fluorescence readout within a range of applications. In this study,
we investigated the influence of photobleaching in fluorescence experiments applying multicolor laser as
well as Faster resonance energy transfer (FRET) mediated excitation using several red-emitting dyes frequently
used in multicolor experiments or as FRET acceptors. The chosen dyes (cyanine 5 (Cy5), MR121, Alexa660,
Alexa680, Atto647N, Atto655) have chemically distinct chromophore systems and can be excited at 650 nm.
Several fluorescence analysis techniques have been applied to detect photobleaching and to disclose the
underlying photophysics, all of which are based on single-molecule detection: (1) fluorescence correlation
spectroscopy (FCS) of bulk solutions, (2) fluorescence cross-correlation of single-molecule trajectories, and
(3) multiparameter fluorescence detection (MFD) of single-molecule events. The maximum achievable
fluorescence signals as well as the survival times of the red dyes were markedly reduced under additional
laser irradiation in the range of 500 nm. Particularly at excitation levels at or close to saturation, the 500 nm
irradiation effectively induced transitions to higher excited electronic states on already excited dye molecules,
leading to a pronounced bleaching reactivity. A theoretical model for the observed laser irradiance dependence
of the fluorescence brightness of a Cy5 FRET acceptor dye has been developed introducing the full description
of the underlying photophysics. The model takes into account acceptor as well as donor photobleaching from
higher excited electronic states, population of triplet states, and energy transfer to both the ground and excited
states of the acceptor dye. Also, photoinduced reverse intersystem crossing via higher excited triplet states is
included, which was found to be very efficient for Cy5 attached to DNA. Comparing continuous wave (cw)
and pulsed donor excitation, a strong enhancement of acceptor photobleaching by a factor of 5 was observed
for the latter. Thus, in the case of fluorescence experiments utilizing multicolor pulsed laser excitation, the
application of the appropriate timing of synchronized green and red laser pulses in an alternating excitation
mode can circumvent excessive photobleaching. Moreover, important new single-molecule analysis diagnosis
tools are presented: (1) For the case of excessive acceptor photobleaching, cross-correlation analysis of single-
molecule trajectories of the fluorescence signal detected in the donor and acceptor detection channels and
vice versa shows an anticorrelated exponential decay and growth, respectively. (2) The time diffigrence,

T, of the mean observation times of all photons detected for the donor and acceptor detection channels within
a single-molecule fluorescence burst allows one to identify and exclude molecules with an event of acceptor
photobleaching. The presented single-molecule analysis methods can be constrained to, for example, FRET-
active subpopulations, reducing bias from FRET-inactive molecules. The observations made are of strong
relevance for and demand a careful choice of laser action in multicolor and FRET experiments, in particular
when performed at or close to saturation.

Introduction rescence detection. Due to the superior sensitivity to environ-

Recent years have witnessed a strongly increased number off€ntal properties as well as its multidimensionality, that is, its
biological, physical, and chemical applications based on fluo- ability to provide various simultaneous readouts (e.g., intensity,
anisotropy, lifetime, and spectral characteristics), fluorescence-
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benefits of a single-molecule perspective have been takenspecies with low FRET efficiencies in a similar fashion. Here,
advantage of in many applications, ranging from observations spectral cross-talk is eliminated via alternating excitation pulses
in solids and solutions to live-cell imaging. To go beyond mere of different colors, one for excitation of the donor dye and for
localization of a molecule in a three-dimensional space, the FRET, and the other for separate excitation of the acceptor dye,
single molecules under study are often characterized not onlyrespectively.

with respect to intrinsic molecular parameters such as the High signal levels are often important in fluorescence
fluorescence lifetime and anisotropy but also with respect to experiments, to acquire the necessary information content, to
information from the fluctuations of the determined param- reach the required image Scanning rates, and/or to reach the
eters!3 This information can often contain substantial additional needed time resolution. This is especia”y pronounced for Sing|e_
and complementary information about, for example, molecular molecule or fluorescence fluctuation experiments, where a low
properties, mobilities, interactions, and dynamics. F|U0reSC6ncesigna| cannot be Compensated by a concentration increase of
correlation spectroscopy (FCS)burst-size distribution analy-  the fluorescent molecules investigated. As a consequence, high
sis; photon count histogram (PCH) analy!isind fluorescence  |aser irradiances are often applied. However, the maximum
intensity distribution analysis (FIDAj belong among the most  applicable irradiance is limited by the photophysics of the dye
prominent fluorescence fluctuation spectroscopies. FCS is basedapels, in particular by singlet and triplet saturation as well as
on the analysis of fluorescence fluctuations in time, while PCH py photobleaching. Photobleaching is to a large extent a
and FIDA are based on fluctuating amplitude analysis. Further consequence of an enhanced reactivity of the fluorophore in its
development of FCS, FIDA, and PCH resulted in their multi- excited staté? and it thus scales with the applied irradiance.
color successors fluorescence cross-correlation spectroscopyioreover, recent work on several dyes has shown that even
(FCCS}® and two-dimensional FIDA or PCH:20 for continuous wave (cw) excitation and in particular for short-
An ultimate development in single-molecule spectroscopy is pulsed laser excitation, photobleaching is severely enhanced due
represented by single-molecule multiparameter fluorescenceto the population of higher excited electronic st&f&¥In polar
detection (MFD), which in addition to the spatial information solvents such as water, these states couple quite efficiently with
permits the simultaneous collection of all traditional fluorescence ionic states, leading to a pronounced reacti%§: This
parameters, that is, intensity, lifetime, and anisotropy in two or nonlinear dependence on the applied irradiance requires well-
more spectral rang@22Multiparameter single-molecule analy- chosen experimental conditions with respect to laser irradiance
sis makes it possible to establish two- or even multidimensional and pulse length. Eventually, optimal conditions are a tradeoff
fluorescence parameter histograms, for example, of fluorescencebetween maximum observation time, maximum photon number,
brightness, lifetime, anisotropy, or spectral informatiére! and minimized (heterogeneous) photobleaching. Nonetheless,
Such multidimensional histograms enable the exposure, sorting,this optimization is crucial and is strongly facilitated by detailed
and specific selective analyses of different subpopulations within knowledge of the relevant photophysical mechanisms.
a heterogeneous samf1é*2¥32 and have been successfully  |n this work, we focus on characterizing the photobleaching
applied to study the structure and function of biomolecules in jn two-color and FRET experiments, where laser light either of
high detail?%3%-33Similarly, for more robust and high-throughput  several wavelengths and/or of a wavelength not usually em-
applications, direct fitting of such histograms has been ac- ployed can generate additional photophysical transitions within
complished by 2D-FIDAY two-color PCH;% or photon arrival-  the dyes. For example, in most FRET experiments, laser light
time interval distribution (PAIDJ* of only one wavelength is required for both, direct excitation
The latter techniques as well as MFD provide good examples of the donor and FRET-mediated excitation of the acceptor dye.
of the virtues in single-molecule and fluctuation studies of However, effects from direct irradiation at this wavelength often
applying two or more fluorescence labels emitting in different have to be taken into consideration also for the acceptor dye,
spectral ranges. For example, monitoring the coincidence of although the laser light does not excite the acceptor directly, at
multiple fluorescence colors in space or time can unravel least not from its ground state. This also holds true for multicolor
binding, transport, and localization events with high specificity experiments, where several different dye labels and laser
and in large detal®!® As a multicolor method, Frster wavelengths are employed simultaneously. Some FRET imaging
resonance energy transfer (FRESTprovides a sensitive tool  techniques, such aphotddleaching FRET gbFRET), even
for measuring inter- and intramolecular distances and distancedirectly exploit the specific photodestruction of donor or
changes in a range of1L.0 nm. FRET makes use of two labels, acceptor dyes to gain more spatial information on molecular
a donor and an acceptor, where the excitation of the donor dyedistributions and mobilities in celf-54 However, as in most
can result in acceptor fluorescence emission due to a transferfluorescence experiments, photobleaching of either dye is
of the donor’s energy to the acceptor. The efficiency of the unwanted, since it usually leads to limited and biased
energy transfer and thus the amount of fluorescence emitted byresults*347-49.5556Recently, photodestruction-intermediate states
the acceptor dye strongly depends on the distance between thef a FRET acceptor have been reported, which are nonemitting
two dyes. The transfer efficiency also depends on characteristicsbut still able to quench the fluorescence of the ddfi@®n the
such as the spectral overlap and the orientation of the two labelsother hand, the sensitivity of the red-excited and red-emitting
A large number of life science applications are based on dye cyanine 5 (Cy5) to green light has also been reported. In
FRETZ736-41 and FRET has also been combined with fluores- these experiments in deoxygenated aqueous solutions and with
cence fluctuation spectroscdgy** and single-molecule spectros- added triplet quencher, excitation at 633 nm drove the dye into
copy?29-323945|n the latter case, methods such as MFD disclose a nonfluorescent, quasi-photobleached state, while addition of
different molecular states based on their specific FRET efficien- green light at around 500 nm led to recovery of the Cy5
cies2?30Additionally, application oflternatingtaserexcitation fluorescence, turning Cy5 into an optical swif$° In view
(ALEX) makes it possible to set up two-dimensional histograms of these seemingly contradictive results, the overall importance
displaying FRET efficiencies and donor and acceptor labeling of dye photobleaching, and the additional effects observed under
degrees, distinguishing also low-FRET events from donor-only multiwavelength and FRET-mediated excitation, a more detailed
labeled specie¥. Pulsedinterleavedxcitation (PIE¥® can reveal and general understanding of the photobleaching impact of green
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light for red-emitting dyes is needed, as is the development of
methods providing remedies to these photobleaching effects.
In this study, the photobleaching properties of several red-
emitting dyes with chemically distinct chromophore systems,
Cy5, MR121, Alexa660, Alexa680, Atto647N, and Atto655, and
of a Cy5 FRET conjugate were investigated in solution at t“fﬁam
simultaneous or separate green and red laser excitation using "*x_x
FCS and single-molecule analysis methods. The dyes belong s :
to various classes of, for example, oxazine, carbopyronine, or 1
cyanine chromophores. Especially Alexa660 and 680 show very
broad absorption spectra and are expected to be distinct from
the other dyes. It is outlined how extensive photobleaching by
the green laser light, interacting with the excited states of the
dyes, limits the maximum accessible fluorescence brightness.
A clear distinction between the cw and pulsed excitation modes
can be observed, and the features of photobleaching with respect
to the population of the triplet state and of higher excited
electronic states, energy transfer to the acceptor’s ground and
excited states, as well as photoinduced reverse intersystem
crossing via higher excited triplet states are considered. The
presented results are to a great extent only accessible by single-
molecule fluorescence analysis. They reveal major limitations
in multicolor and FRET experiments that can be attributed to
enhanced photobleaching of the acceptor dye. On the basis of
the findings, optimal experimental conditions with respect to
fluorescence output and minimized photobleaching in terms of
laser irradiance, excitation mode, and pulse synchronization of
different laser wavelengths are outlined. Moreover, readily
accessible new single-molecule analysis methods are presented
to check for the amount of photobleaching, providing adequate L\-o-u
guidance for the proper optimization adjustments: (1) For the z
case of excessive acceptor photobleaching, cross-correlation T, Tg time t
analysis qf single-molecule trajectories of the fluorescence sign_al Figure 1. Photokinetic model of photobleaching. (A) Energy diagram
detected in the donor and acceptor detection channels and vice a dye molecule including five electronic levels and their transition
versa shows an anticorrelated exponential decay and growth rate constants. For details, see text. (B) Simulated single-molecule time
respectively. (2) The time differencdy — T, of the mean trajectory of the fluorescence brightness(t), in the donor channel
observation times of all photons detected for the donor and (green line) and in the acceptor channel (red line) over fite,

; s ; lified for the event of acceptor photobleachifi§; (donor
acceptor detection channels within a single-molecule fluores- €X€MpITeC : .
cence burst allows one to identify and exclude molecules with brightness in the presence of FRET) &#id (acceptor brightness) depict

’ . - . the respective values of brightness before the photobleaching event,
an event of acceptor photobleaching. In this way, various single- gnqoor, (donor brightness in the absence of FRET) arf8F; (cross-
molecule analysis methods presented above can be constraineghik of donor fluorescence into the acceptor detection channel) depict
to, for example, FRET-active subpopulations, reducing bias from the respective values of brightness after the photobleaching event.
FRET-inactive molecules. “Start” and “end” denote the beginning and the end of the single-
molecule transit through the detection volume, and “bleach” denotes
the incident of the acceptor photobleaching. The tiprepresents the
average time before photobleaching, giventby= 1/4k, (eq 6), and

; ; P the timet; represents the average transit time of a single molecule
The theoretical part introduces the photokinetic model of through the detection volume. The paramefyandT, exemplify the

photopleaching in two—color.and FRET e)fper.iments. The first medial time of fluorescence emission of both detection channels, as
part gives a general theoretical characterization of the fluores- ysed for theT, — T, analysis in Figure 6.

cence emission of a dye regarding photobleaching. In the second
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part, this theoretical description is extended toster resonance
energy transfer (FRET) experiments.

