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Abstract

A cascade of photochemical reactions between the triplet sensitizer Erythrosin B and the photochrome stilbene-derivative probe
exhibiting the phenomenon of cis—trans photoisomerization has been investigated. The cascade triplet cis—trans photoisomerization of the
excited stilbene chromophore is sensitized with the excited triplet Erythrosin B and depressed with nitroxide radicals quenching the excited
triplet state of sensitizer. The rate of the cascade photoisomerization is sensitive to the molecular dynamics of media and radicals’
concentration. The proposed method allows to measure the product of quenching rate constant and the sensitizer’s triplet lifetime kq X 7pp.
Calibration of the ‘triple’ system permits the quantitative detection of the nitroxide radicals in the vicinity of the stilbene-derivative
photochrome and sensitizing triplet probes. The experiment is carried out with the constant-illumination fluorescence technique. Sensitivity
of the method is close to 102 mole of fluorescence molecules per sample and the minimal local concentration of nitroxide radicals being
detected is about 107> M. This method allows to investigate any chemical, biological objects and surface processes of microscopic scale
when the minimal volume is about 107> pl. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

For the past two decades, the physical labeling methods
have been extensively developed and applied to solve many
structural and molecular dynamics problems. Recently, spin,
fluorescent and phosphorescent labeling methods are widely
used in biophysics, biochemistry and polymer science. The
increasingly prominent role of the physical labels in biology,
medicine and technology has been reflected in a number of
monographs and reviews [1-6]. The annually growing
number of publications indicates an incessant interest to
the physical labeling methods, in particular, to triplet,
photochrome and triplet—photochrome labels and probes,
which allow to measure the rotational and translational
diffusion of the probes and, consequently, the molecular
dynamics of object under investigation, when the traditional
spin and fluorescent labeling techniques are not available for
some reasons [7—15]. Recently different radicals, which are
the active intermediates in many chemical and biological
reactions, are detected by spin-trapping method with the

*Corresponding author. E-mail: vladp@bgumail.bgu.ac.il

electron spin-resonance technique (ESR). It allows to detect
about 10~ '° mole of free radicals in aqueous solution per
sample when the sample volume is 0.1 ml. It means the ESR
sensitivity is limited to 10~° M. Frequently, this sensitivity
is not enough for investigation of the small heterogeneous
systems, like a single lyposome and cell or radicals on a
surface. Radicals can also be detected indirectly by their
quenching effects on the excited triplet states of the chro-
mophores, following the phosphorescence decay kinetics
[3,16]. This method is more sensitive than the regular ESR
technique. It permits to detect up to 10~'% mole of radicals
per sample and makes it possible to follow the local con-
centration of radicals up to 10> M during their free diffu-
sion through the sample. However, this method requires an
expensive experimental set-up and cannot be readily
adopted to the field measurements.

Molecular dynamics of biological objects, like biomem-
branes, may be studied by monitoring the encounters
between paramagnetic particles, fluorescent or phosphores-
cent chromophores and quenchers, like stable nitroxide
radicals [3,5,11,16]. However, the efficiency of those meth-
ods is limited to the sensitivity mentioned above of ESR
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spectroscopy and luminescent techniques. Due to a short
life-time of the chromophores excited singlet state, which is
about 107 s, only the low viscous solutions are available for
investigation of their molecular dynamics with the fluores-
cence technique. It means the concentration of quencher
should be at least 5—10 mM. To overcome this limitation, we
propose a new labeling method which combines the three
types of probes, such as a stable nitroxide-radical probe,
photosensitizing chromophore in the exited triplet state
(triplet probe) and a stilbene-derivative photochrome probe.
Such a combination keeps some facilities of probes men-
tioned above and has an essential advantage in study of
molecular dynamics and measurements of the local con-
centration of radicals.

The proposed method is based on labeling the investigated
object with the three types of physical probes:

1. the stilbene derivative photochrome probe which is
fluorescent only in its trans-form (A),

2. the triplet probe which has the high quantum yield of the
triplet excited state and can be used as a sensitizer (E),

3. the nitroxide-radical spin probe (R).

