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Cy5 is one of a few commercially available dyes in the near-infrared wavelength range. In this study, the
fluorescence fluctuations of Cy5 have been investigated under steady-state excitation conditions by fluorescence
correlation spectroscopy (FCS). The fluctuations in fluorescence are compatible with and can be used to
characterize the photoinduced isomerization and back-isomerization, as well as the transitions between the
singlet and triplet states of the dye. By employing a simple kinetic model, the rate constants of these processes
can be determined. The model was used over a broad range of experimental conditions, where the influence
on the isomerization properties of solvent viscosity, polarity, and temperature, excitation intensity and
wavelength, and the presence of different side groups was investigated. We propose FCS as a useful and
simple complementary approach to study isomerization processes of cyanine dyes yielding information about
the rates of both the photoinduced isomerization and the back-isomerization, as well as of the kinetic properties
of the triplet states. Our data show that for most excitation conditions relevant for ultrasensitive fluorescence
spectroscopy a photostationary equilibrium is established between the isomeric forms, where approximately
50% of the Cy5 dye molecules can be expected to be in their weakly fluorescent cis states. The fluorophores
therefore lose about half of their fluorescence capacity. This is of relevance for the performance of the dye
in all applications of fluorescence spectroscopy where a high sensitivity or a fast readout is required, such as
in single-molecule detection experiments and in many applications of confocal laser scanning microscopy.

the possibility to use inexpensive laser diodes and highly

Cy5 is an activated carboxyl cyanine fluorophore that can efficient avalanche photodiodes in the near-IR range, has
be coupled with oligonucleotides, peptides and protéiAs.  contributed to the frequent use of cyanine dyes in ultrasensitive

Being one of a few commercially available fluorescent probes fluorescence spectroscopy and fluorescence microscopy. For all
with an emission wavelength in the far-red spectral range, it applications of fluorescence spectroscopy, where a very high
has recently become a very important tool in ultrasensitive sensitivity or a high readout rate is required, as for detection of
imaging and spectroscopy, especially for biological applica- single molecules by fluorescence and applications of scanning
tions#~° Cyanine dyes in general show a very strong> 7* confocal fluorescence microscopy, photophysical properties are
absorption, which can be tuned through the visible and the near-of considerable importance. Originally, the interest in the
infrared region by variation of the length of the polymethinic photophysics of the cyanine dyes has been motivated from their
chain joining the two heads of the cyanine d§é!In this way, widespread use as spectral sensitizers in photogriphy,
they can be synthesized to absorb and emit at specific saturable absorbers for mode-locking and Q-quenching of
wavelength ranges. This makes them useful as donor andlasers?®2!as initiators in photopolymerizatidf,as probes for
acceptor dyes in fluorescence resonance energy-transfer (FRET)he physical state and membrane potential of liposomes and
experiments? Cyanine dyes have also been used in applications synthetic bilayerg? and as potential sensitizers (merocyanines)
of fluorescence spectroscopy and imaging where the simulta-for photodynamic therap3? 25 Consequently, much effort has
neous readout of two or several labels with different emission been spent over the last decades to better understand the photo-
wavelengths is desired, as in experiments where colocalizationphysical properties of these dy&Different transierf24.27-41
or cross-correlation over time is perform&d!® For cell and photostationaf§42-4” absorption spectroscopy techniques,
measurements, dyes excitable in the near-infrared (near-IR)as well as time-resolvéd*3233:36.37.434%1 and photostation-
range, such as Cy5 and Cy5.5, are preferable because a muchy#0.4445525F|yorescence measurements, laser-induced opto-
lower autofluorescence and a higher transmittance through thegcoystic spectroscoff#554+56, nuclear magnetic resonance
cell media are to be expected in this wavelength rdfigh. measurement¥:49.57and theoretical calculatiofs*358-60 have

The possibility to adapt the wavelength of emission and peen employed.
excitation, in combination with relatively high fluorescence

. . In ultrasensitive fluor n I he overall per-
guantum yields, high photostabilities, low pH sensitivities, and ultrasensitive fluorescence spectroscopy, the overall pe

formance of a dye is given by the total number and rate of
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2011087. E-mail: jwideng@gwdg.de. _ o determined by the quantum yields of fluorescence and photo-
. Department of Spectroscopy and Photochemical Kinetics. destruction, and by the turnover rates in the excitatiemission
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Generally, relaxation processes must be fast in order to small open detection volume (fractions of a femtoliter) in a
effectively compete with fluorescence generation and internal confocal setup, and highly selective excitation and emission, a
conversion. On the other hand, for a saturating steady-statevery high spatial and spectral discrimination has been reached.
excitation, populations of photoinduced states with low quantum Beyond that, the use of silicon avalanche photodetectors with
yields of formation have to be considered, such as triplet and high detection quantum yields and low dark count levels and
photooxidized states. Such states can be significantly populatedobjectives with high numeric apertures has made it possible to
if their deactivation rates are of the same order as their rates ofincrease signal-to-noise ratios considerably compared to early
formation leading to a considerable decrease in the fluorescence=CS experiments. Measurement times have been shortened
emission rates. To determine the extent of population of drastically’® and it has become possible to perform measure-
additional transient states under such conditions, information ments at the level of single molecul®s%8
is required not only about their quantum yields of formation  The experimental setup used in this study has been described
but also about their deactivation rates. elsewhere and is based on the above princiés’° The
Experimental and theoretical studies have shown that steri- fluorescent samples are excited by a laser beam (Coherent
cally nonhindered cyanine dyes in their monomeric forms Innova argon ion laser, 515 nm, Uniphase heliumeon laser,
generally exhibit low quantum yields of intersystem crossing 632 nm, or Coherent Innova krypton ion laser, operated at 647
and high quantum yields for trangis isomerization upon  nm wavelength), which after reflection by a dichroic mirror
excitation?”2° However, in spite the many investigations that (670DRLP02, Omega Optics (632 nm and 647 nm excitation),
have been made on the isomerization properties of cyanine dyespr 510DCLP AF Analysentechnik (515 nm excitation)) is
relatively few studies have revealed information about the focused by a microscope objective (Zeiss Plan-Neofluar 63
photoinduced back-isomerization of photoisomerized cyanine NA 1.2). The fluorescence is collected and then refocused by
dyes?3-465455This fact probably reflects experimental difficul-  the same objective to the image plane, where a pinhole (radius
ties of studying such deactivation processes by conventional 25 or 30um) is placed. The detection volume is defined by the
spectroscopic techniques, such as flash photolysis, and with thedimensions of the focused laser beam (varying between 0.3 and
methods applied, including steady-state fluorescence and laser9.7 yum in beam waist radius) and the collection efficiency
induced optoacoustic spectroscopy, a relative complicated function of the confocal microscop&’° A band-pass filter is
sequence of operations are required in order to obtain theused (690DF45, Omega Optics (for Cy5), or HQ575/70, AF
spectroscopic data. Analysentechnik (for Cy3)) to discriminate fluorescence from
In this study, the photophysical properties of Cy5 under laser light scattered at the excitation wavelength and from
steady-state excitation conditions are investigated by fluores- Raman scattered light of the solvent molecules. The fluorescence
cence correlation spectroscopy (FCS). FCS is a technique thatight is detected by two avalanche photodiodes (EG&G model
derives information about dynamic processes on the molecular SPCM-100), the output pulses of which are processed online
scale from the analysis of spontaneous fluctuations in fluores- by a PC-based correlator board with time resolution of 12.5 ns
cence emission. It is shown that the fluorescence fluctuations (ALV5000 with fast option, ALV).
of Cy5 are compatible with and can be used to characterize the cy5 monoreactive dye, Cy5-dUTP, Cy5-dCTP, and Cy3
photoinduced isomerization and back-isomerization, as well as monoreactive dye were purchased from Pharmacia-Amersham,
the transitions between the singlet and triplet states of the dye. djluted in double-distilled water, ethanol, methanol, or ethylene
By employing a simple kinetic model, the rate constants of these ?chol (spectroscopic purity) to nanomolar concentrations, and
processes can be determined. We conclude that FCS is a usefulised without further purification. Cy5 (monoreactive dye) linked
complementary approach to study isomerization processes ofto 4 double-stranded M13 DNA, 24 base pairs long, and Cy5
cyanine dyes yielding information about the rates of both the jinked to an 1gG anti-mouse antibody (bisreactive dye) were
photoinduced isomerization and the back-isomerization, as well gptained from Amersham. When dissolved in water, the Cy5

as of the kinetic properties of the triplet states. and Cy3 monoreactive dyes in their unlabeled form are believed
. to change into Cy5/Cy3-carboxylic acids, dropping the end
2. Methods and Materials group of the linker chairt