General Photokinetic Model of Photobleaching for Direct
One- or Two-Color Excitation. Figure 1A depicts the general
photophysical model of photobleaching of a dye, based on five
electronic levels: the singlet ground sta$g, the first excited
singlet states;, the lowest triplet statel;, and higher excited
singlet and triplet states§, andT,. Vibrational substates can
be disregarded due to their comparatively short lifetime. The

from S to S, or T1 to Ty, respectivelyksy andkrri, de-excitation
of S and T, to S; and Ty, respectively; andis. and Ky so
crossing betweer, and S, that is, photoinduced ISC and
reverse ISC. Photobleaching reactions occur fi@mT;, S,
and T, and are accounted for by the rate constdgts Kori,
Kisy and kip, respectively. The sum of all depopulation
processes ofS, kg = ksc + kc + ki, gives the inverse
fluorescence lifetimez™2.

The rate constants for excitation$p S,, andT, involve the

kinetic rate constants underlying the possible transitions betweenabsorption of a photon and thus depend on the applied laser

the electronic states are denoted as folloWs; excitation from

S to S; ki, sum of all processes leading to the de-excitation
of S to S (i.e., internal conversiorkic, fluorescenceks); kisc,
intersystem crossing (ISC) fro® to T; kr, rate of back ISC
from Ty to § (inverse triplet lifetime)ksin andkrin, excitation

irradiance,|.
ke(t) = 0x(2) ¥1() (1)

001(A), osn(2), and orin(A) are the corresponding absorption

(X =01, Sln, T1n)
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cross sections, is the excitation wavelength, and= 1/(hq) pulses for the present experimental conditionAbf 0.28 ms

is the reciprocal photon energy, withbeing Planck’s constant  andv = 73.5 MHz. As shown previousHf for simplification,
andc being the velocity of lightl andox are given in units of a rectangular pulse shape with the experimentally determined
watts per square centimeter and square centimeters, respectivelywidth of in this case 180 ps can be assumed.

The time,t, dependence okx(t) results froml(t), which is For cw excitation, a more simple approach can be used,
constant for continuous wave (cw) excitation and follows the applying the steady state populations of the first excited singlet
pulse shape and the repetition rate in the case of pulsedstate,Sieq and of the lowest triplet stat&;¢, deduced from eq

excitation. 3.
Those processes that involve the excitation to the higher ex-
cited electronic state§, andT,, that is, photoinduced ISC and _ Koa(Kr + Kreiscn)
reverse ISC and photobleaching, can be expressed by composite Steq™ Kog(Kr + K T Ksen + Kreiser) T
rate constants starting fro8 andT;, introducing effective cross (ky + ke )+ E (k € + kn )
sections gisca, Oreiscn, and opxn and, given in crAW-1 71, 10 elscnl  TTVASC © HsCa
photoinduced ISCkgc () = Tieq= (Kisc T Kisc)/ (Kt + Kreiscn)Steq (6)
(O’ (D))Piscn = Tiscal (1) Photobleaching can be constituted into this steady state approach
] by an effective bleaching rate constakyt,and the probability,
photoinduced reverse ISQgescnlt) = Pintac(t), Of still being fluorescent after timg?*849
(07271 (1)Preisch = Oreiscal (1)
" o e k, = (Kot + kar‘)Sleq+ (Kors T kan)Tleq=
photobleachingX = Sor T: kyy(t) = [k + ggm(t)]sleq
(Ox1n? 1 (D) Poxn = Opxnl (1) (2)
pintact(t) = exp(—kzt) (6)
The parametersya, are the previously defined absorption cross
sections for excitation frofg, to S, (X =9 andT; to T, (X = with
T) (eq 1), andpiscn = Kg/Ksm, ¢reiscn = Kreisdkrnt, @andeguxn i
= Ky /kxu are the quantum yields for ISC, reverse ISC, and ko1 = [1 + (Kisc + Kisc.n)/ (Kt + Kreiscr) Koxa
photobleaching frong, and T,.
By introducing these effective cross sections (eq 2), the ofh = [1 + (Ksc + Kscn)/(Kr + Kaeisen)] Foxn

populations of the higher excited states do not need to be

explicitly calculated. This is allowed, since these states have akoxi is the rate constant of photobleaching fr&andT;, while
comparatively low lifetime oksg %, kit < picosecond4? koxn = obxnl (t) depends on the irradiancit), and represents
This leaves us with a rate equation system involving only three the composite rate constant of higher-order photobleaching via
electronic states: the singlet ground, first excited singlet, and S, and T, (eq 2). In our experiments, the rate constakig;

lowest triplet states. andkyxn, cannot be assigned to specifically belong to either the
) singlet systemX = 9 or the triplet systemX = T) and are
St) = —kp(DS + koS, + ki Ty 3 therefore, for simplification, assumed to have the same mag-

) nitude forX = Sor T. This simplification introduces the effective

Si(t) = kaa()S — rate constant of first-order photobleachig, and the effec-

[Kyo®) + Kise T Kisen® + Kot + KosdD1S: + Kreisca® To tive cross section of higher-order photobleachhﬁ, after the
incident of excitation td5;.
T,(t) = [kisc T Ksca®]S, — The average brightness;;, within the observation time
window, At, is in the case of cw excitation thus given by eq 7.
[kT + kReISCn(t) + kal + kan(t)]Tl

The time-dependent populations of each electronic level can Fi = ‘P‘I)T_lsleck At[1 — exp(—kAt)] (7)
be calculated by solving the rate equation system for a given
time course of the irradiancé(t) (compare egs 1 and 2), and
with initial populations 0of$(0) = 1 andS;(0) = T4(0) = 0.

The calculation ofS(t) on the other hand allows for the
quantlflcatlon of the fluorescence brightnesg) = Pd7r15(1),

For a single molecule diffusing through the focal observation
volume, the observation time window is given by the mean
transit time, At = t;.

Photobleaching in Faster Resonance Energy Transfer
?FRET) Experiments. FRET defines the dipotedipole, non-
radiative energy transfer from an excited dye molecule, D*
(donor), to another dye molecule, A (acceptor). The energy
transfer leads to the electronic excitation of the acceptor, A*,
and the de-excitation of the donor, B*A — D + A*.35Thus,

a bichromophoric system of donor and acceptor dye has to be
considered. To distinguish between donor and acceptor, each
dye is denoted by the index “D” or “A” throughout. In our case,

E = lpq’zsl(i)/m (with n, = Atv) 4) we distinguish between three different energy tran_sfer mecha-

! P nisms: energy transfer from the donor’s first excited singlet
state,PS,, to the acceptor’s (i) singlet ground stafe, (ii)

Here, At denotes the observation time window amd= Atv first excited singlet staté\S;, and (i) first excited triplet state,
the number of laser pulses withixt. n- amounts to about 20580  AT;.

dye moleculeW denotes the fluorescence detection efficiency
of the experimental setup adélthe fluorescence quantum yield
of the dye.

In the case of pulsed excitation with repetition ratethe
brightness is given by the populations in tBestate after the
ith excitation pulseS(i).*°
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() °S, + A5 —>P + 45, ®)
(i) °5, + 5, =05+,

E
(iii) °s, + 4T, — s, + AT,
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lifetime of the donor in the absence of an energy transfer to an
acceptor dye, anflog;, the absorption cross section for direct
laser light excitation of the acceptor4&,. Ao, is usually very

low, since the wavelength of the excitation light is optimized
for the donor and far away from the absorption maximum of
the acceptoroiscn,” oreiscn, @aNdAopxn are the composite cross
sections of the acceptor for photoinduced ISC and reverse ISC

The three pathways correspond to competitive FRET mecha-and photobleaching induced by the time-dependent irradiance,
nisms previously observed in single bichromophoric mol- I(t) (eq 2), while A¢jsc, “Preiscr aNd Agpy, express the

eculest981 Energy transfer pathways starting from the lowest quantum yields for photoinduced ISC and reverse ISC and
triplet state or from higher excited electronic states of the donor photobleaching from the higher excited states of the acceptor

can be neglected. Due to the lower energyBf and the much
lower lifetimes of°S, andPT, compared t&S,, energy transfer
pathways starting froriTy, PS,, andPT, are much more insuf-

induced by FRET (eq 2). The asterisk marks the fact that, due
to the different spectral ranges of the laser- and FRET-induced
excitation, these quantum yields may differ from those defined

ficient. In all three energy transfer pathways of eq 8, donor fluo- for the corresponding processes following direct absorption of
rescence is quenched and, without direct laser excitation, thethe excitation light. The latter quantum yield8giscn,
corresponding excited states of the acceptor are populated. Td*¢reisca, @andAguxn, are included within the composite cross
account for this quenching of donor fluorescence, we differenti- sections®oisc.n, oreiscn, and”opxn (€q 2). Due to the Stokes
ate between donor in the presence (index “D”) and donor in shift between excitation and emission of the donor, the energy
the absence (index “D0”) of FRET to an acceptor dye. Pathway of the laser light for donor excitation is higher than the energy
i sensitizes acceptor fluorescence and is, thus, the most commomediated by FRET. This results in higher energy level83f
energy transfer mechanism, usually desired in FRET experi- andAT, and, thus, higher efficiencies for ISC, reverse ISC, and
ments. The efficiency of each energy transfer mechanism canphotobleaching from these states, compared to FRET-mediated
be defined by the energy transfer efficiencigs, Es, or Er. excitation.

