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An absorption and emission spectroscopic characterization of roseoflavin (8-dimethylamino-8-demethyl-
riboflavin, RoF) in aqueous solutions was carried out. The studies were concentrated on roseoflavin in pH
8 phosphate buffer. Absorption cross-section spectra, fluorescence excitation spectra, fluorescence quan-
tum distributions, fluorescence quantum yields and fluorescence lifetimes were determined. The fluores-
cence of RoF is quenched by photo-induced intra-molecular charge-transfer at room temperature. The
photo-degradation of RoF in un-buffered water, in Tris-HCI buffer, and in phosphate buffer was studied.
Phosphate buffer and to a smaller extent Tris buffer catalyse the RoF photo-degradation. Photo-excitation
of the primary photoproduct, 8-methylamino-riboflavin (8-MNH-RF), enhanced the RoF degradation by
triplet 8-MNH-RF - singlet RoF excitation transfer with subsequent triplet-state RoF degradation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Roseoflavin (8-dimethylamino-8-demethyl-p-riboflavin, RoF) is
a riboflavin derivative with modified absorption and emission
spectroscopic behaviour [1] (first absorption band red-shifted with
larger absorption strength than riboflavin, fluorescence emission
very weak). The biological function of roseoflavin is different from
that of riboflavin (vitamin B,) [2]. It acts as an antibiotic [3] and
vitamin B, antagonist [4]. Substitution of riboflavin, flavin mono-
nucleotide (FMN) and flavin adenine dinucleotide (FAD) by RoF
and its counterparts ROFMN and RoFAD in flavoproteins during
protein expression has been achieved ([5] and references therein).
In most cases the biological cofactor action was lost or strongly re-
duced by the cofactor exchange [6-9].

The absorption behaviour of roseoflavin in several solvents was
reported in [1,3,7,10-16]. The fluorescence behaviour of roseofla-
vin was studied in [11,13,16,17]. The photo-stability of roseoflavin
in aqueous solution under different pH conditions was studied in
[1,11,17,18].

In this paper, the absorption and emission spectroscopic behav-
iour of roseoflavin was mainly studied in aqueous pH 8 10 mM so-
dium phosphate buffer (abbreviated by NaP; composition:
0.68 mM Na*H,P0O,, 9.32mM Na,2*HPO.", and 10 mM NacCl).
Photo-degradation studies were carried out on roseoflavin in pH
8 phosphate and Tris-HCl buffers (Tris = (CH,CH,OH)3C-NH,) of
different molarity, in pH 10 10 mM phosphate buffer, and in neu-
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tral un-buffered water. The photo-stability of RoF was found to
be highest in pure water, reduced by Tris-HCI buffer, and more
strongly reduced by phosphate buffer. The photo-degradation
was found to be enhanced by the intermediate photoproduct 8-
methylamino-riboflavin (8-MNH-RF).

Bi-anionic phosphate (HPO2 ) and sulphate (SO2°) catalysed
photo-degradation of riboflavin and FMN is well established in
the literature [19-22]. The bi-anionic catalytic conversion of ribo-
flavin to 2’,9-cyclo-dehydro-riboflavin was identified [20].

The structural formulae of roseoflavin (RoF) and of derivative
classes are displayed in Fig. 1.

2. Experimental

The dye RoF was bought from Toronto Research Chemicals Inc.,
North York, Canada. The specified purity was >97%. It was dis-
solved in aqueous solutions. If not stated different experiments
were carried out at room temperature under aerobic conditions.

Transmissions were measured with a commercial spectropho-
tometer (Cary 50 from Varian), fluorescence emission and fluores-
cence excitation spectra were recorded with a commercial
spectrofluorimeter (Cary Eclipse from Varian).

Fluorescence lifetime measurements were performed with sec-
ond harmonic pulses of a mode-locked titanium-sapphire laser
system (Hurricane from Spectra Physics) and an ultrafast streak-
camera (type C1587 temporal disperser with M1952 high speed
streak unit from Hamamatsu) [16]. Picosecond excitation pulses
at 456 nm were generated by stimulated Raman scattering of
second harmonic pulses (wavelength 402 nm, duration 4 ps) of
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the Ti:sapphire laser system in ethanol (Stokes shift 2928 cm ™) [8]
using a Raman generator-amplifier arrangement [9] with two 5 cm
cells in series (distance between cells approximately 10 cm for
divergence reduction). Part of the fluorescence lifetime measure-
ments were also carried out with a mode-locked picosecond
Nd-glass laser system [23] (second harmonic pulses at 527 nm of
6 ps duration).