In FCS, the fluctuating fluorescence emission arising from
small quantities of fluorescent molecules is used to obtain 3. Theoretical Background
information about dynamic processes on the molecular f&vél.
These fluctuations are analyzed in the form of a normalized
autocorrelation (AC) function:

Generally in fluorescence microscopy, the detected fluores-
cence is given as

G(r) = () 1(t + )0 QO SI@)][MH- ot + )]0 I(t) = fCEF@) c(f, t)gk, ,P; iN(F,t) av 2
0 Dﬁ@l(t)él(t 490 nge, CER) is the colleption eﬁiciency function of the confocal
1+ —2=—""(1) microscope setup, which is determined by the dimensions of
md the pinhole and the optical properties of the objectie(@,t)
denotes the concentration of fluorophores, aratcounts for
Herel(t) signifies the detected fluorescence intensity, ait) the quantum efficiency of the detectors and the attenuation of
denotes the fluctuations &ft) around its meariJl In principle, the fluorescence in the passage from the sample volume to the

any dynamics, from the nanosecond to well over the millisecond detector areag;o is the deexcitation rate from the excited singlet
time range, can be investigated as long as they manifeststate, ®¢ denotes the quantum vyield of fluorescence, and
themselves as changes in the fluorescence intensity. In the earIﬁN(f,t) is the fraction of the fluorophores in the sample volume
applications of the FCS technique, low detection efficiency element that are in their excited singlet states. The product of
combined with limited photostability of the fluorophores the three latter parameters corresponds to the fluorescence
restricted the use of the method. By the introduction of a very emission rate per molecule.
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Figure 1. (a, left) Kinetic scheme normally adopted to model the photophysical behavior of carbocyanine dyes. In th(%m)cideland fN
denote the ground singlet, the first excited singlet, and triplet state of the thermodynamically stable conformation of the dye, which nomnally is th

all-trans form.jP, 1P, and3P are the corresponding states of the photoisomerized form, which is usually in a mono-cis conformation. Upon
isomerization the bond angle, denoted®yin one of the double bonds of the conjugated hydrocarbon chain connecting the two headgroups of the
dye is twisted by 180 Photoinduced isomerization and back-isomerization take pIace}h&bemd }P via the partially twisted intermediate state,
1Perp. At;Perp deactivation to the ground-state hypersurface takes place, eiﬂjheotcto éP. ko1 = 0®@exo, kisc, andkr denote the excitation rate

of éN to iN (whereo is the excitation cross section @ﬂ and®de, is the excitation intensity), intersystem crossing frﬂmto fN, and triplet-state

decay fromfN to (l)N. keo1 = 0p®exe kpisc andker are the corresponding rate parameters for the photoisomerizedistai the rate of thermal
deactivation O%P to (l)N in the absence of excitation. (b, top right) Simplified scheme of (a), where the partially twisted intermediatéstate,

and the triplet state of the photoisomerized st?i?ehave been neglected. Photoinduced isomerization and back-isomerization are characterized by
their overall effective ratesgso andksiso (see eqs 11 and 12). Also, for the experimental conditions of our study the thermal back-isomerization
from éP to (l)N, characterized by the rate parameigy in (a), can be neglected (see text for further discussion). (c, bottom right) The three-state
model used to characterize the fluorescence fluctuations observed in the FCS experiments presented in this stdyNHarel P correspond

to the fractions of dye molecules that are in their trans-trighd),(trans-singletjN + IN), and cis-singletj + 1P) states. Compared to (b), the
transitions between the ground and excited statédlaind P have been neglected, since they typically take place on a time scale that cannot be
resolved in the FCS measurements, and therefore only have to be considered as average distributions between the ground and excited-state dyes in
N and P kisc, kiso, andkgiso' denote the effective rates of intersystem crossing fiaino 2N, isomerization frontN to P, and back-isomerization

from P to'N and are given by the corresponding ratess, kiso, andkgiso of (b), except for scaling factors corresponding to the fractions of dyes

in the IN and P forms that are in their excited states (eqs 1.

If fluorescence fluctuations arise only from translational treat fluctuations in fluorescence originating from changes in
diffusion of the fluorescent molecules in and out of the sample IN(F, t) separately from those due to changes(int).”73But
volume element, the time-dependent part of the correlation even for the case that the separation in time scale between the
function takes the following forrf>69.72 photophysical and diffusional events would not be so prominent,

1 1 1 1o a separate treatment of the fluctuationého(?, t) and c_(F, F)_ is
Gp(7) ZN_( 2)( 2) (3) possible if diffusion properties are not changed significantly
1+ 4Dt/w,°)\1 + 4Dt/w, upon generation of a photoinduced transient state, as has also
been shown for the case of chemical reactitins.
Here w1 and w, are the distances from the center of the laser  For conventional dyes previously investigated with FCS, such
beam focus in the radial and axial direction, respectively, at as fluoresceins and rhodamines, additional fluctuations in
which the collected fluorescence intensity has dropped by a fluorescence are seen with increasing excitation intensities as
factor ofe? compared to its peak valuly, is the mean number  the molecules enter and leave their triplet states. These fluctua-
of fluorescent molecules within the effective volume of observa- tions can be characterized by a simple three-level scheme
tion 72%%w12w, (sample volume element), amis the diffusion (including the excited singletN, ground singlet,iN, and
coefficient of the fluorescent molecules. Equation 3 assumes lowest triplet,3N, states of Figure 1a,b) and can be expressed
the collected fluorescence profile to be Gaussian-shaped in theas functions of the kinetic rate constants for the transitions
axial as well as in the radial direction. However, eq 3 can also between the three statés?
provide a good approximation for a diffraction-limited distribu- ae
tion of the excitation intensity in the focal region of the laser _ N
beam when a matching confocal pinhole is u&eth FCS Gr(r) = Gp(r)[ 1+ 1— 3NeXp(_T/TT) )
measurements, transient nonfluorescent states present themselves
as fluorescence fluctuations superimposed on those caused byere G(r) is the time-dependent correlation function arising
concentration changes due to translational motion of the from number fluctuations due to translational diffusion, as given
fluorophores in and out of the sample volume element. Theseby eq 3.3N is the mean fraction of fluorophores within the
superimposed fluorescence fluctuations originate from changessample volume element that are in their triplet states,zns
in the excited singlet state population. Typically, the time range the relaxation time given by that eigenvalue of the kinetic
for formation and decay of many photoinduced transient statesscheme that is related to the triplet-state relaxation. Recently,
is much faster than those due to translational diffusion (the time FCS has also been used to investigate other photophysical
scales can be further separated by variation of the sample volumeprocesses, such as photoinduced electron trafisfied photo-
element or the excitation intensity). Therefore, in the derivation induced transient states of different mutants of the green
of the fluorescence correlation function, one can in many casesfluorescent proteir®.7”

m
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Photodegradation processes, although nonstationary in charfigure 1a, is relatively slow, typically taking place in the
acter, can also be characterized by FCS, if the time for millisecond time rangé’-31:36.38.40A more efficient formation
translational diffusion through the detection volume is longer of all-trans isomers from ground-state photoisomers can be
than the photochemical lifetime of the molecules under a given achieved by photoinduced back-isomerization. After excitation
excitation’®79This can occur owing to an increased size of the of the ground-state photoisomer, all-trans isomers in their ground
volume element, slower moving fluorescent molecules, very states are formed in a similar fashion as for the photoinduced
high excitation irradiances, or as a consequence of a low trans-cis isomerizationkiso, via branching ovegPerp.
photostability of the dyes. Photodegradation then becomes Triplet-state formation in cyanine dyes has been found to be

evident in the experimental AC curves as a faster decay of therelatively inefficient, with quantum yields of formation of the

part of the curves related to translational diffusion:

3

Gr(1) = Gofe)| 1+ - N

N

exp1t/ty)| x

[1 — B+ Bexpkyr)] +1 (5)

Here an average effective photobleaching rate conskant,

within the sample volume element is assumed. The actual
excitation intensity-dependent, and therefore space-dependen
homogeneous distribution of photobleaching rates within the

sample volume element is regarded as an overall bleaching

reaction related to the mean excitation intensity within the
sample volume element involving a fracti@of all excited

molecules. This assumption is reasonable considering that
photobleaching is an irreversible process taking place on a time

scale similar to that of translational diffusion, such that the dye
molecules finally undergoing photobleaching will have expe-
rienced almost the whole range of excitation intensities within
the sample volume element.