From eq 10, a decreased fluorescence lifetime of the donor

E — KereTx (X=0,S1,T1) ) dye as well as the sensitization of acceptor fluorescence follows
X sz + D0|<0 It upon occurrence of FRET. Furthermore, eq 10 also takes into
RETX account the fact that a certain energy transfer cannot occur if

DOk, = 1/1po is the inverse fluorescence lifetime of the donor any of the involved initial states are not populated. Thus, the

in the absence of any FRET to an acceptor, gndenotes the rate of FRET scales with the population of the first excited
sum over all energy transfer pathways. The microscopic rate Singlet state of the donor®%(t)) or W'/Eh tho/fe of the
constantskerets, for the energy transfer are given (a) by the corresponding states of the accepttBy(t), ASy(t), ATa(t)).

spectral overlap of the donor fluorescence emission with the _Full Simulation of the Donor—Acceptor System. To
acceptor's groundX = S0), the first excited singlet{ = S1) simulate the fluorescence signal of the bichromophoric denor

or the lowest triplet state{(= T1) absorption spectrum, (b) by = 26Ceptor system, the population of the donor's and acceptor's
the relative orientation of the donor and acceptor dyes, and (c)first excited singlet staté}S,(t) and*S,(t), can be calculated

by the spatial distanceRoa, between both dyeskererx ~ by simultaneously solving the rate equation system of eq 3 for
Roa 635 This characteristic sixth-order dependence R donor and acceptor dye. The complete rate equation system in

makes FRET a sensitive tool to measure distance changestn€ case of FRET thus includes six equations, three for each
usually in a range of 210 nm. dye, which are linked via eq 10. Fluorescence emitted by the

Some of the previously defined rate constants (egs 1 and Z)donor and acceptor is detepted in two spectrally distinct detection
have to be adapted to the occurrence of FRET. channels. The _correspondlng fluorescence brlgh_tne%leand
o 'F;, detected in the “green” and “red” detection channels,
(@) donor fluorescence lifetime respectively, are given by the fluorescence brightness of the
1y _ D _
7o (1) = Pko(t) =

donor,PF;, and of the acceptof\F;.
D% + S Okereren T SiOKerers T TiOKerermy

(b) acceptor excitation rate

Pkoa(®) = Ao 1 (©) + °S(DKererso

(c) acceptor photoinduced ISC

Akisenld = “oiscal (© + PS(OKerera Plsca

(d) acceptor photoinduced reverse ISC

Phrerscn(® = "Oraiscal @) + °SiOKererr1 Prerscn

(e) higher-order acceptor photobleaching=€ Sor T)

Akan(t) = AGban H+ Dsl(t)kFRET—X1A¢EXn

POky = D%, + Pkisc = 7po~! depicts the inverse fluorescence

gFl = DFl (11)

'F,="F,+aPF,
with
°F =W @ty 1PS() and AF, =W D7, T S(1)

W, and W, are the detection efficiencies of each detection
channel®p and®, are the fluorescence quantum yields, and
7p andrp are the fluorescence lifetimes of donor and acceptor,
respectively. The donor cross-tatk, amounts for the fact that
cross-talk between the two detection channels may occur due
to fluorescence emission of the donor bleeding into the
acceptor's (red) detection chanri&f; and”F; can be calculated
from PSy(t) andAS(t) corresponding to eq 4 for pulsed excitation
and eq 7 for cw excitation.

Inhomogeneous Focal VolumeFor a focal volume formed
by an objective lens of high numerical aperture, the laser

(10)
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irradiance and, thus, all irradiance-dependent rate constantsGpan(tc), is added, the bleachin@g(t;), and the diffusion terms,
strongly depend on space. The spatial dependence of the focalGpir(tc), are multiplied, since they both decay in about the same
irradiance can be approximated by a three-dimensional Gaussiartiime scale.

profile, 1(x,y,2) = lo exp2(x2 + y3)/we?) exp2z4w?), with Cross-Correlation Analysis of Acceptor Photobleaching

the focal irradiance, = 1(z = 0) and 1¢? radii wo and w; in in Single-Molecule Bursts.In the present FRET experiments,
radial , y) and axial g directions, respectively. To simplify  the distinct detection of donor and acceptor fluorescence in the
expressions for photophysical processes, it is justified to two detection channels permits the calculation of the cross-
approximate the excitation volume by a rectangular profile with correlation function of both signals.

radiuswo. As shown before, an average rate constg(h}, can

be defined in such a case, whdrés given byl/2.244849.62.63 [0%F,(t) 0'F,(t +t)O
Fluorescence Correlation Spectroscopy (FCSYThe overall Ggr(t(:) =1+

fluorescence signal detected from a solution of fluorescent (9F, () IR, ()0

molecules is given by the mean number of molecules in the )

observation volumeg, denoted concentration throughout, and BF,(t) 0%, (t + )0

; ; Gyt =1+ (14)
by the fluorescence brightness of each single mole¢ylésee g 9F,(t) (TF, ()0
1 1

egs 4 and 7)F = ¢ x F1. Variations inc or in F; are caused

by, for example, diffusion and chemical reaction. These varia-
tions lead to temporal fluctuations in the fluorescence signal
around an average valug(t) = OF(t)0+ OF(t), which are
analyzed in FCS by means of the second-order autocorrelation
function, G(t).2

9F; and'F; denote the fluorescence brightness detected in the
donor and acceptor detection channels (eq 11). Note that, in
contrast to eq 12, the cross-correlation function is in this case
defined on the basis of the fluctuating fluorescence brightness,
Fi(t), since in the present experiments the cross-correlation

[BF(t) OF(t + t)O analysis of the acceptor photobleaching is solely applied to time
Gty=1+——"7——" 12) trajectories of single molecules.
[H:(t)ﬁ The analysis of the cross-correlation function discloses

. . . processes that influence both the donor and acceptor fluores-
Hefe,tc represents the correlation time. Trlangular brackets ~once signals simultaneously (coincidence sigialJhree
indicate ay;raglﬂg og)/ler thﬁ measurgment time, . processes reveal concomitant variations in the fluorescence
Ir(;evers! e photobleac '[;]g reactions to a fn(f)|n Lorescent brightness of both dyes and thus influence the cross-correlation
product give rise to an abrupt termination of fluorescence f,nqtion, (1) Fast fluctuations in the microsecond time domain
emission, and thus to characteristic fluorescence fluctuations. ;. ,r que to the population of dark states such as the triplet

]lln the autocorrglapon funlcthn, the abruptl telzmlnatlogl of state of both dyé&8 or photoisomerizatiof*~6 The population
uorescence emission results in an apparently shorter observay,s 5 qonor's dark state interrupts the energy transfer and thus

tion timg. Because the total sample volume is much Iarggr than i fiuorescence emission of the acceptor. As discussed before
the excitation volume, the.deplt.atlon of fluorophores Wlthln the (eq 8), energy transfer from the donor’s dark (triplet) state is
focus due to photoble_achmg will be balanced by a net 'n'ﬂ_OW negligible. Further, the acceptor in the triplet or dark state may
from out-of-focus regions due to the formed concentration _,.coh the donor's energy in a different way as in the ground

gradient. Consequently, photobleaching can be treated as &0 |eading to concomitant change in donor fluorescence
chemical pseudoequilibrium reaction using the effective bleach- emission. Due to this correlated behavior. these dark state

Ing rate con_stant_gz(lol_Z) (€9 6). Ir_] this way, the autocor_relanon fluctuations contribute to the cross-correlation function in a
function taking diffusion dynamics, dark state population (such g iiar way as the dark state ter@pan(to), of eq 13. (2) Since
as the triplet s.tate), and photobleaching kinetics into account ., dyes are tagged to the same molecule, diffusion through
can be approximated by eq #3962 the focus with a mean transit timg,influences the fluorescence
1 emission of both dyes in the same way. (3) Irreversible
Gty=1+ E[GDiﬁ(tC) Gg(ty) + Gpandto)] (13) photobleaching of the acceptor dye makes it unable to emit
fluorescence and to absorb the donor's energy. Acceptor

with photobleaching thus reveals an interruption of FRET ac-
companied by a loss of acceptor fluorescence and a concomitant
Gpirr(t) = rise in fluorescence brightness of the donor, exemplified in
1 1 112 o Figure 1B. This photobleaching step occurs after a tignéhat
(1 ity )( 2 (diffusion) is on average given by the effective bleaching rate constant of
oiff J\1 + (wg/w) (t/Tpir) the acceptorf, = 1/Ak; (eq 6). Photodestruction-intermediate
—1_ - ; states that are nonemitting but still able to quench the fluores-
Go(ld) = 1= A+ Aexp(kit) (bleaching) cence of the donor have been observed in previous single-
Fo molecule FRET experimertisbut have not been observed in
Cpandtd) = 7 Fo exp(—tdTpand (dark state)  our experiments and are thus neglected.

As given in the Supporting Informatiorizg(tc) and Gig(tc)
can be approximated for the special caseé,6& t;, that is, if

The characteristic diffusion time is given via the diffusion
9 photobleaching is faster than diffusion.

coefficient,D, by 7pir = we%(4D). ¢ is the concentration, that
is, the mean number of fluorescent molecules in the detection

volume, Fp denotes the equilibrium fraction of molecules in Gy (t) = 9By + 9B, exp(—kt) + Gpanlt)  (15)
the dark state such &3, tpark IS the characteristic dark state
correlation time, characterized by the population and depopula- Gyt = By — B, exp(—kyto) + Gpau(to)

tion kinetics, andA is an amplitude describing the average
bleaching decay with rate constaqtWhile the dark state term,  with
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where, according to Figure 1BF; and AF; represent the
fluorescence brightness of donor and acceptor before the
photobleaching event, that is, in the presence of FRETP&hRd
represents the brightness of the donor after the photobleachin
event, witha POF; being the concomitant brightness detected
in the acceptor channel due to cross-talkThe most important
criterion for photobleaching is the fact that the correlation
functionsGg(tc) andGy(tc) have an opposite time dependence;
Ggi(te) shows an exponential decay ag(t;) an exponential
growth, becaus€%; > PF;. The validity of eq 14 is based on
the condition that the contribution of diffusion to the cross-
correlation data (similar t&pir (tc) in eq 13) can be neglected.
Otherwise, the data analysis would be significantly complicated.

Materials and Methods
Samples. The dyes rhodamine 110 (Rh110, excitation

J. Phys. Chem. A, Vol. 110, No. 9, 2008985

previously?42930An argon ion laser (Innova Sabre; Coherent,
Palo Alto, CA) tuned to 502 or 496 nm was used for excitation
of donor fluorescence and FRET either in the continuous wave
(cw) or actively mode-locked pulsed mode (APE, Berlin,
Germany; pulse length=180 ps, repetition rate 73.5 MHz).
Either a cw krypton ion laser (Innova 400; Coherent) tuned to
647 nm or a pulsed diode laser at 633 nm (PDL 800; Picoquant,
Berlin, Germany; pulse lengthe100 ps, repetition rate syn-
chronized to the actively mode-locked argon ion laser) was
employed in the case of direct excitation of fluorescence from
the red-emitting or acceptor dye. The laser light was coupled