This method employs the three well-known physical
processes:

1. trans—cis and cis—trans photoisomerization of the
excited molecule,

2. triplettriplet energy transfer,

3. quenching of the excited triplet state by a nitroxide
radical.

The widely accepted model for light-induced reversible
isomerization of frans-stilbene [17-20] proceeds from the
lowest exited singlet state through 't* the twisted singlet
intermediate 'p*:

' =lp =l p— (1-B) e+ Bt

or, alternatively, by the intersystem crossing pathway via the
biradical twisted triplet state 3p*:

't 3¢ =P p =l p— (1—a)c+alt

Here, 3t* and 3p* are the trans and twisted configurations
(perpendicular with respect to the C=C double bond),
respectively, of the lowest triplet, 'p is the twisted ground
state, (1 — «) is the fraction of triplet decay into the cis-form
and (1 — () is the fraction of perpendicular singlet config-
uration decaying into the cis-form.

The triplet state can be populated not only due to the
intersystem crossing of the excited singlet and triplet states
of the stilbene molecule, but also by the triplet—triplet energy
transfer from the excited triplet donor molecule, like ery-
throsin, which sensitizes the triplet excitation of the stilbene
molecule. Following it the cis—trans photoisomerization
occurs through the triplet excited potential surface. Pre-
viously, this phenomenon was investigated by Saltiel and his
coworkers [21-23]. They determined a triplet lifetime of

trans-stilbene in solution at room temperature with naphtha-
lene-sensitized photoisomerization which have been per-
formed in the presence of the ferrocene quencher. On
increasing the quencher concentration, the position of the
stationary state was shifted to the trans-side and the rate of
photoisomerization was reduced owing to the absorption by
ferrocene at A\, = 254 nm.

Gorner and his coworkers investigated the sensitized cis—
trans photoisomerization which have been performed for
substituted stilbenes. The cis/trans ratio at sensitization with
different sensitizers in the photostationary state was plotted
as a function of their triplet energy Er. From this plot the
fraction o = 0.42 of triplet which decays to the trans-ground
state 't was derived. It was found that the plots of the trans/
cis ratio are linearly dependent on the concentration of
quencher. Obtaining the values for slope/intercept ratio
and substituting the previously derived a-value, a triplet
lifetime of the stilbene derivatives in different solvents at
room temperature was calculated [24-26].

A similar approach has been used to study encounters in a
model system containing the erythrosin sensitizer and the
stilbene photochrome label [11]. Both types of molecules
were covalently bound to the chymotrypsin macromolecule.
The isomerization kinetics was monitored by fluorescence
decay of the trans-stilbene photochrome molecule. At room
temperature and pH 7, the rate constants of the triplet—triplet
energy transfer between the sensitizer and the photochrome
molecule were found to be ky=2x 10'M 's™' and
kg =10"M ' s~ ' It should be emphasized that the con-
centration of the triplet sensitizer did not exceed 107’ M in
those experiments, and the collision frequency was close to
1 s~" which is several orders of magnitude less than that
measured with the regular luminescence or ESR techniques.

The free radicals are capable to quench very efficiently
the triplet states of the excited molecules. It means the cis—
trans isomerization of the stilbene label through the excited
triplet state is affected by the presence of free nitroxide
radicals. This effect can be used to estimate quantitatively
the concentration of the nitroxide radicals in any investi-
gated system.

The proposed method makes it possible to study the
molecular dynamics of many heterogeneous systems like
biomembranes, cells, Lambert—Blouget films, polymers and
surfaces. The quantitative detection of the nitroxide radicals
in the vicinity of the photochrome and triplet probes is
carried out with the regular constant-illumination fluores-
cence technique which has been proved to be very sensitive,
relatively simple and commonly available. All together, it
permits the sensitivity of the method up to 10~'% mole per
sample with the use of the commercial spectrofluorimeter.
That means the local concentration of radicals which could
be detected is up to 10~ M when the investigated object has
the volume at least 10> ul. Using the single-photon count-
ing technique can improve the sensitivity of the fluorescence
technique and reduce the minimal size of the investigated
object.
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2. Materials and methods