The photo-degradation was studied by sample excitation with a
high-pressure mercury lamp in combination with interference fil-
ters. Part of the photo-degradation studies were carried out by
excitation with second harmonic light of a small cw Nd:YAG laser
(wavelength 532 nm, power 4.5 mW).

3. Results
3.1. Absorption and fluorescence characterization
The absorption cross-section spectrum of roseoflavin (RoF) in

aqueous pH 8 10 mM NaP; buffer is shown in Fig. 2. It fully agrees
with the absorption cross-section spectrum of RoF in aqueous pH 8

Tris HCl buffer [16]. The So-S; absorption strength is

= [[0a(2)/Adi= (23 +£0.2) x 107" cm? (upper wavelength
posmon set to 420 nm). Included in Fig. 2 are the absorption
cross-section spectra of 8-MNH-RF in neutral aqueous solution
(from [24]) and of 8-amino-riboflavin (8-NH,-RF) in aqueous pH
8 buffer (from [17]).

Fluorescence quantum distributions, Eg(4), of RoF in pH 8 phos-
phate buffer for some excitation wavelengths are shown in Fig. 3.
For Apexc =450 nm the fluorescence quantum yield is largest due
to fluorescence contribution from riboflavin contamination
(fluorescence quantum yield of riboflavin at pH 8 is 0.26 [25]).
The presence of a mole fraction of xgr=0.0025 is calculated. At
JFexc =540 nm the fluorescence quantum distribution is domi-
nantly determined by RoF emission. At Jgexc = 505 nm Eg(4) is dom-
inated by the degradation product 8-MNH-RF which is already
present in a small amount.

The radiative lifetime of RoF is determined from the Sgo-S;
absorption strength &, and the mean fluorescence wavelength,
7k = [[Ex(A)A*d)/ [Ee(2)dA)'?, by the Strickler-Berg formula
[26-28],
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Fig. 2. Absorption cross-section spectra, g,(4), of RoF in aqueous pH 8 buffer (this
work), 8-MNH-RF in neutral aqueous solution (from [24]), and of 8-NH,-RF in
Millipore water (from [37]). The fluorescence excitation spectrum of RoF is included
(detection wavelength: 600 nm, normalized to absorption spectrum at 488 nm).
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Fig. 3. Fluorescence quantum distributions, Ex(4), of RoF sample in pH 8 10 mM
NaP; buffer at different fluorescence excitation wavelengths, Apex.. The obtained
fluorescence quantum yields, ¢, are listed in the figure. Differences are due to the
presence of trace amounts of riboflavin and 8-MNH-RF.
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Trad =

where n, and ng are the average refractive indices in the Sp-S;
absorption and emission region (na ~ ng ~ 1.33), respectively, and
o is the speed of light in vacuum. The result is 7;,q = 6.5 £ 0.4 ns.
Two temporal fluorescence traces are shown in Fig. 4a and b for
RoF in pH 8 10 mM NaP; buffer. The traces were obtained by sam-
ple excitation at 456 nm with light pulses of 4 ps duration and
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Fig. 4. Temporal fluorescence traces of RoF in aqueous pH 8 10 mM NaP; buffer.
Fluorescence excitation occurred at 456 nm with light pulses of 4 ps duration.
Curves were measured with a streak-camera. (a) Unexposed sample, streak
speed of 10 ps/pixel. Dashed curve: calculated riboflavin contribution (Sg/Sgmax =
0.10%exp(—t/5 ns)). Dash-dotted curve: nonlinear regression fit (Sg/Srmax=
0.10%exp(—t/5 ns) + 0.48exp(—t/0.1 ns) + 0.412exp(—1t/1.98 ns)). (b) Unexposed sam-
ple, streak speed of 0.33 ps/pixel. (c¢) Sample exposed in wavelength range from
425 nm to 503 nm with intensity of 0.085 W cm 2 for 65 min. Trace is caused by
fluorescence decay of 8-MNH-RF. Dash-doted curve: single-exponential fit with
Tp=2.18 ns.

fluorescence signal detection with our streak-camera. The trace
in the main frame (a) was measured with a streak speed of
10 ps/pixel, and the trace in the small frame (b) was recorded with
a streak speed of 0.33 ps/pixel. In the main frame the riboflavin
contribution to the fluorescence signal is indicated by the dashed
line. The short peaks at time t =0 in Fig. 4a and b are not time-re-
solved because of streak speed limitations. The dash-dotted curve
in Fig. 4a shows a three-exponential regression fit,