%nto the microscope by a dichroic mirror (502/636PC; AHF

Analysentechnik, Tuebingen, Germany). A water immersion
microscope objective (Olympus UplanApo,60N.A. 1.2) was
used to focus the laser light into the sample solution and to
collect the fluorescence light. The fluorescence light was imaged
onto the confocal pinhole and divided into parallel and
perpendicular polarized beams and then into two different
wavelength ranges below and above 620 nm (dichroic mirror
620DCXR; AHF), and each component was detected by a
separate avalanche photodiode (APD-AQR 15; Perkin-Elmer
Optoelectronics, Fremont, CA) with separate fluorescence filters
(HQ535/50 and HQ730/140; AHF). For each wavelength range
(below 620 nm (HQ535/50) denoted green and above 620 nm

maximum 500 nm, emission maximum 525 nm; Radiant Dyes, (HQ730/140) denoted red), the fluorescence photons detected
Wermelskirchen, Germany), MR121 (excitation maximum 650 for parallel and perpendicular polarization were combined. Thus,
nm, emission maximum 665 nm; Roche Diagnostics, Mannheim, fluorescence is monitored in two detection channels, the green
Germany), cyanine 5 (Cy5, excitation maximum 650 nm, detection channel for the fluorescence of the donor dye (denoted
emission maximum 670 nm; Molecular Probes, Eugene, OR), by the index “g”) and the red detection channel for the
Alexa660 (excitation maximum 660 nm, emission maximum fluorescence of the acceptor dye (denoted by the index “r’).
685 nm; Molecular Probes), Alexa680 (excitation maximum 680 The single-photon detection events were stored by a PC card
nm, emission maximum 700 nm; Molecular Probes), Atto655- (SPC 432; Becker & Hickl GmbH Berlin, Germany), which
DNA (5-d(CGG CCT ATT AGA TAT TTA TTG CTA recorded the arrival time since the last photon, the detection
T(Atto655) TA CCA, free dye: excitation maximum 665 nm, channel (“g” or “r"), and in the case of pulsed excitation the
emission maximum 685 nm; Atto-Tec, Siegen, Germany), and microscopic time relative to the next laser pulse for time-
Atto647N-DNA (8-d(TTG ATT CGG TCT ATG CAA AAA correlated single-photon counting (TCSPC) analysis. For single-
AA T(Atto647N) TGC ATA GAG GAT TGC AA, free dye: molecule studies, photons from fluorescence bursts were
excitation maximum 645 nm, emission maximum 670 nm; Atto- distinguished from the background signal of24 kHz by
Tec) were used for control measurements. Stock solutions of applying certain threshold criteria, which have been described
these dyes were diluted in double-distilled water to a final in detail before?1.2428.67Correlation data were either software
concentration of10~° M for FCS and~:10*2 M for single- calculated from the photon stream of all selected single-molecule
molecule studies. fluorescence bursts or set up by a hardware correlator PC card
A double-stranded DNA molecule labeled with Rh110 or (5000E, ALV, Langen, Germany) for FCS bulk studies.
Alexa488 (excitation maximum 500 nm, emission maximum Al experiments were carried out at room temperature on
524 nm; Molecular Probes) and Cy5 was applied for FRET freely diffusing molecules in an open detection volume. The

measurements, denoted FRET conjugate throughout. ¥je ( focal irradiance|o, was calculated from the average excitation
strand 5d(GCA TCG ATC CTC ATT AT-A AGT) was labeled  power, P, and the focal ¥? radius,wo, as determined by FCS

italic) using an amino-modified C6 dT from Glenresearch with 12) at |Jow excitation irradiancdy = P/(7w/2we?). The transit

a donor-acceptor distance of four intervening base pairs. The time, t,, of a molecule was calculated from its characteristic

complementary £)-strand 3d(GCT AGC TAG GAG TAA iffusion time, o, determined by FCS; = 4/3rpi 6154849

TAT TCA)—Cy5 was labeled with Cy5 via a C6 aminolinker

at its 8 end. An oligonucleotide of the same sequence without Results and Discussion

Cy5 was used as a complementary strand for control measure-

ments of FRET-inactive conjugate. The aqueous measurement Photobleaching of Red-Emitting Dyes by Green Excitation

buffer of the FRET conjugates0 1% M) contained 180 mM Light. First, we analyzed the influence of simultaneous red and

NaCl, 10 mM NaHPQOy/NaHPO,, and 400uM ascorbic acid. green excitation light on the fluorescence properties of several
The cross-correlation analysis of Figure 7B was performed red-emitting dyes in aqueous solution. Laser wavelengths of

with a 62-base-pair DNA strand (Evotec, Hamburg, Germany), 496 or 502 and 647 nm were chosen as green and red excitation

which was labeled with rhodamine green (RhGr, excitation light, respectively. We investigated the free dyes Cy5, MR121,

maximum 500 nm, emission maximum 525 nm; Molecular Alexa660, and Alexa680 as well as the dyes Atto647N and

Probes) and MR121. Atto655 bound to DNA (denoted Atto647N-DNA and Atto655-
Fluorescence DetectionAll experiments were performed  DNA). It should be noted that fluorescence is solely elicited by

with a confocal epi-illuminated fluorescence microscope (IX70 the red light. Direct excitation by green light is negligible. Figure

microscope; Olympus, Tokyo, Japan), which has been described?A shows the abrupt decrease of the fluorescence count rate of
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Figure 2. Two-color photobleaching observed by FCS. (A and B) Fluorescence signal of an aqueous Cy5 sell@idnM) excited with 647
nm cw laser light Ip = 110 kW/cn?) under the addition of 502 nm cw laser light: (A) intermittent addition of 502 nm ligh#=(180 kW/cn?);

(B) continuous addition of 502 nm with increasing irradianiges= 0 kW/cn? (black line),lo = 180 kW/cn# (gray line), andlo = 360 kWi/cn¥?
(dots). (C) FCS data resulting from the autocorrelation of the count-rate traces of gart=B kW/cn? (crosses)lo = 180 kW/cn? (open dots),
andl, = 360 kW/cn? (black squares)). The autocorrelation curves are normalized to the curve at 0 kiwaaiance. A fit of eq 13 to these data
regarding two dark states (gray lines) results in the following parameégersO kw/cn?: ¢ = 1.8, 7pir = 0.45 msw,/wo = 3, Fp = 0.24, andrpark

= 1.0us for the first dark state anflp = 0.50 andrpax = 0.26 us for the second dark statd,= 0. lo = 180 kW/cn¥: ¢ = 1.7, 7oir = 0.45 ms
(fixed), wdwo = 3 (fixed), Fp = 0.25, andrpax = 1.2 us for the first dark state anp = 0.53 andrpax = 0.23us for the second dark statd,=
0.55,k; = 2440 s*. Io = 360 kW/cn¥: ¢ = 2.1, 7oir = 0.45 ms (fixed)w/wo = 3 (fixed), Fp = 0.24, andrpak = 1.3 us for the first dark state
andFp = 0.51 andrpax = 0.30us for the second dark staté,= 0.65,k, = 5000 s*. (The experimental conditions were the following, = 0.7

um (zoir(Rh110)= 0.4 ms).) (D and E) Two-color photobleaching of MR121 (D) and Alexa660 (E). (upper panel) Fluorescence signal of an
aqueous MR121 or Alexa660 solution107° M) excited with 647 nm cw laser lighd = 170 kw/cnt for MR121 andl, = 70 kW/cn? for
Alexa660) under the intermittent addition of 496 nm cw laser light( 250 kW/cn?). (lower panel) FCS data resulting from the autocorrelation
of the count-rate traces of the aqueous MR121 or Alexa660 solution with simultaneous illumination by 647 nta#ghfQ kw/cn? for MR121
andlo = 70 kW/cn? for Alexa660) and 496 nm light{= 0 kwW/cn¥ (black line),lo = 140 kW/cn? (open dots), anth = 250 kW/cn? (gray line)).
The autocorrelation curves are normalized to the curve at 0 k?ifcatiance.

G(t)
o
t

an aqueous Cy5 solution excited by red cw light upon the caused by photoisomerization kinetics between a dark cis state
addition of green cw light. The decrease is enhanced with the and a fluorescent trans st&f°
green irradiance, as depicted in Figure 2B. This characteristic A fit of eq 13 to the FCS data yields values of the equilibrium
is common for all other red-emitting dyes investigated here, as fraction of the dark state populatiorsp, the dark state
exemplarily shown in Figure 2D and E for the free dyes MR121 correlation time,rpark, and the effective photobleaching rate
and Alexa660. To investigate the origin of this fluorescence constantk,, and exposes details of the involved photokinetics,
decrease further, FCS measurements were performed. Figures described next.
2C shows autocorrelation data of Cy5 fluorescence recorded at  (A) Photoisomerization of Cy5 withpF~ 0.5 andtpax <
a constant red irradiance and increasing green irradiance. Thed.5 us. Upon excitation, the dye Cy5 shows a fast equilibrium
decrease in the decay time of the correlation data results frombpetween its cis state and its trans state with about 50%
an on average shortened observation time of the Cy5 dye andpopulation of the dark cis state. While this population remains
scales with the green irradiance. This feature of the correlation constant, the correlation timepark, decreases with increasing
data is also observed for the other red-emitting dyes (e.g., seered excitation irradiances. These characteristics of the photo-
Figure 2D and E for MR121 and Alexa660). Due to its induced isomerization of Cy5 have in detail been studied before
dependence on the green irradiance, this effect is assigned taising FCS465 Most importantly for our experiments, the
an enhanced photobleachtf@®63% 7%y the green light. photoisomerization-characteristic decay in the autocorrelation
The autocorrelation data of Cy5 (Figure 2C) and of the other data does not depend on the green irradiance. Consequently,
red-emitting dyes shows an additional decay in the microsecondthe green light does not seem to have an influence on the
time range. The amplitude of this decay differs between the photoisomerization kinetics of Cy5. Thus, within our photoki-
different dyes examined (e.g., compare partsEDbf Figure 2) netic model of the dye Cy5, the photoisomerization can be
and rises with the red excitation irradiance. It is assigned to the neglected and treated in terms of a reduced fluorescence
population of the dye’s dark states, which is for the most part quantum yield ®(Cy5) ~ 20—30%.
the triplet staté? Only in the case of Cy5, an additional decay (B) Population of the Triplet StateThe rate constants of
shows up in the sub-microsecond time range. This decay isintersystem crossing (ISC) frof to Ts, kisc, and of the decay
characteristic for many cyanine dyes, including Cy5, and is of T; to S, kr (see Figure 1A), can be calculated from the
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TABLE 1: Results of the Two-Color FCS Measurements;
Photokinetic Constants Assigned to the Red-Emitting Dyes

Oo1® ° kisc kr¢  Obxa® oﬁﬂ €
MR121 3.9 1.9 0.09 0.60 0.04 0.06
Cy5 9.6 1.0 1.1 0.50 0.10 0.45
Alexa660 4.4 1.2 5.6 0.57 0.12 1.3
Alexa680 4.3 1.2 3.1 0.30 0.08 0.9
Atto647N-DNA 5.7 4.25 0.12 0.12 0.10 0.21
Atto655-DNA 4.2 2.75 0.21 0.10 0.05 0.17

a Absorption cross section at 647 nm, [0 cn?]. ® Average
fluorescence lifetimes measured by time-correlated single-photon
counting (TCSPC), [10s™Y]; especially the decays of the linked dyes
are not single exponenticdl Rate constants of ISC betwe&nandT;,
kisc, andT; andS, kr, determined by FCS corresponding to the method
described in the text, [£0s~Y]. ¢ Composite cross section of photo-
bleaching fromS, and T, for green light (eq 2), [chW™ s7Y]. gpxn
cannot be distinguished between the singletH S) and triplet ¥ =
T) systems® Effective cross section of higher-order photobleaching for
green light (eq 6), [cchW 1 s71].

determined amplitude and correlation tinkg, andzpark, Of the
triplet decay of the FCS data correspondinita = Fp/tpark

(1 + kolkor) andkr = (1 — Fp)/tpark.?*52 The inverse fluores-
cence lifetime of the dye%o, and the rate of excitatiotky, =

oo1l (eq 2), were determined by time-correlated single-photon
counting (TCSPC) and calculated from the applied red laser
irradiance], and the excitation cross sectian,, at the applied
wavelength, respectively. Table 1 lists the resulting values of
kisc andkr as well as ok and o, of all dyes examined. The
dyes show differences of 1 order of magnitude in their rates of
ISC. The valuekisc ~ 10° st andkr ~ 1P s~1 coincide very
well with values previously determined for cyanine or rhodamine
dyes via FC$254|n contrast, the dyes MR121, Atto655, and
Atto647N show almost negligible population of the triplet state
(e.g., Figure 2D), and corresponding very low valueggf <