4-Acetamido-4'-isothiocyanatostilbene-2,2’-disulfonic
acid (SITS), Erythrosin B and 4-Hydroxy-2,2,6,6-tetra-
methylpiperidine-N-oxyl (4-hydroxy-TEMPO) were pur-
chased from Sigma Israel Chemicals. All the measure-
ments were performed in 0.1 M phosphate buffer solution
(pH 7.1) at 25°C. Concentrations of Erythrosin B and SITS
in their phosphate buffer solutions were 7.5 x 10~/ and
3 x 107° M, respectively. The trans-SITS was preliminary
transformed into its cis-form being irradiated with the
Hg-lamp at the absorption maximum of the frans-isomer
with A.x =366 nm. Erythrosin B was excited near its
absorption maximum at \;; = 546 nm. Fluorescence emis-
sion of the trans-SITS was recorded at A.,, = 428 nm with
an SLM-4800 Aminco-Bowman spectrofluorimeter after
excitation near its absorption maximum at A\.x = 366 nm
using typically a 16 nm slit-width for excitation and
emission. All the sample solutions were degassed with
nitrogen before measurements.

3. Results and discussion

The triplet state of the erythrosin sensitizer populated with
the long-wave irradiation is energetically much more lower
than the singlet state excitation of the photochrome stilbene-
derivative molecule. The encounters between the stilbene
photochrome and the excited triplet erythrosin lead to a
triplet—triplet energy transfer from the erythrosin excited
molecule to the stilbene probe. Thus, the sensitizer and the
photochrome involve the cascade which results in a cis—
trans photo-isomerization of the stilbene molecule:

where A and B are the cis- and frans-stilbene isomers,
respectively.

Since the photoisomerization rate in a low-viscous aqu-
eous media is much more higher than the triplet state
deactivation rate, kg, » (TT)il, the processes of AT S A
and BT — B can be ignored and not considered here. The
values of k} and kj, can be obtained from the measurement
of the experimental rate constant with the method of laser
flash photolysis [27,28].

The quenching process can be described by an additional
step in the reaction scheme discussed above:

k
R+E"2R+E

The quenching of the excited triplet stilbene will be not
considered here, since its triplet lifetime is essentially less
than the lifetime of the excited triplet erythrosin molecule
[11,29].

The triplet lifetime of Erythrosin B was measured to be
751 s [29]. The reciprocal value (Tph)_l, which is the
phosphorescent decay rate constant, is much higher than
the collision frequencies kx [A] and kj, [B] which are about
10 s~" under conditions of our experiment.

Solving the kinetics equation based on the total cascade
reaction given above with the consequent quenching by
radicals at the steady-state conditions and taking into
account all the approximations, we obtain:

ol |E
ET] = ﬁ "
[AT] = :’T* [AJ[ET] @
Trans-isomer appears in the solution with the rate:
% = kB [BJ[ET] + kiw[AT] = (KL[A] - KL B)ET] ()
when
[A] = [Co) — [B]
% = KA[CO][E"] — (K} + kg)[B][E"] = —kexp[B] + const

“)

where the experimental rate constant kex, = (ki + kg ) [E'].

In the cascade scheme above, the concentration of the
trans-stilbene [B] excited at ., = 366 nm approaches the
photostationary level exponentially with an increase of
fluorescence at A, =428 nm. The sensitized cis—trans
photoisomerization of the cis-stilbene derivative is observed
since the resulting fluorescence of the trans-stilbene appear-
ing in solution increases with irradiation time at 546 nm.
The experimental rate constant k.y,, is a slope of the follow-
ing first-order kinetic equation:

dr;
dr
Thus, ke, can be calculated by plotting df/d¢ against I,
where [, is the momentary intensity of the trans-isomer
fluorescence and ¢ is the time of light exposure at the
absorption maximum of the erythrosin sensitizer
(\irr = 546 nm). The constant value of Io[ET] can be calcu-
lated as an intercept of the linear plot d//dt against I,, where
Iy is the initial intensity of fluorescence due to presence of
some unconverted frans-stilbene in the sample at the start of
reaction.