S(t)/S¢(0) = x; exp (ft/r'm) + X2 €XP (—t/Tp2) + X3
x exp (—t/Tr3), (2a)

with x; =048, 11, =100ps, x,=0.412, 12 =1.97 ns, x3=0.108,
T3 =5 ns. The true fluorescence lifetime of the short component
is extracted by involving the fluorescence quantum yield [16]. The
total fluorescence quantum yield is

¢r = Pp1 + Pp2 + D3, (2b)

with a value of ¢(456 nm)=0.0012 (see Fig. 3). The fluorescence
quantum yield of the short component is

X1 Tk,
X1 'L'i;,] + X2TF2 + X3TF3

dr1 or, (20)

giving ¢r1 = 6.7 x 107>, The fluorescence lifetime is
Tr1 = Pr1Trad, (2d)

which gives tg; = 0.44 £ 0.05 ps. The component with 7 = 0.44 ps
lifetime is attributed to locally excited direct fluorescence emission
of RoF. This short locally excited-state lifetime is thought to be
determined by efficient twisted intra-molecular charge-transfer
(TICT) [16]. The slow component with g, = 1.97 ns is attributed
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dominantly to the presence of a small fraction of 8-MNH-RF which
is a photo-degradation product of RoF (some time-delayed locally
excited-state fluorescence emission of RoF may contribute [16],
but it cannot be resolved from the dominant 8-MNH-RF contribu-
tion). The component with tg3=5ns belongs to the riboflavin
contamination.

A normalized fluorescence excitation spectrum of our RoF in pH
8 NaP; buffer is included in Fig. 2. The fluorescence was detected
at Jgqee=600nm and it is normalized to the absorption
cross-section spectrum of RoF at 488 nm according to
Eexn(2) = [Eex600nm(4)/Eex.600nm (488 nm)]c,(488 nm). The shape of
the presented excitation spectrum does not fit to the shape of
the RoF absorption cross-section spectrum. It better fits to the
absorption cross-section spectrum of 8-MNH-RF. This finding
clearly shows that the small fraction of present 8-MNH-RF domi-
nates the fluorescence emission since RoF is extremely weak emit-
ting. In the UV spectral range below 320 nm, the excitation
spectrum becomes smaller than the absorption cross-section spec-
trum indicating that the higher excited states only partly relax via
the first exited state (other decay channels are present, violation of
Vavilov-Kasha rule of excitation wavelength independent fluores-
cence emission [29,30]).

3.2. Photo-degradation studies

The photo-degradation behaviour of RoF was studied by long-
time sample exposure and measurement of absorption spectra,
fluorescence emission spectra, and fluorescence excitation spectra
at certain time points.

In Fig. 53, the development of the absorption coefficient spectra
of 0.047 mM RoF in pH 8 10 mM NaP; buffer is shown. The sample
was excited at Jexc=425-503 nm with an intensity of lexc=
0.085 W cm?. The original absorption band of RoF peaking at
504 nm transforms to an absorption band peaking at 488 nm (for-
mation of 8-MNH-RF). The change starts slowly within the first
hour, then speeds up, and is roughly completed after 2 h of expo-
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Fig. 5. Absorption spectra development due to blue-light exposure. Excitation
wavelength Jexc = 425-503 nm. Excitation intensity lx. = 0.085 W cm 2. Exposure
times, texp, are indicated in the sub-figures. (a) Measured absorption coefficient
spectra at different times of exposure. (b) Obtained absorption coefficient spectra
after subtraction of remaining RoF contribution.

sure. The formed absorption band around 488 nm decreases with
continued light exposure. A spectral shoulder around 470 nm
develops (likely formation and decay of 8-amino-riboflavin, 8-
NH,-RF). A spectral structure forms out in the 340 nm to 420 nm
region (indication of formation of 8-dimethylamino-lumichrome,
8-methylamino-lumichrome, and 8-amino-lumichrome, see Fig. 1
for structural formulae). An absorption tail remains in the 540-
590 nm range (roseoflavin quinonoid structure formation by
photo-induced methyl-transfer from the 8-dimethylamino group
to the N1 position, see Fig. 1 for structural formulae). The photo-
degradation strongly reduces the absorption strength of the first
absorption band in the 400 to 550 nm region indicating dominant
roseoflavin reduction (fully reduced 8-amino-flavin structure for-
mation by hydration, hydroxylation or methylation at N5 and N1
positions, for structural formulae see Fig. 1). In Fig. 5b, the absorp-
tion spectra of Fig. 5a are shown after approximate subtraction of
the remaining RoF contribution. The initial increase and later de-
crease of the 8-MNH-RF contribution is clearly seen. Some indica-
tion of build-up and decrease of 8-NH,-RF is found (has peak
absorption at about 478 nm, see Fig. 2). The formation of a quino-
noid structure is revealed by the build-up of an absorption band
around 560 nm. Some 8-amino-C4a-flavin-semiquinone or 8-ami-
no-C10a-flavin-semiquinone formation with absorption around
560 nm is thought to be unlikely because of expected low photo-
stability. The absorption structure in the 340-420 nm region
shows the presence of an 8-amino-lumichrome component. The
presence of small amounts of 8-amino-riboflavin-C4a-adducts or
8-amino-riboflavin-C10a-adducts with H, OH, CHs as adducts
cannot be excluded.