Kinetic Model for the Photodynamics of Cyanine Dyes.

Most cyanine dyes that have no sterical constraints or substitu-

tions in their polymethinic chains are believed to adopt an all-
trans conformation in their ground stafég? The major
processes that occur following photoexcitation of a ground-state
cyanine dye in its all-trans forniN, to its first excited singlet
state,IN, are given b§":2°

5

IN— N + hv (fluorescence)

(6)

[3
}N —5 fN (intersystem crossing to the lowest triplet state)
(7

le . .
IN— N (internal conversion)

8)

ki
iN — cl)P (photoinduced trarscis isomerization) (9)

The kinetic scheme of Figure la is normally adopted to
account for the photophysical behavior of carbocyanine
dyes3640.43.48The photoinduced isomerization is believed to
involve a partially twisted intermediate excited statBerp,
which is deactivated very quickly by internal conversion to the
ground-state hypersurface. After deactivationRerp, branching
takes place to either the ground state of the trans fgkmor
to that of the photoisomeP. The deactivation g to ;N via
1Perp then contributes to the overall rate of internal conversion
(eq 8), while the formation oé‘P from iN via ;Perp constitutes
the effective rate of photoinduced transs isomerization (eq
9). The photoisomer is believed to generally adopt a mono-cis
conformation, formed after rotation around one of the double
bonds in the polymethinic chafdwhere® in Figure 1a denotes
the rotation coordinate around the bond in question.

For most cyanine dyes in moderately viscous solvents at room
temperature, the back-reaction f to jN, denoted bykpy in

order 1072 after excitation, and for most cyanine dyes the lowest
triplet state is not believed to be involved in the isomerization
process, which is thought to entirely be generated via the excited
singlet stat@’/—29.37:41

The Modified Correlation Function. Under most conditions
relevant for FCS, the transitions contained in Figures-da
(except for the ground-state thermal back-isomerizatieg)
can be assumed to take place on a time scale that is much faster

tthan the molecular observation time determined by translational

diffusion of the fluorescent molecules in and out of the sample
volume element. Furthermore, isomerization and triplet-state
formation are not believed to change the diffusion properties
of the Cy5 fluorophores drastically. Consequently, in the
derivation of the fluorescence AC function the fluctuations in
fluorescence generated by the transitions given in Figure 1a,
denoted bydls.s; can be treated separately from those due to
translational diffusion, denoted hylp

G(r) = [(t) I(t + 7)I0E = QICH 0l 5(t) + Ol (B)] x
[DCH Ol o(t + 7) + Ot + 7)) 000 =
[BIp0)01 ot + 7)TH Bl ()0l ut + IR+ 1=

Gp(r) + Gpef7) + 1 (10)

where Gas(r) denotes the part of the correlation function
originating from the photophysically generated fluctuations in
fluorescence, as given by Figure la.

To simplify the kinetic treatment of the kinetic scheme given
in Figure l1a, we disregard the partially twisted intermediate
state;Perp. This state is typically deactivated in the picosecond
to nanosecond time scale to eit{ror )N.2” Moreover, most
cis isomers of thiacarbocyanine dyes are believed not to
fluoresce at room temperature and are upon excitation mainly
deactivated through internal conversigdif34446.54n the further
treatment, we therefore regard the fluorescence capacity of the
photoisomer as negligible. With a very fast deactivation channel
through internal conversion, the quantum yield of triplet-state
formation fromiP is likely to be very low. In addition, exper-
imentaf®37and theoretic&f studies indicate that there is a con-
siderable activation energy barrier for transitions between the
triplet states of the trans and the cis forms over the perpendicular
form. This limits the formation of molecules in tH® state
formed viafN. Consequently, the population iﬁ’ is likely to
be very small and will not be further taken into consideration.

Given the above assumptions, the kinetic schedule of Figure
la can be simplified to that of Figure 1b, whegeo andkgiso
denote the effective rates of photoinduced isomerization and
back-isomerization and are given by

(DISO

kiso = 1_—‘1)|so[k10 + Ksd (11)
)
Keiso = 1— Z;S;SO[kpld (12)
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where®,s0 and®gso are the effective yields of photoinduced 1N(0) 1

isomerization and back-isomerization from tft¢ and from 3

the }P state, respectively. In this study, the time resolution of N(0) (17)
the FCS measurements is limited by the fastest channel of the P(0) 0

PC-based correlator to 12.5 ns. However, the transitions betwee
the singlet states, within each of the isomerization forms, i.e.,
betweergN andiN and betweerP and}P, respectively, take

Mhis condition follows from the assumption that only thé
state is fluorescent and, when a fluorescence photon has been
emitted, the fluorophore consequently has to be in the ground

phlacef in the nanoslecong time lsca(ljle. Tr;]ese_ transnllonsfvxr/]lll singlet state of N. The general solution of eq 16, given the
therefore in general not be resolved on the time scale of the o1 condition of eq 17, can be expressed as

FCS measurements, where the other dynamic processes related
:o intersystem crossing or transis isomerization were found IN(r) Aivi(l)e{l,z
o take place. 3
Considering that the decay ratégy andkp1o of the excited 3N() | = Aivi(Z)élir (18)
states,;N and ;P, to their ground stategN and jP, can be P(2) = (3)e"
expected to be much faster than any of the rates related to-trans Avi

cis isomerization or to singletriplet transitions, the kinetic ~ Wherev; = (vi(1), vi(2), »i(3)) denotes théth eigenvectory; is
scheme of F|gure 1b can be further reduced to that of F|gure theith elgenvalue of the differential equatlon matrix abOVe and

1c, containing the fluorescent singlet fofd (:N and!N), the A is @ scaling factor to thieh eigenvector given by the boundary
nonfluorescent isomerized form BP(and’P), and the non-  condition of eq 17. The eigenvalues are given by
fluorescent triplet statéN. In Figure 1c, the effective transition A=
rates from!N and P will be the same as those from the excited- !
state levels ofN and P, except for scaling factors corresponding Aps kol 4+ ke + ket + /2 +
to the fractions of singlet-state dyes in tié and P forms that ~ [lkisc 150 kB'SO]Z
are in their excited states: ([ksc' t kr + kiso + Kgiso174 — Kiso ky —
T I r 1/
Kox 0Dy kscKaiso — krkaiso) " (19)
kisc = Ksc = k 13
ISC T Kigt Koy ¢ Kypt 0Dy, =€ (13) The first eigenvaluel, is equal to zero, and the first component
of the corresponding eigenvector scaled with, Aqvi(1),
Ko1 0D, represents the steady-state concentratioiNofienoted byN.