2 x 1 s71. A slight increase in the triplet lifetimek;™, is
observed for the two dyes Atto655-DNA and Atto647-DNA,
which are bound to DNA. The triplet state of dyes dissolved in
water is to a major extent quenched by water-dissolved
oxygen?”62 The triplet-quenching efficiency of the oxygen is
slightly decreased due to steric hindrance of the DX Ahe
determined values djsc andkr did not show any dependence
on the applied red or green irradiance. Thus, an influence o
photoinduced (reverse) ISC can be neglected, at least at th
irradiances applied in these measurements00 kW/cn? for

red light and<400 kW/cn? for green light). Photoinduced ISC

as well as reverse photoinduced ISC specifies the possibility

of singlet-triplet crossing via higher excited electronic
state$1.65.7F74|n contrast to our FCS measurements on the free
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times been identified as the major photobleaching pathways in
confocal fluorescence microscopy and are already present at
Cw excitation*’=49.63.70This bleaching pathway is quantified by
the composite cross section for photobleaching from higher
excited statesgpxn = Opsn OF Obtn (€9 2). gpxn Cannot be
distinguished between the singlet € S) and triplet X = T)
systems, and its value is thus treated to have the same
magnitude, opsn = Optn = Opxn. Under the experimental
conditions used here, with irradiances between 100 and 500
kwWi/cn?, direct photobleaching fror; and T is much lower
than the higher-order photobleaching. As an example, with a
typical value ofopx, = 0.1 cn? W-1 s71 (see Table 1), the rate

for higher-order photobleaching at an excitation irradiance of
| &~ 100 kW/cn? amounts tkpxn = obxal &~ 10 000 s, which

is 1—2 orders of magnitudes larger than values of the rate
constant, k2 = 100-1000 s?, known for photobleaching
from S and T1.47 kgflf is thus neglected, and the valuesogfn

can be directly calculated by eq 6 using the previously
determined photophysical parameters listed in Table 1 and the
values ofk, determined from the FCS data.

All investigated dyes show a significant amount of higher-
order photobleaching upon the addition of green light. The cross
sectionsopxn, lie in a range of 0.030.1 cn? W1 s71, which
is 2 orders of magnitude larger than valuessgf, ~ 0.001—
0.005 cnd W1 s71, previously obtained for direct two-step
photolysis of free rhodamine 6G at 56332 nm laser excita-
tion*84° These enhanced values can be caused by several
effects: (1) Generally, red-emitting dyes have lower ionization
potentials, leading to a higher bleaching reactivity from the
higher electronic states. (2) The absorption cross section to
higher excited electronic states might be more pronounced at
around 500 nm. (3) The higher energy of a green photon
compared to a red one leads to a higher level of excitation of
S, and T, closer to the ionization level and, thereby, to an
increased bleaching reactivity. Note, that we have not observed
any higher-order photobleaching due to the red excitation light,
at least not at the applied irradiance200 kW/cn?.

Due to its relatively long lifetime (microseconds compared
to nanoseconds for the singlet state), the triplet state has in a
lot of cases been identified as the major pathway of (higher-

f order) photobleachinf=4° A real comparison of the extent of

igher-order photobleaching between the different dyes therefore
as to include the triplet population, as done by the effective
Cross sectionr;ﬁ,f]f (eq 6). The previously determined composite
cross section for photobleaching from higher excited statgs,
= opsnOr 0uh (€9 2), solely quantifies the efficiency of higher-

order photobleaching starting fro® or Ti. In contrast,o-ﬁ,ﬁf

dye Cy5 in solution, photoinduced reverse ISC has been reported@Presents the overall efficiency of higher-order photobleaching

for Cy5 attached to a peptide in poly(vinyl alcohol) (P\fAr
immobilized on an airglass interfacé? It seems that the
attachment to the peptide or the PVA or-aglass environment
facilitates the photoinduced reverse ISC properties of Cy5.
(C) Photobleaching by Green Lighthe values ok, from

the analysis of the FCS data increase with the green excitation(Table 1).

irradiance, which follows from the decrease in the decay time

after the incident of excitation t6,. The values obZ" can be
calculated fromoyx, applying the determined triplet parameters,
kisc andkr (eq 6 and Table 1). While the values afx, are
about in the same range for the different dyes, the values of the
effective cross sectionyt", differ by an order of magnitude
agg, and thus photobleaching in general, is ex-
tremely low for those dyes that show a very low rate of

of the correlation data. The rate of bleaching should, however, intersystem crossing, that is, MR121, Atto647N, and Atto655.
in principle not depend on the green excitation irradiance, since As an example, the low photobleaching reactivity of MR121
the green light does not directly excite the investigated red- becomes obvious from the almost diminishing decrease in count
emitting dyes. The addition of green light must open up new rate or FCS decay time upon the addition of green light (see,
bleaching channels, most probably due to excitation from the €.9., Figure 2D). This characteristic emphasizes the important
first to higher excited singlet and triplet states. These statesrole of the triplet state in the photostability of dyes.

couple quite efficiently with ionic states in polar solvents, such
as water, and thus show a large bleaching reactiVi§t These

The observed results show the tremendous impact of green
laser light on the photoreactivity of the red-emitting dyes. The

bleaching channels of higher order in irradiance have severalamount of green light should therefore carefully be chosen in
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Figure 3. Single-molecule FRET analysis. Fluorescence count $8{8, and'F(t) (time resolution 1 ms), recorded in the donor detection channel
(upper panel) and in the acceptor detection channel (lower panel) for single FRET conjugates labeled with Alexa488 and Cy5 (A) and solely
labeled with Alexa488 (B). The insets of parts A and B show exemplary time trajectories of the fluorescence brighhedetermined from
consecutive bins of 100 photons within a single fluorescence burst for the donor and acceptor detection channels. (C and D) Two-dimensional
parameter histograms of fluorescence brightness pairs simultaneously detected for théFdpand acceptorF,, together with one-dimensional
projections (freq= frequency). The histograms were set up from the time trajectdfi€s, of several single-molecule fluorescence bursts for the

FRET conjugate labeled with Alexa488 and Cy5 (5392 single-molecule events) (C) and solely labeled with Alexa488 (2656 single-molecule events)
(D). The gray lines in parts C and D mark the selection criteria for distinguishing between fluorescence bursts from the FRET-active (upper left
guadrant) and FRET-inactive (lower right quadrant) subpopulations. The area marked by the dashed gray line in part C reveals intermediate bright-
ness values. (The experimental conditions were the following: pulsed excitation at 502 #m5 kW/cn?, wo = 0.6 um (rpir(Rh110)= 0.3

ms).)

two-color fluorescence experiments combining simultaneous increase in donor brightness due to the breakdown of FRET
green and red laser excitation, and in particular at or close to (see Figure 1B).

saturation. The choice of irradiance is of particular importance |t js surprising that the height of the fluorescence bursts in

in FRET experiments, where the excited acceptor dye is the donor detection channel is the same for donor- and acceptor-
intrinsically exposed to green light, as characterized in the next |apeled conjugates and for solely donor-labeled conjugates

chapter. (Figure 3A and B). The presence of fluorescence bursts in the
o . acceptor channel reveals the FRET activity in the case of doubly
Acceptor Photobleaching in FRET Experiments labeled conjugates, which should lead to a decrease in the

Single-Molecule Analysis.Single-molecule experiments of ~ fluorescence brightness of the donor. For a better understanding,

the FRET conjugate were performed at different irradiances of two-dimensional joint histograms of coincident donor and
502 nm in order to characterize the impact of the green laser @cceptor brightness were set up from the single-molecule
light on the acceptor photoreactivity in FRET experiments. trajectoriesfFi(t) (Figure 3C and D). Such an analysis method
Figure 3 shows a typical single-molecule experiment of FRET- has been introduced previously and enables the exposure of
active (Figure 3A) and FRET-inactive (Figure 3B) conjugates SPecies of one sample with different FRET activifies!,2>3t

(in this case applying Alexa488 and Cy5 labels), clearly Two species are exposed in this case, that is, a FRET-active
presenting fluorescence bursts above the background signal leveppecies with high brightnes&f,, in the acceptor detection
due to single-molecule transits. By selecting only photons within channel and low brightnes#:,, in the donor detection channel

a fluorescence burst, that is, from a single-molecule transit, for and a FRET-inactive species with hardly any brightness in the
subsequent analysis, time trajectories of the donor and acceptocceptor detection channel and high brightn#sgs,in the donor
brightnessFi(t), were set up for each single-molecule event detection channel. Thus, FRET activity is accompanied by high
from a so-called sliding-photon window analy3ig428.29.67  fluorescence bursts in the acceptor detection channel and
Here, the photon stream detected within a single-molecule eventsimultaneously low bursts in the donor detection channel. For
was split up into subsequent windows of 100 photons each. Forthe case of FRET inactivity, this is vice versa. Intermediate cases
each photon window, the brightness was calculated from the (dashed gray line in Figure 3C) are caused by fast acceptor
corresponding length of time=( = 100/length of time) and bleaching or by very rare events of multiple molecules
the point in timet, taken from the 50th photon event. The insets simultaneously traversing the detection volume. Recent work
to Figure 3A and B show examples of such time trajectories, reports photodestruction-intermediate states of an acceptor dye
Fi(t). In particular, the inset of the lower panel of Figure 3A that are nonemitting but still able to quench the fluorescence
depicts an event of acceptor photobleaching, characterized byof the dono®” Such a molecule is characterized by a quenched,
an abrupt loss in acceptor brightness and an accompanyinglow donor and no acceptor fluorescence. However, such
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(A) fluorescence into the acceptor detection chanoe(eq 11),
makes up less than 2% and can be disregarded for the FRET-
160 active species (see Figure 3C). Using cw (crosses) or pulsed
(squares) excitation, the irradiance dependenég shows three
typical regimes, as was also observed in previous stdéiés70
(1) a linear dependence for low irradiance, (2) a saturation to a
10+ maximum value due to triplet or dark state population and
| photobleaching, and (3) a pronounced decrease for high irra-
10 100 1000 diances, which can only be explained by a high degree of
/2 [kW/ecm®] photobleaching reactivity from higher excited electronic states.
(B) This decrease is exceptionally pronounced for the acceptor
100; fluorescence brightness in the case of pulsed excitation. All of
il ' the data can be well described by eq 11 (utilizing eq 4 for pulsed
excitation and eq 7 for cw excitation). This description (gray
lines) uses the photophysical constants of Table 2 and introduces
products of fluorescence detection efficiency and fluorescence
quantum yield of;®@pg = 0.0055 for the donor an¥, P =
0.0027 for the acceptor in the case of cw excitation and 0.0033

*°F, [kHz]

*F, [kHz]

10 100, 1000 in the case of pulsed excitation. Detection efficiencies in the

[/2 [kWiem’] range of ~ 1—5% generate reasonable values for the quantum
Figure 4. Irradiance dependence of donor and acceptor brightness. yields of donor,®po =~ 0.1-0.6, and acceptoip, ~ 0.05—
Dependence of the average brightnéss of single Rh110- and Cy5-  0.30, which might be slightly lower compared to the free dye
labeled FRET conjugates on the irradiankg?, of cw (crosses) and  due to dark states involved when coupled to the DNA.

pulsed (black squares) 502 nm laser light: doR®; (A), and acceptor, . . .
AF, (B), fluorescence. The brightness in part A was determined from  (A) Irradiance Dependence of the Donér slight difference