The development of the absorption coefficients of RoF in pH 8
10 mM NaP; at the selected wavelengths 7, =540 nm (only RoF
absorption) and 488 nm (peak absorption of 8-MNH-RF) versus
the exposed incident energy density is shown by the line-con-
nected circles in Fig. 6a and b, respectively (data taken from
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Fig. 6. Development of absorption coefficients of RoF in phosphate buffer versus
exposed excitation energy density weyp. (a) Excitation in the wavelength range
Jexe =425-503 nm and absorption probing at Z,, = 540 nm (only absorption of RoF).
(b) Excitation in the wavelength range /exc = 425-503 nm and absorption probing at
Jpr =488 nm (absorption peak of 8-MNH-RF). (c) Excitation at different wave-
lengths (Jexc =425-503 nm, Iexc = 0.25 W cM™2; Jexe = 532 nm, leye = 0.22 W cm™2;
Jexc =546 M, Iexe = 0.16 W cm2) and absorption probing at Jpr =540 nm.
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Fig. 53, Wexp = lexctexp). The trace for 2, = 540 nm shows the photo-
degradation of RoF. It starts with low efficiency and then becomes
rather effective. The absorption decrease levels off at high exposed
energy density because of absorption of the formed 8-methyl-
amino quinone flavin and fully reduced roseoflavin (RoF;eq2). The
trace for A, =488 nm shows the formation and decrease of 8-
MNH-RF, likely with some contribution of 8-NH,-RF formation
and decay.

From the absorption decrease with light exposure quantum
yields of photo-degradation, ¢p, may be determined. The quantum
yield of photo-degradation, ¢p, is defined by

¢ (t ) _ 5ND(texp) _ [O‘pr(texp + ‘5t) - O(Pr(texp)]/o-ll’r (3)
p\lexp OMph.abs (fexp) Ihe:::: exc(texp) )

where 6Np is the number density of degraded molecules (unit cm )
in a time interval 6t at teyp, and dnpp aps is the number density of ab-
sorbed photons (unit cm3) in the same time interval t at texp- We
estimate an initial quantum yield of photo-degradation of RoF from
the initial absorption decrease at 540 nm (see Figs. 5 and 6a) of
$po(ROF) ~ 1.15 x 107, With time of exposure the quantum yield
of photo-degradation increased. For tex,=75min a value of
¢p(75 min, ROF) ~ ¢p max(ROF) ~ 2.3 x 10~ is determined. The
quantum yield of photo-degradation of the formed 8-MNH-RF is
estimated from the absorption decrease at A, =488 nm for
texp=2.50 (Wexp=765] cm ). A value of ¢p(2.5h, 8-MNH-
RF) ~ 2 x 107 is estimated.

In Fig. 7 the fluorescence development of 0.047 mM roseoflavin
in 10 mM NaP; pH 8 buffer due to light exposure at Aexc = 425-
503 nm with Ieyx. = 0.085 W cm~2 is shown. In part (a) the fluores-
cence was excited at Agexc =470 nm. The fluorescence signal rises
and decreases with the formation and degradation of 8-MNH-RF.
It shifts a little bit to the blue side for texp > 2 h likely due to the
formation and degradation of 8-NH,-RF. In part (b) the fluores-
cence was excited at Apexc =360 nm. The fluorescence signal in
the 400-500 nm range belongs to 8-amino-lumichromes. The fluo-
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Fig. 7. Fluorescence-emission-spectra development of RoF im 10 mM NaP; pH 8
buffer due to blue-light exposure (Jexc =425-503 nm, leyc = 0.085 W cm~2). Para-
meters are the same as in Fig. 5. (a) Fluorescence excitation at 470 nm (dominant
emission from 8-MNH-RF and 8-NH,-RF). (b) Fluorescence excitation at 360 nm
(dominant short-wavelength emission from 8-dimethylamino-lumichrome,
8-methylamino-lumichrome, and 8-amino-lumichrome).

rescence band peaking in the 520-540 nm region belongs mainly
to 8-MNH-RF and 8-NH,-RF emission and resembles the 8-MNH-
RF and 8-NH,-RF build-up and decrease.