Kiso = Kyo+ k01k' o= Kyo+ Uq)exckiso (14) The multip!icative factors to the exponential terms'iifz), as
contained in eq 18, are given by

kB — kP kB OP(Dexc
150 kP O+ kP ISO kP + OPq)exc
{kp10™> 0pPerd = 05150Pexc (15)
Here o andop are the excitation cross sections of the ground

singlet states ofN and gP. ®e,: denotes the mean excitation Agvy(1) = (B — v)(kry — 0)/(4ay) (20c)
intensity within the detection volumé;o andkpipare the rates

_ kikaiso 1o
Kgiso = Apy(1) = @ =N (20a)

A (1) = (B + y)kyy + 0)/(4ay) (20b)

of deactivation of the singlet excited stafgé and;P to their where

respective singlet ground stat&g,c is the intersystem-crossing o = ko kr + Ksckaisa + krkaiso
rate from}N to the triplet statefN (see Figure 1la,byrgiso =

opkgisolkp1o denotes the effective cross section for back- B =ksc +kso +kr = Kgiso

isomerization of the cis state.
In the following treatment of the photophysically generated ., — ((x_ ' 4+ N2 4 " k) 4
fluctuations, we assume for simplicity that the excitation (ks *kiso)” + (kaiso )

! ! 1 /
intensity is uniform over the sample volume element. In order 2(kso — kiscMkaiso' — T))l 2
to find the expression foGrs(t), the following system of , , , ' ,
coupled first-order linear differential equations can be estab- 0 =kKr(kiso * Kaiso' — kr — Kisc) T 2Kisc'Kaiso

lished according to the simplified kinetic scheme of Figure 1c ) o )
For a fluorophore under stationary excitation intensity, the

normalized correlation function for the photophysically gener-

IN() —(ksc T kso) K keso  |[*N() ated fluctuations in fluorescence can be expressed as
d _ ' _
o N@ | = kISC' kr 0 , Ny | (16) o Wfasz(t) Olaft + T)D
P(t) Kiso 0 —kaso P(t) fast e
_1
wherekr denotes the triplet-state deactivation rate to the ground (k0P 1N)(k10qCI>f)( N N) (21)
singlet state(l,N. The correlation function expresses the prob- (kquCI)f 1 )

ability of a photon emission at a timegiven a photon emission

at time 0. For a fluorophore at a fixed position being subject to whereq and ®; are defined in connection with eq 2. At time

a constant excitation intensity, this probability will be propor- scales well above nanoseconds, and in analogy to eqs 13 and
tional to IN(z), which is obtained from the solution of eq 16 14, the steady-state as well as the time-dependent population
with the following boundary condition: of the excited singlet state of the all-trans form, denoted by
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Figure 2. FCS curves of Cy5 in aqueous solution measured under 1.2, 12.8, and 122 &&gtation (647 nm excitation wavelength). A major
relaxation process with a relative amplitude of about 50% is observed, whose amplitude did not change significantly with excitation intensity. The
relaxation times of this exponential process, which can be mainly attributed to-t@snsomerization, were however drastically reduced with

higher excitation intensities. For excitation intensities above approximately 50 d\igphet-state population can be observed as an additional
relaxation process (*). In Figure 2, the amplitude of this process was found to be approximately 10% at 122 {Witicdotted curve indicates

the shape of the FCS curves in the absence of the first relaxation process), while at 1.2 and 12.8rkWgenond relaxation process due to
population of triplet states could be observed (thin solid line). At excitation intensities exceeding 100%W/faster overall decay of the FCS

curves can be observed (**), which is due to photobleaching of the dye molecules during their transit through the sample volume element. (To
better visualize the differences, all correlation curves have been normalized with respect to each other corresponding to the case that they would
originate from an equal average number of molecules in the sample volume element.) Inset: Global analysis of nine correlation curves of Cy5 in

10

100

aqueous solution that were measured at 647 nm excitation with excitation intensities ranging from 0.57 to 122 (kWéi¢cation intensities in

kwicn¥ are indicated above each individual curve).

IN and ;N(z), have a fixed relation t8N and N(z), respec-
tively, which is given bykoi/(ko1 + Kio):

1N = Av1(1Kyor (Kyor T Knio)

ke
kOl + klO

[A;(1) + A (1)E7 + A (1) Kyl (Koy + ko) (22b)

(22a)

iN@ =N

Gras(t) can then be rewritten as

(k@@ N) (ks @P)(N(T) = 'N)  IN(z) — N
(K0, N)? N
A (1)E7 + A, (1)

Av,(1)

Gfast(r) =

(23)

For the full correlation function, using A, 1/23 < tp ~ w1%
4D, one will arrive at

G(r) =

11 L "+ e +1
—| '[ —
Nm(l + 4Dr/a)12)(1 + 4Dr/a)22) e

1( 1 1
N, INL + 4Dr/w12)(1 + 4Dtlw,
1 ( 1 1 1/2 8
NeAry(D\L + 4Dt/a)12)(l + 4Dt/w22)
Ay (1) + A (1)dZ + Ap,(1)d] + 1 (24)

12, B
5 N(z) +1=

4. Results and Discussion

Excitation Dependence in Aqueous SolutionCy5 mono-
functional dye was dissolved in water to concentrations in the
nanomolar range and excited at 515 nm (argon ion laser), 632
nm (helium—neon laser), and 647 nm (krypton ion laser) in the
FCS setup described above. In addition to the relaxation process
due to translational diffusion as given by eq 3, the measured
FCS curves revealed a major relaxation process, which could
be fitted as an additional exponential process (Figure 2), with
relative amplitudes of about 50% of the total amplitudes of the
FCS curves. Upon variation of the excitation intensity, the
relative amplitude of the relaxation process did not change
significantly, except for excitation intensities close to or above
saturation, where a slight drop of the relaxation amplitude could
be noticed. The inverse relaxation time (the relaxation rate) of
this exponential process, on the other hand, showed a linear
dependence to the applied excitation intensity. When exciting
at 647 nm, a second exponential process could be observed at
excitation intensities of about 50 kW/érand higher (100 kW/
cn? and higher at 632 nm excitation), which had a considerably
lower relative amplitude. The amplitude of this second process
increased slightly with the applied excitation intensity (Figure
2). The observed dependence on excitation intensity of the two
exponential relaxation processes in the FCS curves is compatible
with formation of transient dark states by photoinduced isomer-
ization and intersystem crossing, as described above. Assuming
the models of Figure Xac, a global fitting analysis was
introduced. In this analysis,~5L0 different correlation curves
were recorded under identical conditions, except that the
excitation intensities were varied, and were then fitted simul-
taneously (inset, Figure 2, shows a global fit of 9 curves of
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Cy5 measured in aqueous solution). In the fitting procedure,
the intensity-independent photophysical paramekgssy, osiso,

kiso, kisc, andkr were kept in common for all measured curves.
These parameters determine the amplitudes and relaxation times
of the exponential processes in the FCS curves, as given by
egs 13-15, 19, 20, and 24. On the other hand, the diffusional
properties, given by the parametets = w14/4D and wy/w1,

were allowed to vary individually for each curve in order to
minimize the influence of them on the determination of the
photophysical parameters. The fluorescence lifetime of Cy5 has
been reported to be 1.0 and 1.4 ns for the freé®tsmd Cy5- 01 A
dCTPin aqueous solution. These values were used to fix the -
fluorescence decay ratek,o, of Cy5 (1.0 ns) and the Cy5- I —
labeled molecules (1.4 ns), since otherwise a too strong 0.6 4 1 10 100
covariance was found betwek ando, making it impossible .
to fit the two parameters simultaneously. The measured FCS
curves showed a good correspondence to the model given by 1
Figure 1c, and the resulting parameter values from the global g 0.4
fits were reproducible from one set of correlation curves to
another.