FRET-inactive fluorescence bursts, and that in part B was determined IS observed between pulsed (squares) and cw (crosses) excitation
from FRET-active fluorescence bursts, selected as outlined in Figure for the irradiance dependence of the fluorescence brightness,
3C. All data could be well described by eq 11 utilizing eq 4 in the DOF; of the donor of the FRET-inactive species (Figure 4A).
A e oSl WSl On Gfie hafd, the Maimum schievatie prioion courts are
The dashed F;ray Iir?eprepresents the simulation disregardingg pyhotoin-SIIghtly lower fo_r the case of p_ulsed ?chatlon' .Thls.ls Cau_sed
duced (reverse) intersystem crossing and photobleaching. (The experi-by pl_JIse_ saturation, which has in detail b?en_ OUtl'ned_'n previous
mental conditions were the followingtps = 1 ms, wo = 0.6 um publications?®:69.75 Compared to cw excitation, the increased
(zoir(Rh110)= 0.3 ms).) peak irradiance of the picosecond pulses leads to a pronounced
degree of saturation of the optic&—S; transition, resulting in

photodestruction-intermediate states have not been observed irmbout a 1.5-times higher achievable brightness for cw excitation.
any of the single-molecule trajectories. This finding is in accordance with the factor of about 1.4

As outlined, the FRET-inactive species is to a substantial esulting from our experiments. Most prominent, however, is
portion also present in the case of the Sing|e_m0|ecu|e StudiesphOtObleaChing from hlgher excited electronic states manifested
of the donor- and acceptor-labeled conjugate. As shown in ain @ more pronounced decrease of the brightness toward very
previous study? this portion appears despite intact double high irradiances observed for pulsed excitation. The composite
labeling due to inactive or missing acceptor dye. Insufficient Cross section®oux, (€q 2), for photobleaching from higher
hybridization of the double DNA strand can be excluded for at €Xcited electronic states is 1 order of magnitude higher for
least two reasons. First, potential residual single-stranded DNA pulsed excitation (0.0016 chiw~* s™*) than for cw excitation
was removed during the synthesis of the conjugates. Second(0-0001 c@W~!s™?) (Table 2). Pulse enhancement of higher-
the breakup of the FRET-active double strand into two inactive order photobleaching may in general be explained by the
single strands after the dilution to the picomolar concentration amplification of multistep excitation due to the significantly
should lead to a rise of the fraction of FRET-inactive conjugates enhanced photon density condensed within the pdfses.
over time. No such time dependence could be observed. While the absolute values 8foyx, lie within values ofopxn

The gray lines in Figure 3C and D mark the selection criteria ~ 0.001-0.005 cn? W~ s72, previously reported for direct
for distinguishing between fluorescence bursts from FRET- two-step photolysis of other free rhodamine dyes in aqueous
active molecules (upper left quadrant) and FRET-inactive solution at 502-532 nm laser excitatioff,*9it is surprising to
molecules (lower right quadrant). By selecting only photon note that the same reports do not observe any difference between
bursts from the FRET-active species, the analysis is solely cw and picosecond pulsed excitation. Coupling of the rhodamine
focused on the truly FRET-active molecules. This artifact-free dye to the DNA may result in different photochemical properties
analysis can only be achieved by single-molecule analysis, asuch as trapping of photoelectrons.
reason for our choice of analysis method in this case. (B) Irradiance Dependence of the AcceptSeveral other

Irradiance Dependence of Fluorescence BrightnesEigure photophysical processes have to be regarded in the case of the
4 shows the dependence of the average brightfegsumber FRET-induced acceptor fluorescence. First of all, FRET to the
of counts per dwell time), per single-molecule burst on the excited singlet and triplet states has to be included besides the
excitation irradiance of green light at 502 nm, for the donor of energy transfer to the acceptor’s ground state (eq 8). If one only
the FRET-inactive species and for the acceptor of the FRET- considers FRET to the acceptor’'s ground state (eq 8i), the
active species, in this case of a Rh110- and Cy5-labeled FRETpronounced excitation of the acceptor at very high irradiances
conjugate. The donor and acceptor brightness coincides withwill lead to a depletion of its ground statts) < 1). This ground
the brightness detected in the corresponding detection channelsstate depletion will result in a decrease of the extent of FRET,
POF; = 9F; and AF; = 'F; (eq 11). Cross-talk of donor  which is accompanied by a rise of the donor’s lifetime (see eq
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TABLE 2: Results of the FRET Photobleaching Measurements; Photokinetic Constants Assigned to the Dyes Rh110 and Cy5 in
the FRET Conjugate

ooy, E? ° kisd/kr® Kox19 ORe)sca® Opx ¢>{Re)ISCngJ o
Rh110 2.36 410 1.1/0.1 13 0 0.0001
0.3%F 0.0016"
Cy5 0.92 1.5 1.1/0.1 350 1.0 0.005 0.005 25
0.025"

a Absorption cross section at 502 nm, [£0cn¥]. Cy5 is excited via FRET; thus, the energy transfer efficierigyis given.? Fluorescence
lifetime measured by TCSPC, [167Y]. ¢ Rate constants of ISC betwe&nandT, kisc, andT; and S, kr, determined by FCS corresponding to the
method described in conjunction with Table 1, {50']. ¢ Rate constant for direct photobleaching fr@&mandT;, [s~Y]; taken from the literaturé’

e Composite cross section of (reverse) ISC frépand T, for green light (eq 2), [crhW~! s71. f Composite cross section of photobleaching from
S, and T, for green light (eq 2), [cthW~! s7Y. 9 Quantum yield of (reverse) ISC froi®, and T, for FRET-induced excitation (eq 10c and d).

h Quantum yield of photobleaching fro& andT, for FRET-induced excitation (eq 10e), [£]. ' These parameters cannot be distinguished between
the singlet K = Sor ISC) and triplet X = T or RelSC) systemd$.FRET-inactive conjugaté&.FRET-active conjugaté.cw excitation.™ Pulsed
excitation.

10a). However, this is not observed here; a constant donorhigher electronic states needs to be considered. Different values
lifetime of 7p = 0.33 ns is measured over the whole range of of cross sectionsouxn (€q 2), and corresponding quantum
excitation irradiance for the FRET-active species. With = yields, Agry,, (€q 10e), for photobleaching vig, and T,, by
4 ns in the absence of FRET to an acceptor, one can estimatexcitation at 502 nm and by FRET had to be employed for a
the energy transfer efficiencies i = Es; = Er1 = 0.92 (eq correct description of the irradiance dependence of the bright-
10a). Additional energy transfer pathways of this type have nessAgpx, 2~ 0.005 crd W1 s1 andA¢py, = 2.5 x 1075 for
previously been reported for single bichromophoric dye sys- the acceptor with green cw excitation, ahehx, ~ 0.025 cn?
tem§0_ and have in particular for Cy5 been observed to be as -1 s-1 andA¢f, = 2.5 x 10°5 for the acceptor with green
effective as FRET to the singlet ground stéte. pulsed excitation. As in the case of the donor dye, the effective
Surprisingly, the experimentally determined brightness of the higher-order photobleaching cross sectifny,, is 5 times
acceptor is underestimated and its power dependence cannolarger in the case of pulsed excitation. In both cases, cw and
be described properly if we disregard any photobleaching and pulsed excitation, photobleaching of the donor has been included
assume the energy transfer efficiencies of 0.92 and values ofby the corresponding values By, = PPoux, determined for
ooy, 7, kisc, andkr as listed in Table 2 (dashed gray line in  the donor in the absence of FRET. However, its influence is
Figure 4B for the case of cw excitation). Our simulation may negligible.
underestimate the fluorescence brightness values for several cross-correlation analysis of the single-molecule time tra-

reasons: (1) Significant direct excitation of Cy5 by the green jectories of the FRET-active conjugate was performed to further
light may enhance the fluorescence emission but is negligible prove the high degree of photobleaching from higher excited
(<1% of the signal, i.e.foo; = 0 in eq 10b) and can be  states, evoked by the green excitation light.

excluded. (2) Photobleaching will result in even lower brightness  ~0<s_Correlation Analysis of Single-Molecule Time Tra-

values at the saturation level. (3) Photoinduced reverse ISC isje tories. Figure 5A and B presents the cross-correlation curves,
a very likely mechanism that leads to an increase in quorescenceGgr(tc) andGy(t,) (eq 14), obtained from the analysis of several

at higher excitation irradiances, since it recovers dye moleculesgjnqie molecule trajectories of FRET-active species, which have
which have been trapped in the long-living triplet stdtghis been selected from bursts of the experiments with pulsed
pathway is known for cyanine dy€sand particularly for gy citation. For high irradiances, the data can be well described

Cy5547Thus, to fit the data, (reverse) photoinduced ISC must py oq 15, regarding the population of dark states and acceptor
be 'ndUdfid Y‘i'th effective cross sectioftisca = *oreiscn = photobleaching. Since the exact theory for photobleaching
i imz W AS* (eq 2), for the green light and quantum yields, analysis of FCS experiments with pulsed excitation is very com-
Piscn = "Preisca = 0.005 (eq 10c and d), for FRET to the  pjex it is for this work sufficient to describe the cross-correlation
excited singlet and tr|plet. states (§ee Table 2). This result is yatq by the steady state theory assuming quasi-continuous
contrary to our FCS experiments (Figure 2), where no (reverse) excitation (egs 6 and 7). This approximation is possible because

photoinduced ISC has been observed for free Cy5 in solution. the pulse saturation of the acceptor fluorescence is negligible,
As for previous studie$}:’4it seems that the attachment of the 55 mentioned in the case of the data of Figuré'%B.

dye to the DNA or blqmolecu!es n geperal might |.ntroduce The cross-correlation curves show the behavior predicted from
this pronounced ISC via the higher excited electronic states. theory (eq 15), an exponential decay in the casSgft;) and
We cannot distinguish between the singlet and triplet systems an exponential growth in the case Gfy(to). A fit of eq 15 to
from our data and thus cannot determine the exact real valuesthe cross-correlation data results in values of the effective
of the corresponding photokinetic parameters. Nevertheless, itacceptor photobleaching rate constéhg, As shown in Figure
is useful to apply the same set of parameter values for the FRET5¢ (plack squares and crossei; increases with irradiance,
efficiencies toS, and T, and for photobleaching and photoin-  \hich is manifested in a shortened decay or rise time of the
duced (reverse) intersystem crossing $gand Tn, t0 prove  ¢ross-correlation data. At high irradiances, the datkefblack
the existence of such processes. Moreover, the obtained valuegquares) can be described by eq 6 applying values listed in Table
of Aoreiscn = 1 c? W™t s7! and*¢pesc, = 0.005 coincide 2 (gray line). However, this analysis is biased for irradiances
very well with values of photoinduced reverse intersystem of lo < 160 kW/cn® (crosses), as can be observed by the change
crossing previously reported for another cyanine dye. in the decay characteristics Gf(tc) from an exponential growth
For high irradiances, a significant difference in acceptor to an exponential decay (Figure 5B). For these irradiances, the
brightness is observed between cw (crosses) and pulsed (squaresyoss-correlation data are substantially hampered by diffusion,
excitation (Figure 4B). Pulse saturation cannot explain since the average time before bleachiag; 1/4k,, is no longer
the observed decrease in brightness. Thus, photolysis frommuch shorter than the average transit time,through the
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Figure 5. Acceptor photobleaching revealed by single-molecule cross-correlation analysis. Single-molecule analysis of acceptor photobleaching
for the FRET-active subpopulation of Rh110- and Cy5-labeled FRET conjugates in the case of pulsed 502 nm excitation. (A and B) Cross-
correlation curvesGgy(t) and Gy(t), obtained from the analysis of fluorescence brightness time trajectétié}, of several single-molecule
fluorescence bursts (between 700 and 2400 depending on the applied irradiance) for different irrdgli2an(@syalues of the effective photobleaching

rate constant}k,, of the acceptor obtained from a fit of eq 15 to the cross-correlation data of parts A and B (black squiy/8s>fdr60 kwW/cn¥

and crosses fdg/2 < 160 kW/cn¥) and from the determination fuact(€q 6) of part D (open squares). (D) RaBgrer = "F1/9F; of the fluorescence
brightness simultaneously detected in the acceptor and donor detection channels calculated for all single-molecule events of the FRET conjugate
for different irradianceslo/2. The lines alGrrer = 0.15 andGerer = 3 mark the threshold criteria for the distinction of FRET-inactive species
(Grrer < 0.15) and FRET-active specieSeger > 0.15), as well as FRET-active species with and without the incident of acceptor photobleaching
(0.15 < Gerer < 3 “bleached” andGerer > 3 “intact”). The percentages give the respective fraction of molecules. The probahility(eq 6)

equals the fraction of intact FRET-active molecules relative to all FRET-active molecules (42% in the upper panel and 35% in the middle panel).
Values ofpintact cannot reliably be determined at high irradiances (lower panel). The threshdBisdpwere set in a way to match valuesAk,
determined by the cross-correlation analysis. (The experimental conditions were the same as those in Figure 4.)