= —kexpl; + const )



82

The experimental rate constant of the entire investigated
process follows as:

(kA + k§)oles[E]
kq[R] + (75n) "

The reciprocal value of the experimental rate constant is
dependent linearly on the radical concentration [R]:

exp

6)

1
— =a+ b[R] 7
kéxp
where
1 k
and ! [E]

= b =
T Ol (RE + KD [El oI (KL 1K)

The quenching rate constant k4 can be calculated from the
slope to intercept ratio, bla = kq X Tpp,

kq = g (Tph)_l ®)
Thus, measuring the fluorescence intensity of the excited
stilbene molecule as a time-function of erythrosin excitation
in the investigated ‘triple’ system (erythrosin—stilbene—nitr-
oxide radical), we can calculate the quenching rate constant
kg, if Tpy is known, and determine the radical concentration
in vicinity of the probes with the use of an appropriate
calibration.

After the erythrosin and cis-SITS solutions were mixed,
the sample was irradiated at 546 nm where only the ery-
throsin could be excited. Neither cis- nor trans-SITS are
excited with this wavelength light. Nevertheless, the
increase of fluorescence was observed in the sample due
to the isomerization of the cis-SITS into its trans-form
which was sensitized by erythrosin itself. Following the
fluorescence intensity rise gradually with increasing irradia-
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tion time, the experimental rate constant k., was calculated
as a slope of the plot dI/dt versus [, Introducing the
nitroxide radicals, which quench the excited state of ery-
throsin molecule, the fluorescence increase was depressed
and the rate constant value k.., was reduced.

Fig. 1 shows the experimental fluorescence intensity of
the trans-stilbene molecule versus irradiation time at
546 nm for different radical concentrations. The fluores-
cence intensity increases not from zero due to the trans—cis
equilibrium attained by preliminary irradiation at 366 nm.
Fig. 2 shows the plots in the derivative forms d/,/d¢ against
fluorescence intensity, which are linear according to Eq. (5).
Increase of the radical concentration diminishes the rate of
the trans-SITS formation in the sensitized cis—trans isomer-
ization process, and as a result, the fluorescence increase
slows down. This phenomenon differs from the regular
fluorescence quenching processes which occur through
the exchange mechanism when radicals in concentration
less than 10~ M could not be detected [5]. This statement is
supported with the Stern—Volmer plot for quenching of the
trans-SITS fluorescence with nitroxide radicals shown in
Fig. 3. The following Stern—Volmer equation describes the
collisional quenching of fluorescence:

Iy

7= 1 +ko7[Q] = 1+ Kp[Q]

where [Q] is the concentration of quencher, I, and I are the
fluorescence intensities in the absence and presence of
quencher, respectively, ky is the bimolecular quenching
constant, 7y is the lifetime of the fluorophore in the absence
of quencher, and Kp, is the Stern—Volmer quenching constant
which is calculated from a plot I/l versus [Q].

The Stern—Volmer constant is found as a slope of the plot
to be Kp = (44.7 + 4.6) M~ ". The nitroxide-radical quench-
ing effect on the trans-SITS fluorescence in the absence of
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Fig. 1. Experimental fluorescence intensity of the excited trans-SITS against the sample irradiation time at 546 nm for different 4-hydroxy-TEMPO
concentrations. Trans-SITS was excited at A\.x = 366 nm, and the fluorescence intensity was measured at A\., = 428 nm.
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Fig. 2. Trans-SITS fluorescence increase rate dI/dt¢ against fluorescence
intensity for different quencher concentrations: (a) [R] =0; 0.8 x 1073
2.1 x107%; 42x107°M, (b) [R]=4.2x107°, 8.46 x 107,
1.03 x 107% 1.60 x 107* M.
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Fig. 3. Stern—Volmer plot for quenching of the trans-SITS fluorescence
with nitroxide radicals.

sensitizer is observed even only with the direct excitation at
Aex = 366 nm when the radical concentration is higher than
10 M. The radical concentration in our experiment is
substantially lower than that necessary for the direct quench-
ing of the trans-SITS fluorescence and varies from
1.6 x 107* to 8.0 x 107° M. The increase of the trans—

024
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Fig. 4. The SITS trans—cis photoisomerization rate dependence on radical
concentration.

cis photoisomerization rate as the radical concentration
increases starting from 107> M shown in Fig. 4 supports
the absence of quenching effect on the stilbene isomeriza-
tion at low radical concentrations.