In Figure 3 the relaxation rates and amplitudes calculated
from the parameters obtained from the global fit (lines and
crosses) are compared to the rates and amplitudes obtained whe
the correlation curves were fitted individually (squares). One 0. o
can note that the two fast relaxation terms of the AC functions, ] o e
as given by eq 24, can only be assigned to specific processes if 0.0 = P ST e
the time range for the transitions to and from the different states Excitation intensit (kW/cmz)
are well separated. For excitation intensities below 1 kW¥/cm Y
(at 647 nm excitation), where transis isomerization takes Figure 3. Relaxation rates and amplitudes, which are calculated from
place at a slower time scale than singletplet transitions, the the parameters obtained from the global fit shown in the inset of Figure
relative fraction of isomerized states and the relaxation rate for 2 (ines with crosses), compared to those obtained when the correlation

. . curves were fitted individually (squares). One can note that the
the transitions to and from P are given Byvs(1) and/s. In relaxation rates and amplitudes, as given by eq 24, do not represent
contrast, above 10 kW/chthe isomerization is much faster than  the same process over the whole excitafion intensity range. For
the singlet-triplet transitions and is then represented by excitation intensities below 1 kW/dmat 647 nm excitation), the
Axvy(1) andl,. (The relative triplet-state population and the relative fraction of isomerized states and the relaxation rate for the
transitions to and from the triplet state are then consequently transitions to and from P are given Byvy(1) and/s, and above 10
characterized by A(1) and 1, below 1 kW/cn? and by kW/cn? they are given byA,(1) and .. The relative triplet-state

. . . / population and the transitions to and from the triplet state are then
Aavs(1) andis above 10 kW/cr). In the intermediate intensity consequently characterized Byv,(1) and; below 1 kW/cni and by

range, between 1 and 10 kW/émvhere the relaxation times A1) and/s above 10 kWi/crh In the intermediate intensity range,
of the two terms are similar, the fast part of the correlation between 1 and 10 kW/cinwhere the relaxation times of the two terms
curves,Ges(7), Will consist of two exponential terms of about  are similar, the fa_st part of the correlation curv@g.;_‘(r), will consist
equal amplitude, although the population of the triplet states of ©f two exponential terms of about equal amplitude, although the
the Cy5 molecules will be negligible. At excitation intensities PoPulation of the triplet states of the Cy5 molecules will be negligible.
L At excitation intensities above 20 kW/énwhere fluorescence satura-
above 20 kW/ crhy where fluorescence saturation is present and o, is present and triplet-state formation can be observed, the relative
triplet-state formation can be observed, the relative population population of isomerized fluorophores is decreased. This decrease can
of isomerized fluorophores is decreased. A decrease in thepe attributed to saturation of tH#\l state (while thelP state, on the
isomerized fraction of the fluorophores is to be expected from other hand, is assumed not to be saturated owing to a very fast rate of

the assumption thakp1o is very fast, since in an excitation  deactivation tgP).
intensity range where fluorescence saturation is préesi  going from excitation at 647 nm to 632 or 515 nm excitation.
can still be expected to increase linearly to the excitation The deactivation of the excited states of the N and P forms
intensity, whilekiso' is approaching an asymptotic level (equal  should not be affected by the history of excitation, such that
to kiso), as can be seen from egs 14 and 15. the quantum vyields of isomerization and back-isomerization
Except for variations in excitation efficiencies, no major would change with the excitation wavelength. Instead, this
changes in the isomerization, nor in the triplet-state properties decrease in the relative population of the isomerized state with
could be observed with variation of the excitation wavelength. shorter excitation wavelengths implies that the ratio of the
The relative population of the fluorophores in the isomerized excitation cross section of the photoisomes, to that of the
form measured at excitation intensities in the lower range, and all-trans form,o, is increased. However, from the relatively
given by the relaxation amplitude d@%v3(1), was found to small change in amplitudes of the isomerization relaxation
decrease with shorter excitation wavelengths. Compared toprocess one can conclude that the excitation spectra of the two
excitation at 647 nm, wherBgv3(1) was about 0.52 at lower  forms differ only to a limited extent. This is in line with what
excitation intensities, the relative amplitudes dropped to about has been found experimentah?84244and theoreticall§# for
0.46 and 0.38 at 632 and 515 nm excitation, respectively (Figure other cyanine dyes.
4). This indicates that the effective rate of isomerization At excitation intensities above 100 kW/€rt647 nm excita-
decreases relatively more than that of back-isomerization whention), a distinctly faster overall decay of the AC curves due to
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. . . . . Figure 5. Effect of addition of potassium iodide (FCS curves measured
Figure 4. Two correlation curves of Cy5 in aqueous solution excited 40 100. and 200 mM concentration of Kl in an aqueous solution
at 647 nm (solid line) and at 515 nm (dashed line) with similar rates gxcitation at 647 nm with 50 kW/cth The dashed curves show the
of excitation (excitation intensities of 3.3 and 260 kWicrespectively). shape of the FCS curves in the absence of the first relaxation process,
A significant difference in the amplitude of the isomerization process g qying the contribution of singletriplet interactions. A noticeable

could be noticed, 0.52 (at 647 nm excitation), compared to 0.38 (at jycrease of the triplet-state population could be observed upon addition
515 nm excitation), indicative of a relatively higher excitation cross ¢ k| From global analysis, where correlation curves for a certain KI

section of the cis form compared to that of the trans configuration at concentration were measured at different excitation intensities and fitted
excitation wavelengths below 647 nm. simultaneously, the intersystem-crossing ratg, was found to increase
photodegradation could be noticed (see Figure 2). The AC linearly with the KI concentration (inset), while the other photophysical
curves recorded in the presence of photobleaching were fitteq Parameters were not affected by the concentration of KI.

to eq 5. From the experimentally determined rates of photo- from the global fits are given in Table 1. No significant change
degradation, and from the calculated population of the excited in the parameters could be observed except for the intersystem-
singlet state of the trans form at the excitation intensity used, crossing rate, which increased linearly with the concentration
given the photophysical parameters determined above, theof potassium iodide (inset, Figure 5). These findings support
quantum yield of photobleaching could be estimated to be 2  the assumption that the second exponential observed in the FCS
1075, This is a slightly higher yield of photobleaching than what curves is generated from singletiplet transitions. We could
has been found from FCS measurements for rhodamine dyes atiot observe any effect of addition of potassium iodide on the
similar excitation rates, but significantly lower than those of isomerization kinetics, which is in contrast to the findings in
many other dyes, such as fluoresceih®:82For rhodamines an early study/ where an increased isomerization rate was
and fluoresceins, the yield of photobleaching increases with observed upon addition of potassium iodide. However, our
higher excitation intensities. This can be attributed to excitation results are in agreement with other previous reports, based
to higher excited states, which have considerably lower pho- mainly on time-resolved fluorescence studies, which state that
tostabilities owing to photoionization. Similarly, the quantum the triplet state of most cyanine dyes is not involved in major
yield of photobleaching of Cy5 can be expected to be much conformational changes, but rather prevents or limits isomer-
higher at excitation intensities in the range of saturation. Indeed, ization, and therefore is believed to be a competitive process to
in cuvette experiments, at excitation intensities far below the trans-cis isomerizatiorf®-30 The quenching constant of iodide
saturation range, the photobleaching quantum yield of Cy5 hasfor the transition fromiN to 3N was calculated to be % 10
been determined to be % 107682 M~1s71 which is 2 orders of magnitude lower than that found

Although the fluorescence fluctuations observed via the FCS for rhodamine6G (Rh6G) in water. This big difference cannot
curves are compatible with the kinetic scheme of Figure 3, FCS be explained from the somewhat lower diffusion coefficient of
measurements cannot in general offer an identification of the Cy5 to that of Rh6G (estimated in our FCS measurements to
transient states involved. In order to further test the origin of be 2.5x 1071 mZs for Cy5 and 2.8« 10719 m%s for Rh6G)
the fluctuations, and to investigate the environmental dependenceand indicates that steric and charge effects as well as differences
of the photophysical properties of Cy5, additional FCS measure- in energies between the electronic states are also of importance
ments were undertaken under different environmental conditions. for the overall quenching efficiency.