detection volume. Thus, a correct analysis of these curves has The theoretical description of the irradiance dependence of
to take acceptor photobleaching linked to diffusion into account, “k, (eq 6) in Figure 5C obtained from the complementary cross-
but this did not yield any reliable results. Therefore, another correlation (black squares) ari@krer analysis (open squares)
analysis method was applied for low irradiances (open squares).employs the same photophysical model and constants as before
Counting Specific Single-Molecule Bursts: Gerer Analy- (Table 2) and has to include photobleaching from higher excited
sis.At low irradiances, the acceptor does not bleach during each singlet and triplet states of the acceptor with a cross section of
single-molecule transit. In this case, it is feasible to count single- Ag,, = 0.033 cn? W1 s1. This value coincides well with
molecule bursts which are characterized by a sufficiently high the value 0.025 chiw s following the analysis of the
ratio of Grrer = 'Fu/9F, of the fluorescence brightness jrradiance dependence of the acceptor’s fluorescence brightness
simultaneously detected in the acceptor and donor detectiongf Figure 4D.
channels. Analyzing all single-molecule events of the FRET
conjugate for different irradiances, Figure 5D depicts the
frequency of the bursts for certain valueGyrer. As in Figure
3C, two species are detectable: a FRET-inactive species for
Grrer < 0.15 and a FRET-active species &gret > 0.15. By
setting a threshold drrer = 3, we can distinguish between
FRET-active molecules just undergoing acceptor photobleaching
during the transit (0.15< Ggrer < 3) and FRET-active
molecules without acceptor photobleachi@ger > 3). High

Conclusion of the Single-Molecule Acceptor Photobleach-
ing Experiments. The consistent results obtained from the
different analysis methods demonstrate that both the maximum
accessible fluorescence emission and the observation time in
FRET experiments are restricted by photobleaching from higher
excited states. The cross sectiohs, (eq 2), for photobleach-
ing from these electronic states of the acceptor are more than 1
order of magnitude larger than the corresponding cross sections

values ofGrrerresult from an on average high value of acceptor of the donor or of rhodamine dyes in genété&tand correspond

brightness, indicating no or at least very little acceptor photo- Very Well with the values obix, deduced from the two-color
bleaching. FCS measurements (see Table 1). Assuming an absorption cross

The fraction of stable molecule§¢rer > 3) establishes the section OfAOTln_” 107 cn? (eq 1) for, for example, th? triplet
survival probability pinact (€9 6), of still being fluorescent after ~ State, as previously reported for C¥5the quantum yield of
the transit timetf. A reliable determination offinacs however,  Photobleaching yieldS¢px, ~ 2.5 x 107> for cw excitation
is only possible forly2 < 160 kWicn?, permitting the  and“¢uxn~ 1.3 x 10~ for pulsed excitation (see eq 2). While
complementary determination 6k, to the cross-correlation  the value of this quantum yield for cw excitation has about the
analysis (open squares in Figure 5C). At higher irradiances, same magnitude as that following FREA#;,,, or that of
bleaching occurs too early during the transit (lower panel of rhodamine dye434°the photobleaching reactivity is enhanced
Figure 5D), resulting in a very low number of intact molecules by a factor of 5 in the case of picosecond pulsed excitation. As
(Grret > 3). In this casepiniact cannot be calculated accurately. for the mere photobleaching of the donor, this pulse enhance-
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detection channels ariy — T, obtained from single-molecule
0 transits of the FRET conjugate (in this case Alexa488- and Cy5-
(A) labeled) for two different irradiances. Four features are visible.
(1) FRET-active and -inactive species are distinguishable by
e [10 their value ofGerer (as has been outlined in Figure 5D). FRET
P E activity results in high fluorescence brightne&s, = AFy, of
b b1 the acceptor and thus high values Gkrer, wWhile FRET
] - o inactivity shows no acceptor emissidR; ~ 0, leading to low
1;" » 3% £0.1 values ofGrrer. Without the incident of acceptor photobleach-
IMmax VTR ing, both, acceptor and donor, give rise to a homogeneous
50 25 00 25 0 50 fluorescence emission in time throughout the transit and thus
T,-T [ms] freq. to about the same values Ty and T,, that is, Ty — T, ~ 0.
50 25 00 25 50 Even for the case of FRET inactivity, the signal in the acceptor
500 (B) channel due to cross-talk or background signal should be
L distributed homogeneously in time within the burst.
L10 (2) Very rare events of the transit of several molecules within
m : one fluorescence burst (accidental multimolecule events) expose
4 "y . .
(| Tl O intermediate _vaIues_cﬁB_FRET and larger values ofy — T, that_
il s are symmetrically distributed around zero, because multimol-
3 y ecule events might be due to the simultaneous transit of, for
0.01 Imax L0.01 example, FRET-active and -inactive species.
50 25 00 25 0 150 (3) Single-molecule events expressing intermediate values of
T-T [ms] freq. Grret and positive, asymmetric distributed valuesTgf— T,
Figure 6. T, — T, analysis of the Alexad88- and Cy5-labeled FRET > O are characteristi_c for acceptor photobleaching (gray box in
conjugate excited by pulsed laser light at 496 nm with an irradiance of Figure 6). Intermediate values @grer have already been
lo = 55 kW/cn? (A) andlo = 110 kW/cn# (B); joint two-dimensional utilized for the calculation opintact in Figure 5D. On the other
parameter histogram and the respective one-dimensional projectionshand, the photobleaching of the acceptor dye shortens the time
of the time differencdq — T: and the ratidGrrer = 'F1/9F: determined  period of its fluorescence emission and leads to a simultaneous
from several single-molecule bursts (1559 in part A and 5630 in part ica in the fluorescence photon emission of the donor. As

B). Ty andT, represent the average values of the macroscopic times of PR . -
all photons detected within a fluorescence burst for the donor and sketched in Figure 1B, such an event leads to higher values in

acceptor detection channels, respectively. The macroscopic time depictslg @nd shortened time§,. Thus, a positive value of the
the time of the detection of a photon with respect to the beginning of differenceTy — T, > 0 readily expresses the event of acceptor
the fluorescence burst (see Figure 1B). The gray box selects single-photobleaching. The amount of single-molecule events within
molecule events with pairs of valueg; (— T, Gerer) exhibiting acceptor this (Grrer, Ty — Tr) Sector (gray lines) scales with the applied

gh°t$_tr’llea0hi”9 (155:"”'9" oll'?'%’ in pa”tﬁ‘ af“ﬂ 957, ie., é?ys" in part jrradiance and quantifies the extent of acceptor photobleaching
o RLI0 e 0,50 ey ions were the followingio = 0-554m (109 in Figure 6A and 17% in Figure 68).

GFRET

F0.1

(4) Excessive photobleaching of the acceptor furthermore
ment of higher-order photobleaching may in general be ex- results in a lower brightness of the acceptén, = AF; (see
plained by the amplification of multistep excitation due to the Figure 4), and thusGrrer = "F1/9F1, as can be observed from
significantly enhanced photon density condensed within the the comparison of parts A and B of Figure 6.
pulses. Itis surprising that picosecond-long pulses already cause In this case, we have constituted a slightly modified FRET
such a gain in photobleaching, since previous studies revealedconjugate with the dye Alexa488 as the donor and pulsed
such pronounced pulse effects only for femtosecond-long excitation at 496 nm to exemplify that extensive acceptor
pulses®® In addition to a slight decline in the maximal achievable photobleaching is not a problem specific to the previously
fluorescence brightness due to pulse saturation, this strong pulseapplied FRET conjugate at 502 nm laser excitation.
enhancement of photobleaching hampers the use of (even The T, — T, analysis thus enables the optimization of

picosecond) pulsed excitation light to FRET experiments. experimental conditions with respect to photobleaching. The
o o increased amounts of events in the mark€dger, Ty — Tp)
Exposure of Significant Acceptor Photobleaching in sector (gray box in Figure 6) reveal a significant increment in

Single-Molecule Experiments: Tq — Tr Analysis acceptor photobleaching at higher irradiances. In addition to

The T, — T, analysis is an easily conceivable method for the adjustment of the irradiance, the exposed excess of photo-
analyzing the amount of acceptor photobleaching in single- bleaching can be minimized by the addition of certain chemicals
molecule FRET or two-color experiments in general. The present such as ascorbic acid. The favorable stabilization effect of
setup permits the tagging of each fluorescence photon event ofascorbic acid is well-known, especially for the case of photolysis
a single-molecule transit with its macroscopic time relative to from higher excited electronic states involving ionic stafe8,’
the beginning of the transit, as exploited to build up the single- a reason for the addition of ascorbic acid to the buffered solution
molecule time trajectories of Figure 3. The average value of of FRET conjugate from the initial stages of our experiments.
the macroscopic time tags of all photons detected within a We have to note that thg; — T, analysis is not confined to
fluorescence burst for the donor and acceptor detection channelsFRET experiments but enables one to readily check the amount
Ty andT,, respectively, gives the center of the observation time of photobleaching of any of the involved dyes in multicolor
of donor and acceptor fluorescence (Figure 1B). experiments. More generally speaking, this method can directly

Figure 6 depicts two-dimensional joint histograms of pairs characterize the coincidence of the fluorescence signal in
of values of the ratioGerer = "F1/9F; of the fluorescence  multicolor experiments and thus directly expose the existence
brightness simultaneously detected in the acceptor and donorof multiple species or conformational states of a sample.
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80/ (A) = simultaneous illumination by green light (Figure 7B). With a
= bl [ repetition rate of 73.5 MHz, the green pulse in this case follows
T 4qu#-1,-,'.“}'1'.|’[;' '.IJ.I-II.'.!.,',H','Lf about 11.1 ns after the previous red laser pulse. Since the
b oo T fluorescence lifetime of Cy5 is 1.0 ns, the excited Cy5 molecules
E ° | ; : have at the incident of the green laser pulse to the most part
£ ¥(B) relaxed back to the ground state, scaling the excitation to higher
§ i le At ol electronic states and thus photobleaching to a minimum amount.

o R A "dn'}"-' i Once again, we have to note that the direct excitation of Cy5

' _} by the green laser light is negligible. Thus, multicolor fluores-

o5 5 o 15 g p o cence experiments can be efficiently improved when applying

time t[s] time [ns] the appropriate timing of the applied laser pulses. However,

1.08 ©) this optimized timing will be less effective in the case of efficient

triplet buildup. With a lifetime of microseconds, the triplet state

1.961 will hardly decay until the arrival of the next pulse (11.1 ns).

- In the present case of Cyb5, triplet buildup is kept rather low

=alb due to the applied irradiance<f0 kWi/cn?).