In Fig. 8, fluorescence excitation spectra are shown for the same
experimental situation as in Figs. 5 and 7. The emission was de-
tected at Ager =600 nm (a) and at Ager =450 nm (b). In part (a) the
build-up and decay of the fluorescent photoproducts 8-MNH-RF
and 8-NH,-RF is manifested in the excitation spectrum develop-
ment in the 420-520 nm range. Some formation of 8-amino-lumi-
chromes is revealed by the excitation spectra shape changes in the
330-420 nm range. The 8-amino-lumichrome formation is more
clearly seen in the excitation spectra development in part (b).
The inset (c) shows the fluorescence excitation signal Eexssonm
(4=360nm) as a function of exposure time. The signal (amino-
lumichrome formation) rises during RoF degradation (tex, <3 h)
and during 8-MNH-RF and 8-NH,-RF degradation (fex, > 1 h).

A temporal fluorescence trace measured on 0.047 mM roseofla-
vin in 10 mM NaP; pH 8 buffer after 65 min of light exposure at
Jexe =425-503 nm with exe = 0.085 W cm ™2 is displayed in Fig. 4c
(fluorescence creation with 4 ps laser pulse at 456 nm). It is fitted
with a single-exponential decay function of time constant
Tr = 2.18 ns. It gives the fluorescence lifetime of 8-MNH-RF.

The absorption coefficient development at A, = 540 nm (Fig. 6a)
and A, = 488 nm (Fig. 6b) versus exposed energy density was stud-
ied for different NaP; buffer and RoF concentrations (seen by differ-
ent initial absorption coefficients). Light excitation occurred in the
wavelength range of 425-503 nm. The line-connected circle curves
(0.047 mM RoF in 10 mM NaP; pH 8 buffer) were alredy discussed
above. The dashed-line-connected triangles belong to 100 mM
NaP; pH 8 buffer (sample temperature 3 =4 °C). The efficiency of
photo-degradation increased with the phosphate buffer concentra-
tion (steeper initial absorption decrease at iy, = 540 nm). The dot-
ted-line connected diamonds belong to higher concentrated RoF
(C=0.092 mM) in 10 mM NaP; pH 8 buffer (9 =4 °C). The initial
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Fig. 8. Fluorescence excitation spectra development of RoF im 10 mM NaP; pH 8
buffer due to blue-light exposure (iexc =425-503 nm, oy = 0.085 W cm™2). Para-
meters are the same as in Fig. 5. (a) Fluorescence detection at Aqer = 600 nm. The
curves belong to indicated exposure times. Dominant emission occurs from 8-
MNH-RF and 8-NH,-RF. (b) Fluorescence detection at Aqer =450 nm (dominant
emission from 8-dimethylamino-lumichrome, 8-methylamino-lumichrome, and 8-
amino-lumichrome).
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RoF degradation was about the same as in the case of lower con-
centration (line-connected circles), but with time of exposure it be-
came faster than at lower RoF concentration (shorter distance
between RoF and 8-MNH-RF). The dash-dotted-line connected
squares for RoF at 4 °C belong to 10 mM NaP; at pH 10 (composi-
tion: 0.14 mM NazPOy,, 9.84 mM Na,HPO,4, and 10 mM NaCl). The
absorption changes were smaller than at pH 8 indicating a higher
photo-stability. The concentration of Na?*HPO2~ in 10 mM pH 10
buffer (9.84 mM) is only slightly larger than at pH 8 (9.32 mM).
The increased photo-stability seems to be caused by the higher
pH. It should be noted that at pH 10 nearly half of the RoF mole-
cules are in the anionic state (pK, =10.2 [17]).