Addition of Potassium lodide. Potassium iodide is known Solvent Dependencel-CS curves of Cy5 were measured at
to enhance the rate of intersystem crossing of many dyes owingdifferent excitation intensities in methanol, ethanol, propanol,
to the so-called heavy-atom efféétand addition of potassium  and ethylene glycol and were subsequently fitted globally. From
iodide has previously been observed to generate a dramaticthe obtained photophysical parameters (Table 1), one can
increase of the population of the triplet states of rhodamine 6G observe that the isomerization parameters differ significantly
observed in FCS measuremefftslo investigate the identity ~ from one solvent to another. To identify the major solvent
of the second low-amplitude exponential process, which showedparameters determining the isomerization kinetics, sucrose and
photodynamic features identical to those of triplet-state forma- sodium chloride were added separately to an aqueous solution
tion, potassium iodide was added in 100 and 200 mM of Cy5 to change the viscosity and polarity of the solvent,
concentrations to an aqueous solution of Cy5. FCS curves wererespectively. While addition of sucrose significantly slowed the
recorded under different excitation intensities and subsequentlyisomerization kinetics and the diffusion time (Figure 6), no effect
fitted globally, as described above (Figure 5). From the was observed by addition of 0.5 M sodium chloride. This
individual FCS curves an evident increase in the amplitude of suggests that the observed differences in the isomerization
the second exponential could be observed with increasing parameters between the solvents can mainly be attributed to
concentrations of potassium iodide. The resulting parametersdifferent viscosities rather than to differences in polarity. This

correlation time (ms)
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TABLE 1: Photophysical Parameters of Cy5 under Various Conditions Obtained from Global Analysis of FCS Curves
Measured under Different Excitation Intensities?

viscosity  Adexe 0 (107%cm?)  omiso (107%cn?) kiso(10°sY)  ksc(10°sY)  kr (A0°sTY)
probe solvent (cP) (nm) +30% +30% +30% +50% +50%
Cy5 water 1.0 632 4.3 0.13 25 11 0.5
Cy5 water+ sucrose 30% 3.2 632 4.5 0.087 14 1.1 0.3
Cy5 water+ sucrose 40% 6.2 632 4.7 0.059 8.0 0.6 0.24
Cy5 water+ 0.5 M NaCl 632 4.6 0.13 26 1.1 0.3
Cy5 EtOH 1.2 632 3.6 0.13 30.5 3.8 0.74
Cy5 MeOH 0.6 632 3.2 0.14 51 6.0 3.2
Cy5 ethylene glycol 19.9 632 4.4 0.042 55 0.5 0.1
Cy5 ProH 2.3 632 4.1 0.092 16 1.8 0.3
Cy5—dUTP  water 1.0 632 4.3 0.082 12.4 0.85 0.3
Cy5—dCTP  water 1.0 632 3.6 0.093 11.6 0.75 0.47
Cy5—DNA  water 1.0 632 4.1 0.041 5.7 0.43 0.11
Cy5—-1gG water 1.0 632 4.3 (fixed) 0.043 15 0.4 0.16
Cy5 water 1.0 647 8.1 0.17 21 0.83 0.50
Cy5 water+ 100 mM KI 647 8.5 0.15 21 5.5 0.49
Cy5 water+ 200 mM KiI 647 8.4 0.17 23 8.6 0.42
Cy5 water 1.0 515 0.085 0.0026 19 1.0 (fixed) 0.5 (fixed)
Cy3 water 1.0 515 1.3 0.095 69 1.0 (fixed) 0.5 (fixed)

3¢ is the excitation cross section §fl, andoeiso = orkaiso/ke10is the effective excitation cross section for back-isomerization fiBmwhere
Kaiso is the back-isomerization rate frofﬁ, given by eq 12p10is the deactivation rate éP to(l)P, andop is the excitation cross section &‘Ff kiso
is the isomerization rate froriN, given by eq 11kisc is the rate of intersystem crossing frcim to fN, andks is the triplet-state deactivation rate
from 3N to ¢N.
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Figure 6. Effect of addition of sucrose on the isomerization properties o e
of Cy5 in aqueous solution. At sucrose concentrations of 0, 30, and 40 1E-5 1E-4 1E-8 0.01 0.1 1 10 100

wt %, corresponding to viscosities of 1, 3.2, and 6.2 Cp, the correlation time (ms)
isomerization relaxation times of the FCS curves were strongly
increased and the amplitudes of the process were reduced (inset). Th
isomerization relaxation times scaled well with the viscosityand

the decay time of the correlation curves due to translational diffusion

7p (inset).

Figure 7. Temperature dependence of the isomerization kinetics of
‘tyS in aqueous solution. By variation of the temperature from 11 to
55 °C a similar dependence of temperature was found as that for
' viscosity shown in Figure 6. The changes in the isomerization kinetics,
with higher amplitudes and shorter relaxation times of the isomerization
process with higher temperatures (inset), can largely be attributed to

is well in agreement with earlier findings that, for most cyanine changes in viscosity induced by the temperature changes.

dyes at room temperature in alcoholic or aqueous solutions,
viscosity is the dominating solvent property affecting the to some extent polarities of these solvents, but owing to the
isomerization kinetic®-3848.50and that only very small effects  low buildup of triplet-state molecules in some of the solvents,
from changes of the polarity of the solvent are to be ex- the relative errors of the determined triplet-state parameters are
pected®® The lack of complete correlation between the comparatively large (see Table 1).
isomerization rates and the viscosities merely reflects the Temperature. With increasing temperatures an increase in
complexity of the viscosity dependence and that other param- isomerization relaxation rates can be observed. The relative
eters, such as the molecular weight of the solvent moleétfds,  amplitudes of the isomerization process also increase, indicating
also have an impact on the isomerization rates. With increasedthat kiso increases more thaseiso (Figure 7). The relaxation
viscosities, a decrease in the amplitudes of the isomerizationtimes of the isomerization processso = 1/(kiso + Kgiso), as
relaxation process could be noted (Figure 6). This indicates thatwell as the relaxation times of translational diffusiep, scale
the rate of isomerization is more strongly reduced than that of with the viscosity of the aqueous solution at the temperature at
the back-isomerization. For the alcohols, a somewhat lower which the measurements were performed (inset, Figure 7). The
excitation cross section was observed (Table 1), which is dependence on temperature is similar to the viscosity depen-
consistent with a red-shift of the excitation spectrum found for dence (inset, Figure 6), and it is therefore likely that a major
the Cy5 dye in alcohol solutiorfs. part of the changes observed at different temperatures are solely
The differences in the singletriplet transition rates are likely ~ due to changes in the viscosity of the solvent. The detected
to reflect the different viscosities and oxygen solubilities, and fluorescence emission rate per dye molecule, given by eq 27
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2] (Figure 8). From the global analysis of the correlation curves
S B —¢y5 the quantum yield of photoisomerization was estimated to be
---- Cy5-DNA about 104, a decrease by a factor of 20 compared to that of
------- the free dye. The effective yield of back-isomerization, on the
other hand, was only decreased by a factor-e#f3However,

it should be kept in mind that the detected fluorescence rate
per molecule, as given by eq 27 below, was found to be more
than twice as high as that of free Cy5 dyes under similar
experimental conditions. Therefore, double or even multiple
labeling of fluorophores to each 1gG molecule cannot be
excluded. The fluctuations in fluorescence originating from each
of the dyes, either due to singietriplet-state transitions or
T T T T trans-cis isomerizations, are independent from one dye mol-

T Ty T
1E-5 1E-4 1E-3 0.01 0.1 1 10 100 .
correlation time (ms) ecule to another. In a multiply labeled macromolecule the rela-