© 5, The improvement gained by the appropriate timing of the

i applied laser pulses is exemplified in Figure 7C, where the

sl Lol coinciding fluorescence elicited from a 62-base-pair DNA

[T 2 S TR T I strand, doubly labeled with RhGr and MR121, has been
t [ms] investigated using simultaneous 496 and 633 nm pulsed

Figure 7. Optimization of pulsed multicolor experiments. (A and B) excitation. The amou.nt of Co'f‘c'd'”g signal is best quantified
Fluorescence signal of an aqueous Cy5 solutieQ® M) excited by the cross-correlation function (eq 13) calculated from the

with 633 nm pulsed laser lightf(= 90 kW/cr?) under the intermittent ~ Simultaneously detected RhGr and MR121 fluorescence; a
addition of 496 nm pulsed laser light & 160 kW/cn?) where marked higher amount of coinciding signal results in an increased
with a gray line (left panels). (right panels) Relative timing of the amplitude of the corresponding cross-correlation functfon.

synchronized pulses of the two lasers, 496 nm (gray line) and 633 Nm Enhanced photobleaching of one of the dyes will thus lead to
(black line); overlapping pulse timing (A) and green-preceding-red pulse " yocrease in the cross-correlation amplitude. This can be
timing (B). The pulse timing was recorded using TCSPC, for the 633 df Fi 7C. wh h | f d red
nm laser via the time-resolved fluorescence decay of Cy5 in the red EXtracted from Figure 7C, where the pulses of green and re

detection channel (black line) and for the 496 nm laser via scattering laser light have been synchronized to the same point in time
light detected in the green detection channel (gray line). (C) Cross- (gray line) and to the green pulse directly preceding the red
correlation functionGy(te), of the fluorescence signal from the red  pulse (black line). The optimized timing of the laser pulses
and green detection channels of a 62-base-pair DNA, doubly labeled minimizes the photobleaching of the red dye, maximizes the
with RhGr and MR121, for simultaneous excitation by synchronized cross-correlation amplitude, and results in minimally biased

pulsed laser light of 496 and 502 nm with an overlapping pulse timing . . . L
(gray line) and green-preceding-red pulse timing (black line). (The results. As outlined above, this feature is optimized by the almost

experimental conditions were the followingio = 0.6 u4m (pir(Rh110) \é")miShing triplet population of MR121kgdkr = 0.3, Table
= 0.3 ms).) .

Moreover, Tq — T, analysis is a very useful tool in the burst Conclusions
analysis of the multiparameter fluorescence detection (MFD). . . .
Those molecules which are identified in the— T, analysis as We have pres_ented different anquss tqols based on single-
events with acceptor photobleaching or multimolecule events molecule detection to show that in multicolor fluorescence

can be easily excluded from the subsequent selective burs€XPeriments, including FRET, the performance of the long-
analysis. wavelength dye is limited by photobleaching, which is even

more pronounced by the blue-shifted laser light. The different
analysis tools include fluorescence correlation spectroscopy
(FCS) of bulk solutions, selective fluorescence cross-correlation
of single-molecule trajectories, and multidimensional histogram
In the previous chapters, we have demonstrated the deterio-analysis of different fluorescence parameters detected for single-
rating impact of using pulsed excitation in FRET experiments molecule events (multiparameter fluorescence detection (MFD)).
caused by acceptor photobleaching. As outlined in Figure 2 and Taking several red-emitting dyes as an example, the maximum
Table 1, the simultaneous use of green and red excitation inachievable fluorescence brightness as well as observation time
general obscures the fluorescence emission of a red-emittingis exceptionally limited due to the photobleaching caused by
dye. This feature is therefore particularly characteristic of two- the green laser light of around 500 nm. Exerting an impact on
color experiments constituting simultaneous green and red the already excited fluorophore, the green laser light effectively
pulsed laser light. This is exemplified in Figure 7 for the case induces the population of higher electronic singlet and triplet
of an aqueous Cy5 dye solution with a synchronized pulsed states. In polar solvents such as water, these states couple quite
excitation at 496 and 633 nm. The coinciding occurrence of efficiently with ionic states and lead to a distinct bleaching
pulsed green and red laser light leads to a drop in Cy5 reactivity. This not only is the case for simultaneous red and
fluorescence emission due to the previously characterizedgreen laser illumination but also has a particular influence on
excessive photobleaching from higher excited electronic statesFRET experiments. In FRET experiments, the acceptor dye is
exposed by the green light (Figure 7A). However, synchronizing intrinsically exposed to green laser light, introducing enhanced
the two pulses such that the green laser pulse directly precedephotobleaching, per se. The enhanced photobleaching from
the red laser pulse can minimize this photobleaching, as is higher excited electronic states is particularly distinctive for the
evident from the vanishing drop in fluorescence following case of pulsed excitation. Due to the presence of multiple

Minimization of Photobleaching in Multicolor
Experiments Applying Pulsed Excitation
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absorption steps, the high density of excitation photons presentpeptidé® or immobilized on an airglass interfacé? In contrast,

in the short laser pulses intensifies the excitation to the higher the free dye Cy5 in solution did not show such a characteristic.
excited electronic states. Aside from a slight decline in the These findings emphasize the sensitivity of a dye’s photophysics
maximum achievable fluorescence brightness due to pulseand thus fluorescence emission on environmental properties.
saturation, this strong pulse enhancement of photobleaching The presented experiments prove the superior capabilities of
limits the use of pulsed excitation light to FRET experiments single-molecule experiments. Bulk measurements on the present
already for the case of picosecond-long pulses. As a conse-FRET probes would have resulted in biased results due to a
guence, the performance of multicolor fluorescence experimentssubstantial portion of FRET-inactive species present. Only
applying simultaneously green and red pulsed laser light cansingle-molecule analysis offers the capabilities required to
be efficiently improved when using the correct timing for the constrain the analysis on the relevant fluorescence signal.
laser pulses, that is, the green pulse directly preceding the redNevertheless, the disclosed observations demand a careful
pulse. A readily applicable method to expose the extent of such adjustment of the applied laser irradiances, excitation mode, and
photobleaching has been introduced by calculating the differencepulse timings in multicolor and FRET experiments. Single-
of average photon times of donor or green fluorophore molecule methods such as the cross-correlatiodor T,
fluorescence emission and acceptor or red fluorophore fluores-analysis help one to readily access optimized experimental
cence emission for a single-molecule fluorescence burst. Thisconditions.

Ty — T analysis not only enables one to readily check and
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which enables the additional absorption steps to the higher
excited electronic states. Photolysis in experiments applying
lower levels of light, such as wide-field microscopy, is solely
given by direct photobleaching from the first excited singlet
state and from the lowest triplet state, resulting in higher
photostabilities and, thus, longer observation times but lower
fluorescence brightness.

Potential improvements introduced by, for example, moving | (1) takowcz, J. RPrinciples of fluorescence spectroscopyenum
. . ress: ew YOork, .

to other blue or green wavelengths in multicolor or FRET (2) Moerner, W. E.. Kador, LPhys. Re. Lett. 1989 62, 2535.
experiments would most likely not introduce much improve- (3) Orrit, M.; Bernard, JPhys. Re. Lett. 199Q 65, 2716.
ment. The absorption spectra of the first excited singlet state or ~ (4) Shera, E. B.; Seitzinger, N. K.; Davis, L. M.; Keller, R. A.; Soper,
he lowest tripl r lly rather br revealing no S- A.Chem. Phys. Let1990 174 553.
t.e O est t. plet Stat‘? are usually .at er broad, .e ealing no (5) Rigler, R.; Mets, U Widengren, J.; Kask, FEur. Biophys. J1993
significant difference in the absorption cross section between 5, 1gq.
the potential selectable wavelengths. Furthermore, more blue-  (6) Eigen, M.; Rigler, RProc. Natl. Acad. Sci. U.S.A994 91, 5740.
shifted laser light would lead to excitation to even higher excited (7) Nie, S.; Chiu, D. T.; Zare, R. NAnal. Chem.1995 67, 2849.

i ; i e (8) zander, C.; Sauer, M.; Drexhage, K. H.; Ko, D. S.; Schulz, A,;
glectronlc states with more pror_lounced pho_toblegchlng reactiv Wolfrum, J.: Brand. L.: Eqgeling, C.: Seidel, C. A. Mppl. Phys. BL996
ity. In contrast, more red-shifted laser light introduces a g3 517,
significant extent of excitation cross-talk, that is, direct excitation (9) Xie, X. S.; Trautmann, J. KAnnu. Re. Phys. Chem199§ 49,

of the acceptor or red-emitting dye, which should be kept as 44%i0) Deniz. A A Dahan M- G 13 R Ha. T Faulhaber. A
H H : H eniz, A. A.; Dahan, V.; Grunwell, J. R.; Aa, |.; Faulhaber, A.
low as _p055|ble "_1 mUItlco_Ior experiments. . E.; Chemla, D. S.; Weiss, S.; Schultz, P.oc. Natl. Acad. Sci. U.S.A.
Previous experiments simultaneously applying green and red1999 96, 3670. _
excitation of an aqueous Cy5 solution observed a return of ’ Sll)K'AlTnbrC'zjeAVé-hP-;Gcéodvi/glég’-g'\g-;zv"gezﬁél H.; van Orden, A.; Werner,
H H : . J., Keller, R. A. em. Re. A .
fluorescence by green Ilght_ on 5s;ngle Cy5 molecu_les previously (12) Tinnefeld, P.: Sauer, Mngew. Chem., Int. ER005 44, 2642,
photobleached by the red light>*These characteristics do not (13) Fluorescence Correlation Spectroscepyheory and Applications
contradict our results, inasmuch as the applied irradiances wereRigler, R., Elson, E. L., Eds.; Springer: Berlin, Heidelberg, 2001.
much |0wer‘ than in our case (1 W/én[up to 10 kW/qu (14) Magde, D.; Elson, E.L.; Webb, W. WhyS Re. Lett. 1972 29,
Compa_‘md t_o >_1_00 kW/prr?) as well as the_ ex_perlmenta_ll (iS) Fries, J. R.; Brand, L.; Eggeling, C.; Kwer, M.; Seidel, C. A. M.
conditions significantly different. The photoswitching behavior j. phys. Chem. A998 102, 6601.
was indeed only observable under conditions of efficient oxygen _ (16) Chen, Y.; Miier, J. D.; So, P. T. C.; Gratton, Biophys. J1999
; it i i« 77,553,
re.mr?tvalda.ls \{[\Ieltlhas V.VIth.the a,:ddlltlonfOf a triplet queﬂCher'f-l;Els (17) Kask, P.; Palo, K.; Ullmann, D.; Gall, K2roc. Natl. Acad. Sci.
might indicate the significant role of oxygen as well as of the ; 5 A"1999 96, 13756.
triplet state in the photoreactivity of the fluorophore, as depicted  (18) Schwille, P.; Meyer-Almes, F. J.; Rigler, Riophys. J1997, 72,
in our results and in earlier studi&s*®:7Further, we observed  1878. ;
significant photoinduced (reverse) intersystem crossing for the , (19) Kask, P.; Palo, K.; Fay, N.; Brand, L., Mets,;Wlimann, D.;
o . Jungmann, J.; Pschorr, J.; Gall, Biophys. J200Q 78, 1703.
dye Cy5 attached to the DNA. Similar photoinduced (reverse) 20y chen, Y.; Tekmen, M.; Hillesheim, L.; Skinner, J.; Wu, B. Mg

intersystem crossing has been reported for Cy5 attached to al. D. Biophys. J.2005 88, 2177.

Supporting Information Available: Description of the
cross-correlation analysis of single-molecule FRET acceptor
photobleaching. This material is available free of charge via
the Internet at http://pubs.acs.org.
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