In Fig. 6¢, the photo-degradation of RoF in 10 mM NaP; pH 8
buffer was studied for different excitation wavelengths
(Aexc =425-503 nm, 532 nm, and 546 nm) at 4 °C. The absorption
coefficient at A, =540 nm is plotted versus incident exposed en-
ergy density. The initial efficiency of photo-degradation was
approximately the same in all three cases, but the speed-up of
photo-degradation with exposed energy density was different. At
Jexc = 425-503 nm the light exposure excites both RoF and the pri-
mary photoproduct 8-MNH-RF, which enhances the photo-degra-
dation of RoF. At Zexc=532 nm the photoproduct 8-MNH-RF is
still slightly absorbing, and the photo-excited 8-MNH-RF enhances
the photo-degradation of RoF. In the case of excitation at
Jexc = 546 nm, 8-MNH-RF is no longer absorbing, therefore no long-
er influenced the photo-degradation of RoF, and the quantum yield
of photo-degradation of RoF remained constant independent of the
exposed energy density.

In Fig. 9a, the initial quantum yield of photo-degradation, ¢pp,
of RoF is depicted versus buffer concentration, C,, for phosphate
buffer at pH 8 and Tris-HCI buffer at pH 8 (excitation at 425-
503 nm). One data point for phosphate buffer at pH 10 is included.
The data point at G, = 0 belongs to pure Millipore water. The mea-
surements were carried out at 4 °C. The quantum yield of photo-
degradation of RoF in Millipore water is ¢po=9 x 1075, The
photo-stability of RoF decreases with the buffer concentration for
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both phosphate buffer and Tris buffer. The photo-stability of RoF
in the Tris buffer is roughly an order of magnitude higher than that
in the phosphate buffer.

In Fig. 9b, the maximum quantum yield of photo-degradation,
¢p.max 1N the course of light exposure is plotted versus RoF concen-
tration, C,. Excitation occurred in the wavelength range 425-
503 nm. With the exception of 47 uM RoF in pH 8 10 mM NaP; buf-
fer the samples were measured at 4 °C. The solid-line-connected
circles belong to RoF in 10 mM NaP; pH 8 buffer. At low dye con-
centration the photo-degradation is independent of concentration
and it iS ¢pmax = ¢po- In @ medium dye concentration range the
quantum yield of photo-degradation rises steeply with concentra-
tion. In the range of highest dye concentration, a linear rise of
photo-degradation with dye concentration is observed. This behav-
iour will be interpreted below as diffusion controlled degradation
of RoF by collision with photo-excited 8-MNH-RF or 8-NH,-RF.
The initial quantum yield of photo-degradation, ¢po, was found
to be independent of dye concentration within our experimental
accuracy (no 8-MNH-RF or 8-NH,-RF is present for photo-degrada-
tion enhancement).

The quantum yields of photo-degradation, ¢pmax, Of ROF in
10 mM NaP; at pH 10 and of RoF in 100 mM NaP; at pH 8 were mea-
sured only at one dye concentration. The efficiency of photo-degra-
dation was higher at higher buffer concentration. It was lower at
pH 10 than at pH 8.

In the case of RoF in pure Millipore water and in the case of
Tris-HCl buffer, the RoF photo-degradation was only followed over
the initial start phase of degradation (less than 10% of RoF de-
graded) because of the high photo-stability. The photo-degradation
products are expected to be 8-MNH-RF and fully reduced roseofla-
vin (RoFeq2) as in the case of RoF in pH 8 NaP; buffer because of ob-
served remarkable fluorescence rise with exposure which agrees
with 8-MNH-RF formation.

After long-time photo-excitation of RoF in phosphate buffer, a
component with absorption out to 590 nm remained (Fig. 5). Its
fluorescence quantum yield was measured by fluorescence excita-
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Fig. 9. (a) Dependence of initial quantum yield of photo-degradation, ¢p o, of RoF on buffer concentration, Cy,. Excitation wavelength /.. = 425-503 nm, excitation intensity
Iexc = 0.25 W cm ™2, The pH values and buffer compositions are indicated in the figure legend. (b) Dependence of maximum quantum yield of photo-degradation, ¢p max, of ROF

on its initial concentration, Co. Excitation wavelength /.x. = 425-503 nm, excitation intensity lexc = 0.25 W cm™

legend.

2, pH values and buffer compositions are indicated in the figure
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tion at 550 nm. A value of ¢r~ 0.016 was estimated. Its fluores-
cence decay was determined by picosecond laser pulse excitation
at 527 nm (duration ~ 6 ps) and streak-camera fluorescence detec-
tion (curves not shown). A bi-exponential fluorescence decay was
found with a short component of lifetime tg; =15%5 ps (inte-
grated amount of ¢g1/¢r=0.25) and a slow component of lifetime
Tp2=2.2+0.1ns (integrated amount of ¢ry/¢r=0.75). The fast
component has an approximate S;-So radiative lifetime of
Trad1 = Tr1/¢r1 ~ 4 ns. It likely belongs to a quinonoid roseoflavin
photoproduct (likely 8-MNH-1-methyl-quinone-riboflavin). The
slow component has a radiative lifetime of Tpn42=
Tr2/¢r2 ~200ns. It may belong to fully reduced 8-amino-
riboflavins.