Figure 8. Effects of side groups on the isomerization properties of tive amplitude of the fluctuations due to photophysical phe-
Cy5. Correlation curves of Cy5, CyDNA (M13, double-stranded, nomena_l will t_here_fore decrease Compared_ to those dug to
24 base pairs), and Cy83gG in aqueous solution (excitation intensity translatlonal diffusion. In general, fc_>r a solution of freely dif-
40 kwicn? at 633 nm). The addition of the DNA strand to the linker ~fusing macromolecules, wheén(k) is the mean number of
arm attached to one of the head groups of the dye leads to lower molecules in the detection volume havikgye labels attached
amplitudes and slower relaxation rates for the isomerization, as observedto it, the autocorrelation function, as given by eq 24, will change
from the FCS curves. For CydgG the amplitude was very strongly  jnto

reduced, which to some extent is due to multiple labeling of the IgG

molecules (see text for further discussion). In the time range of 100 G(7) =

ns, an additional relaxation process could be observed (*), which is

fully compatible with rotational diffusion. 1 1 vz

;Nm(k)kz
= 1+ 4Dt/w?[\1 + 4Dt/w,?
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1+ EGfast(T)

below, increased by approximately 50% when the temperature
was decreased from 52 to 2C. -
From our data no distinct separation of the effects due to N _(K)k)?
2 o (Ni(K)K)
temperature or viscosity can be made. Nonetheless, the observed &
data are in agreement with earlier reports showing that lower +1 (25)
temperatures lead to lower rates of isomerization and higher _ _ _
yields of fluorescenc@-3748The lowering of the population of ~ Where Gas(7) is the autocorrelation function for the photo-
isomerized dyes with decreasing temperattfrdsas been physically generated fluorescence fluctuations within one dye,
attributed to the absence of an activation barrier for back- as given by eq 21. Here it is assumed that all labels have the
isomerization between th and thePerp stateé+60 same fluorescence brightness, independent of the number of
Effects of Side Groups.The introduction of bulky substit- labels per macromolecule as well as of their labeling sites. While
uents on the head groups of a cyanine dye is known to generallym”|t!ple Iabellmg of the 19G molgcules will lead to decreased
increase the viscous drag, thereby retarding the conformationalf€lative amplitudes of the relaxation processes related to-trans
reorganizations within the molecule and reducing the rates for ¢S isomerization and singletriplet interactions, the relaxation
photoinduced isomerization and back-isomerizafi&h We

times of each of the processes will be unaffected. This means

investigated how the addition of a nucleotide (dUTP and dcTp) that if multiple labeling is not taken into account the rates of
or a double-stranded DNA, 24 base pairs long, onto the linker trans-cis isomerization and intersystem crossing will be
arm of one of the head groups of the Cy5 influenced the underestimated relative to those of-etsans back-isomerization
fluorescence fluctuations seen via FCS. Also, Cy5-labeled @Nd triplet-state decay, respectively.

immunoglobulin molecules were investigated, where the Cys From eq 24 it follows that the rate of detected photons per

molecules were linked to the immunoglobulins via linker chains Molecule in their singlet trans statdg('N), can be obtained
on both their head groups (bisfunctional dye). by multiplying the amplitude of the measured AC curves with

As expected, it was found from the FCS curves and the the total rate of detected photons.
subsequent global analysis that both the rate of photoinduced, 15y _ —
isomerization and that of back-isomerization were retarded by ka(‘N) = [rate of detected photorfS{0) =
substitution of a side group. The effect was more pronounced [rate of detected PhOtOﬂS(]26)
for the DNA-substituted dye than for the dyes substituted with leN
either dCTP or dUTP (Table 1). The rates of intersystem
crossing and triplet-state decay were noticeably reduced for thek,(IN) was found to increase by approximately 20% by
DNA-substituted dye. Collisional quenching of the triplet state substitution of a nucleotide and by approximately 50% by the
by oxygen molecules in an air-saturated solution is for most substitution of the double-stranded DNA to the Cy5 dye. A
dyes the main deactivation pathway of their triplet states, and significant increase of(ﬂ(lN) could also be measured in a
collision by oxygen also enhances the rate of intersystem aqueous solution of Cy5 at decreased temperatures, with a 50%
crossing. The lowered rates may therefore reflect that the dyeenhancement df;(*N) at 11°C compared to that at 52, as
is shielded by the DNA strand from the oxygen molecules of mentioned above. However, no significant Changd(foN)
the aqueous solution. could be observed as a consequence of viscosity when sucrose

The contribution of isomerization seen in the correlation was added to the aqueous solution of Cy5.
curves for the Cy5-labeled IgG molecules was considerably ki (*N) should be independent of the isomerization properties
lower than for all the other samples investigated in this study of the Cy5 dye. On the other hand, the rate of detected photons
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per molecule, irrespective of whether it is in its trans conforma- therefore supports the view that transs isomerization takes
tion or in its singlet or triplet electronic states, is given by eqs place exclusively from the excited singlet state, without any

3 and 24: involvement of the lowest triplet state.
In this investigation, an average excitation intensity is used
ky = [rate of detected photor8},(0) = to calculate the photophysical rate parameters. This simplifica-
[rate of detected photons]2 tion may in the general case introduce systematic errors. The
N (27) nonuniformity of the laser excitation within the volume of

m detection leads to a distribution of relaxation rates for the

As mentioned above, for Cy5 the fraction of isomerized isomerization, which cannot be successfully fitted to a monoex-

molecules decreases as a consequence of substitution of a sigonential function and may also lead to over-representation of
group as well as with decreasing temperatures and viscosities e fluorescence from the peripheral parts of the detection
Therefore, the overall rate of fluorescence emission per mol- Volume. These effects have been discussed in detail for the case
ecule,ky, will for all these cases increase. It is worthwhile to  Of triplet-state monitoring by FCS, where a more rigorous.
point out that with a fraction of isomerized dyes close to 50%, {reatment is given for how to take the fluorescence intensity
which is generated also under relatively low CW excitation distribution within the sample volume into consideration. In this

conditions, the Cy5 dye emits photons only to 50% of its investigation, a narrow pinhole was used, whose projection in

The correlation curves of the Cy5-labeled immunoglobulins the excitation Ia_ser beam. _This minir_niz_es the errors _introduced
revealed an additional exponential in the 100 ns time range, Py the assumption of a uniform excitation. By variation of the
which could not be observed for the other investigated samples.Size of the pinhole one can note that for narrow pinholes, the
This relaxation process did not change significantly with the relaxation process in the AC curves due to isomerization can
excitation intensity and is well compatible with rotational be successfully fitted to a monoexponential process. For larger
diffusion of the Cy5-labeled IgG molecules. The presence of a Pinholes, on the other hand, where the projected pinhole is about
contribution due to rotational diffusion in the correlation curves 50% bigger than the size of the laser beam in the focal plane,
indicates that the dye has a restricted mobility in relation to the the nonuniformity of the laser excitation within the volume of
lgG molecule. This is well in line with the fact that the dye detection becomes evident and a distribution of relaxation rates
used for labeling was a bisfunctional dye with two linking chains for the isomerization can be seen in the AC curves. In the
at each of its headgroupsThe two labeling sites of the dye absence of a pinhole the average relaxation times of isomer-
restrict both the ability of the dye to undergo conformational ization, as measured in the FCS curves, were increased by
changes within the dye molecule, thereby reducing the yields approximately 25%. This reflects the additional collection of
of isomerization and back-isomerization, as well as the possible fluorescence from peripheral regions of the laser beam, where
movement and wobbling with respect to the labeled macromol- the excitation intensity is lower. The collection of fluorescence
ecule, so that the rotation of the dye represents the rotationalfrom these regions is blocked by a narrow pinhole. The overall
mobility of the whole molecule. relative amplitude of the isomerization process was not signifi-

Length of the Polymethine Chain.The cyanine dye Cy3in  cantly influenced by the pinhole size at excitation intensities
aqueous solution, containing three carbons in the conjugatedbelow the level of saturation.
chain between the head groups instead of the five carbons of In our model we have assumed the fluorescence capacity of
the Cy5 molecules, was excited at 515 nm with an argon-ion the cis isomer to be negligible. For the case that the cis isomer
laser. The correlation curves showed the same behavior as thosevould have a significant fluorescence quantum yield, this
seen for Cy5 in water (data not shown). However, after global assumption would lead to an underestimation of the fraction of
analysis of a set of correlation curves, approximately 3-fold dye molecules that are in their cis forms under photostationary
higher isomerization and back-isomerization yields were found, conditions. However, the measured relative amplitudes of the
in comparison to those of Cy5 (See Table 1. For an estimation isomerization relaxation process in the FCS curves (about 0.5
of the difference in back-isomerization yields, the ratigso/o for most conditions presented) indicate high relative fluctuations
should be compared.) This is well in line with previous inves- in fluorescence due to isomerization. A considerable contrast
tigations, which state that photoinduced isomerization in general in the fluorescence capacity between the trans and the cis states
is increased with a shorter length of the conjugated hydrocarbonof the dyes is required to generate relative fluctuations of this

chain linking the two head groups of the cyanine &e. magnitude, and a fluorescence capacity of the cis conformation
. that exceeds 20% of that of the trans form is not compatible
5. Concluding Remarks with an isomerization amplitude of 0.5. For a fluorescence