The experimental data gives the evidence of the nitroxide-
radical inhibitor effect upon the sensitized cis—trans iso-
merization of the stilbene derivative by quenching the
sensitizer’s triplet state. This conclusion is supported with data
presented in Fig. 5. It shows the linear dependence of the
reciprocal experimental rate constant ke‘x'p on radical con-
centration. According to Eq. (8), the slope to intercept ratio
bla of this linear curve is equal to the product k X 7. The
quenching rate constant value k; of (1.3 £0.1) x 10°
M ' s™! was obtained from this product taking into account
the triplet lifetime of Erythrosin B which is 75 ps in aqueous

(Kexp)" = (111 £27) + (1.10 £ 0.03)*107[R]
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Fig. 5. Linear dependence of the reciprocal experimental rate constant k;(})
on the radical concentration [R].
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solution [29]. The value of the quenching rate constant kg
was found to be within the rank of the diffusion rate constant
and rate constants which are typical for quenching of excited
triplet molecules in low viscous solutions [30]. For example,
quenching of the Mg-phthalocyanine phosphorescence with
benzophenone in aqueous solution occurs with a rate con-
stant value of 1.4 x 10° M ' s7! [3].

It is possible to calibrate the experimental rate constant
value k;(i) versus radical concentration for systems with
known macro- and micro-viscosity if the triplet lifetime
of sensitizer can be obtained from an independent experi-
ment. From the calibration plot described by Eq. (7), the
product kg X T, is obtained and can be used as an apparent
parameter of microviscosity in the vicinity of sensitizer. The
quenching rate constant k, is derived from the product
kq X Tpp after measuring the 7, in an independent experi-
ment, as it was mentioned above. Finally, according to the
calibration curve, the local concentration of radicals in the
sample can be estimated.

The following protocol based on the experimental results
can be proposed:

1. Introduction of a stilbene probe into the object of
interest followed by monitoring the photoisomerization
kinetics with the regular constant-illumination fluores-
cence technique and calculating the isomerization rate
constant. The calibration plot of this constant versus
microviscosity or a spin-probe rotational frequency in a
model system will allow to estimate the micro-viscosity
parameters, like wobbling angle of the probe and
rotational viscosity of the medium [14].

2. Introduction of a stilbene probe and a triplet sensitizer
followed by monitoring the sensitized isomerization of
the stilbene molecule with the same steady-state fluor-
escence set-up and calculating the apparent rate constant
of the sensitized isomerization [11].

3. Calibration of a triple system (spin—photochrome—tri-
plet), followed by measurement of a quenching rate
constant k4 and calculation of a local molecular dynamics
parameter kq X Tpp.

4. Calculationofalocal radical concentrationin the vicinity of
the triplet-photochrome probes using the above mentioned

calibration plot of ke‘xL versus radical concentration.

The sensitivity of the constant-illumination fluorescence
technique is close to 10° M. Hence, the approximate
volume of a sample available for the fluorescence measure-
ment in the method proposed above can be 10> pl when the
local concentration of fluorophore is close to 10> M and the
local radical concentration is about 107> M.

4. Conclusions

The proposed spin-triplet-photochrome labeling method
helps to solve experimentally a number of molecular

dynamics problems using the regular constant-illumination
fluorescence technique. It allows to measure the product of
quenching rate constant and the sensitizer’s triplet lifetime
kq X Tpp. This product can be used as a molecular dynamics
parameter of the investigated system including objects of
microscopic size where the minimal volume of a sample
available for the fluorescence measurements with this
method is about 107> pl. If the sensitizer’s triplet lifetime
Tph 18 measured independently, then the kq value could be
calculated. The local concentration of radicals can be esti-
mated from the calibration curve of the experimental rate
constant ke’XL versus radical concentration. The following b-
parameter, which is the ratio kq/kep, is derived from this
calibration plot for a model system and can be extended for
any system because both the rate constants characterize the
encounters in the same medium. It means the b-value is
expected to be approximately the same in the model and
investigated systems. Local microviscosity in the vicinity of
the stilbene label can be estimated by monitoring the
stilbene photoisomerization kinetics after calibration of
the system.
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