A quantitative analysis of the fluorescence spectra in Fig. 7a and
of the absorption coefficient spectra in Fig. 5b gives a fluorescence
quantum yield of ¢r=0.40 + 0.04 for 8-MNH-RF in aqueous pH 8
10mM NaP;. Combined with the fluorescence lifetime of
Tr=2.18 £ 0.1 ns for 8-MNH-RF (Fig. 4c) a radiative lifetime of
Trad = Te/pp=5.520.6 ns (Eq. (2d)) and an S¢-S; absorption
strength of G, = (2.6 +0.3) x 1077 cm? (Eq. (1)) are calculated
(2r = 577 nm).

For RoF in pH 8 10 mM NaP; buffer the photo-stability was also
investigated under anaerobe sample conditions (de-aerating by Ar
bubbling for 1 h). The de-aerated samples were photo-excited at
Jexc =425-503 nm with an intensity of I =0.25W cm 2. The
temperature was kept at 4 °C. The initial quantum yield of photo-
degradation, ¢p o, increased roughly a factor of three compared to
the aerobe sample. A data point is included in Fig. 9a. The maxi-
mum quantum yield of photo-degradation, ¢p max during exposure
also increased for the anaerobe samples compared to the aerobe
samples. The result is included in Fig. 9b (two dashed-line con-
nected dots). The increased photo-sensitizing of RoF degradation
by 8-MNH-RF under anaerobe conditions will be explained below
by an enlarging of the RoF and 8-MNH-RF triplet lifetime.

4. Discussion

Some determined parameters of RoF, and of the primary RoF
photo-degradation product, 8-MNH-RF, in aqueous pH 8 10 mM
NaP; buffer are collected in Table 1.

The fluorescence behaviour of roseoflavin in aqueous solution
and in organic solvents was investigated in [9,16]. The weak
fluorescence efficiency was attributed to photo-induced twisted

Table 1
Parameters of RoF, and 8-MNH-RF in aqueous pH 8 10 mM sodium phosphate buffer
at room temperature under aerobe conditions.

Parameter RoF 8-NMH-RF Comments

Jamax (NM) 504 488 Fig. 2

AV, (cm™) 3200 2500 Fig. 2

Gamax (€cM?) 133 x 10716 1.68 x 10~ '¢ Fig. 2

JFmax (NM) 539 560 Figs. 3 and 7a

AVg (cm™1) 2860 2940 Figs. 3 and 7a

o¥s (em-1) 1250 2890 Vst = Zamax — Armax
Vor (cm~1) 19180 19300 V01 = (Zamax + 4Fmax)/2
oF 6.7 x 10> ~0.4 Egs. (2a)-(2c), Fig. 7a
Trad (NS) 6.5 5.5 Eq. (1)

Te1 (pS) 0.44 2180 Eq. (2d)

¢po 1.15 x 107 ~2x107° Fig. 6a, Eq. (3)

Abbreviations. l,max: Wavelength position of maximum So-S; absorption. AV,:
Spectral half-width (FWHM) of So-S; absorption band. ¢, max = absorption cross-
section at Zamax- 4Emax: Wavelength position of maximum fluorescence emission.
AVg: Spectral half-width (FWHM) of So-S; fluorescence band. §Vs;: Fluorescence
Stokes shift. Vo;: Electronic So-S; transition wavenumber. ¢g: Intrinsic fluorescence
quantum yield. T.,q: S1-state radiative lifetime. tg¢: fluorescence lifetime (see text).
¢po: Initial quantum yield of photo-degradation.

intra-molecular charge-transfer (TICT state formation) with non-
radiative charge recombination. The same fluorescence behaviour
was found here for roseoflavin in the investigated solvents (Milli-
pore water, phosphate buffer solution, Tris-HCl buffer solution).