Under photostationary conditions, FCS measurements notcapacity of the cis form that is below 5% of that of the trans,
only reveal the population of the different photoinduced states Neglecting the cis fluorescence will lead to an underestimation
but also provide time-resolved information about the states in Of the effective isomerization rate of less than 10%, and a
the nanosecond to millisecond time scale. The investigations corresponding overestimation of the back-isomerization rate.
made in this study on Cy5 under various conditions indicate (See ref 86 for a general discussion on the influence of quantum
that the observed photophysical fluctuations in detected fluo- Yields on the monitoring of kinetic processes by FCS.)
rescence, as characteristically represented in the FCS curves, It is worthwhile to point out that owing to the low rates of
can be attributed to transis isomerization and transitions thermal relaxation of the photoinduced cis stég, a photo-
between the singlet and triplet states of the dye. The applied stationary equilibrium is established between the isomeric forms
kinetic model, with the mentioned simplifications, seems to be already at very modest excitation intensities, and approximately
applicable to the experimental data. Upon addition of potassium 50% of the Cy5 dye molecules will then be in their nonfluo-
iodide the rate of intersystem crossing was increased, while norescent or at least weakly fluorescent cis states. Cy5 has been
significant effects on the isomerization kinetics could be frequently used in the last years in different applications re-
observed. With an independent experimental approach our studygarding fluorescence microscopy and single-molecule detection
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by fluorescence. Although the photophysical properties of the of the biological macromolecule to which it is attached. Linking
dye are of considerable importance for its performance in theseboth ends of the fluorescent probe to the macromolecule, as
applications, they are to a large extent unknown. Here we presentfor the bisreactive Cy5 dye labeled to the IgG molecule
data about triplet-state transitions and traois isomerization investigated here, seems to limit the independent movement of
of the Cy5 dye that have not been previously reported. Our datathe label, thereby fulfilling the above requirement. The pos-
indicate that at photostationary equilibrium the fluorophores lose sibility to measure rotational diffusion with F€%has recently
about half of their fluorescence capacity owing to population been shown for different mutants of the green fluorescent
of the photoisomerized cis state. This is of relevance for the protein/® where the fluorescently active part of the protein is
performance of the dye in all applications of fluorescence spec- immobile with respect to the whole protein. The advantage with
troscopy where a high sensitivity is required, such as in single- FCS is that there is no principal limitation set by the fluorescence
molecule detection experiments. Under the excitation conditions lifetime for how slow rotations that can be measured, as is the
used in this study, the deactivation of the cis isomer back to case in fluorescence anisotropy measurements.

the trans form almost completely takes place via excitation of  |n the same stud§ it was shown that global analysis in
the cis state. However, under lower excitation intensities thermal combination with FCS can be used as a strategy to increase the
deactivation can be the dominating deactivation channel, leadingprecision in the analysis of correlation curves containing several
to a different steady-state equilibrium between the isomeric dynamic processes, with relaxation times that cannot be suf-
forms of the Cy5 molecules. In general, if the population of ficiently resolved when the correlation curves are analyzed
nonfluorescent cis isomers is not considered, the measured fluindividually. This strategy has also been applied in this study.
orescence quantum yield of a cyanine dye can be strongly under- | g independent FCS investigations, different mutants of
estimated. It can also depend on the excitation intensity appliediq green fluorescent protein (GFP) have revealed fluctuations
during the measurement, since the fraction of dyes that are inj, fiyorescence showing a similar dependence on excitation
the nonfluorescent cis state may change. For the same reasonnensity as that found for the transis isomerization of Cys5.
differences in the detected fluorescence upon conjugation of yo\ever the underlying process of these fluorescence fluctua-
Cy5 dyes to proteins and DNA molecules attributed to changed tjons has still not been fully identifiet:77In general, it should
fluorescence quantum yields can to some extent also be a consepe mentioned that FCS offers information obtained from the
quence of a change in the photostationary equilibria betweenfjygrescence fluctuations, and their time dependencies yield
the isomers. For FRET measurements, where Cy5 is frequentlygynamic parameters but do not provide an absolute identification
used as an acceptor dye, the fraction of the Cy5 molecules inof the underlying processes. Although the FCS data would be
their cis states would still work as acceptor dye molecules, owing compatible with the hypothesized processes, further investiga-
to the close overlap of the absorption spectra of the trans andijons following the response of the dynamic parameters to
cis isomers. The FRET efficiency to the cis state can in fact yarious environmental conditions are often necessary, as was
even be expected to be higher than that to the trans state, Sinc@one in this study. Alternatively, complementary approaches,
the excitation cross section in the blue region is higher than gych as single-molecule detection experiments with a higher
that of the trans state. However, practically no fluorescence time resolution, including also spectral and time-resolved data

should be generated following energy transfer to the cis state can pe used to further verify the interpretation inferred from
of Cy5. Generation of cis state fluorophores can thus contribute the FCS measurements.

to the absence of acceptor dye fluorescence, which was recently
reported in SMD FRET measurements using Cy5 as an accepto
probed” Alternatively, the resulting lower acceptor dye fluo-
rescence would lead to an overestimation of the distance
between the donetracceptor dye pair. In general, when cyanine
dyes are used to follow dynamics of single molecules, for
instance, intramolecular dynamics observed via FRET, fluctua-
tions in fluorescence induced by transitions between the trans

and cis states of the dyes should be kept in mind so that theycomplicated sequence of operations is required, and the instru-

are not misinterpreted as dynamics of the Iapeled mOIG_CL“.eS'mentation necessary is generally more complicated than that
For some FCS curves recorded at the highest excitation ysed in FCS. In addition, for many cyanine dyes the excitation
intensities in aqueous Solution and in the diﬁerent alCOhOIS, the and emission Spectra Of the different isomers tend to Overiap,
isomerization relaxation process was better fitted to a two- making it difficult to separate them by transient absorption
exponential function. From the present data it cannot be reSOIVedmeasurements_ The concentration of dyes necessary for FCS
whether this indicates the presence of additional isomerized studies is low enough to exclude any influence of dye self-
states, if it is due to a somewhat nonuniform excitation within aggregation or energy transfer' which has been shown to occur
the sample volume element generating a distribution of expo- at concentrations above the micromolar range for cyanine‘dyes.
nential decays, if it reflects a close overlap between the The |ow concentrations used in combination with the small
relaxation times of the Slngletrlplet transitions and the Sampie volume element also Strongiy reduce the amount of
isomerizations within the dye (see Figure 3), or if it simply material necessary for the investigations. The FCS technique is
follows from the fact that an experimental curve in general can especia"y well adapted to investigate low quantum yieid proc-
be fitted better the more parameters are introduced. We noteesses@ < 10-3), which cannot so easily be characterized from
that for some cyanine dyes, evidence has been reported for thehe very small effects on fluorescence lifetimes and the small
formation of more than one isom&?4° The question of  transient absorptions that they may genef@®%=CS covers a
whether additional isomers are formed for Cy5 under high very broad time interval over which dynamic processes can be
excitation conditions merits further investigations. monitored, in contrast to many traditional fluorescence tech-
In rotational mobility studies it is sometimes desirable that niques that are restricted to a few orders of magnitude. Finally,
the rotation of the fluorophore represents the rotational mobility the photophysical processes investigated here tend to be

Nonetheless, the present study demonstrates that FCS is a
useful approach to study isomerization processes between trans
and cis forms of cyanine dyes and that FCS offers an attractive
complementary or alternative technique to other spectroscopic
techniques, such as fluorescence decay measurements and tran-
sient absorption spectroscopy, to study photophysical processes
in general. In particular, to obtain information about photoin-
duced cis-trans back-isomerizations of cyanine dyes, a rather
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environment sensitive and depend on the identity of the Iabeled261
a26L.

molecule and the mode of labeling. Since FCS is based on

confocal fluorescence microscope, these processes can be usegh

to locally probe a wide range of different microenvironments.
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