The photo-stability of roseoflavin in organic solvents has not yet
been studied in detail [24]. A high photo-stability in neutral water
was reported in [24]. Our own photo-degradation studies on RoF in
pure Millipore water in this work give a quantum yield of photo-
degradation of ¢pg~ 9.1 x 1078 (see above). The photolysis prod-
ucts of roseoflavin in alkaline and acidic aqueous solutions were
identified in [24]: In 0.1 M NaOH RoF photo-degraded to 8-MNH-
RF, while in 6 M HCI RoF photo-degraded to 7-methyl-8-dimethyl-
amino-alloxazine (8-dimethylamino-lumicrome, 8-M2 N-LC).

Our studies on RoF in aqueous pH 8 phosphate buffer (phos-
phate composition 6.8% NatH,P0O, and 93.2% Na,2*HPO; ") clearly
show phosphate buffer catalysed photo-degradation (see Fig. 9a).
In photolysis studies on riboflavin it was found a di-anionic catal-
ysis of conversion of riboflavin to 2’,9-cyclo-dehydro-riboflavin by
PO2™ and SO~ [20] (peak absorption at 407 nm). We think that
POf{ also catalyses the photo-degradation of RoF, but resolvable
formation of 2’,9-cyclo-dehydro-roseoflavin formation was not ob-
served. Here, different 8-amino-flavin derivatives were formed as
intermediates or final products during light exposure. Structural
formulae of involved classes of 8-amino-flavin derivatives are
shown in Fig. 1 [8-amino-isoalloxazines (flavins), 8-amino-alloxa-
zines (lumichromes), 8-amino-quinone-flavins, fully reduced 8-
amino-flavins)]. Possible constituents of the groups R; are listed
in the caption of Fig. 1.

Some enhancement of photo-degradation of RoF by the Tris-
HClI buffer was also observed. Only the efficiency of enhancement
was at least an order of magnitude reduced. The atomistic catalytic
action of the phosphate buffer and Tris buffer on the photo-conver-
sion of RoF is not yet known.

A proposed scheme of photo-degradation of RoF is described in
the following:

The primary process of photo-degradation, where initially only
ROF is present, is illustrated in Scheme 1. Light absorption excites
ROF in the Sy ground-state to the S;-state in locally excited-state
conformation 'RoF;. There occurs fast intra-molecular charge-
transfer (ICT) to RoFg. The charge-transfer state returns to the
ground-state by charge recombination (CR). During the lifetime
of 'RoFj; there occurs some intersystem-crossing (ISC) to the
triplet state 3RoF* (rate of intersystem-crossing kisc ~ 1 x 108 s™!
[31-33]). The quantum yield of triplet formation is given by

o1 = KiscTr, 4)

which gives ¢r~4.4 x 10> for RoF in pH 8 10 mM NaP; buffer
(tF ~ 0.44 ps). The lifetime 7 of 3RoF" is estimated below to be
Tr~4.5 us under our aerobic experimental conditions (under
anaerobe condition a triplet lifetime of 36 pus was measured for
8-NH,-RF in pH 7 phosphate buffer at 26 °C [34]). During the
triplet-state lifetime degradation takes place. The initial quantum
efficiency of degradation in the triplet state is given by

boor :‘%‘) (5)

In the case of RoF in pH 8 10 mM NaP; buffer under aerobe condi-
tions, we estimate an efficiency of ¢por~0.025
(¢ppo~1.15x 1075 $r~4.4 x 107°) The catalytic effect of the
phosphate buffer in the photo-degradation of RoF is active in the
triplet state of RoF. Dominant primary photoproducts are 8-methyl-
amino-riboflavin (8-MNH-RF, absorption maximum at 488 nm,
fluorescence quantum yield of about 0.4) and fully reduced roseo-
flavin (ROFeq2). The 8-MNH-RF formation may proceed via
methyl-nitrogen bond fissure at the dimethylamino group and
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subsequent interaction of the radicals with the aqueous solution
(catalytic action of phosphate and Tris buffer) giving a formal reac-
tion according to

3RoF’ + HOH — 8-MN-RF" +-CH; -+ HOH
—» 8-MNH-RF + CH50H (R1)

The buffer catalysed reduction of RoF" to RoF,eq> may be due to in-
tra-molecular photo-reduction (hydrogen abstraction at C2’ or C4’
position of ribityl part) [35] according to

3ROF* — RoFreq: (R2a)

where RoF;cq = 8-M2N-10-C2’-keto-ribityl-1-H-5-H-isoalloxazine
or 8-M2N-10-C4’-keto-ribityl-1-H-5-H-isoalloxazine. Or it may be
due to intermolecular photo-reduction like

3ROF" + HOH — ROFreqs (R2b)

In this case, RoFeq is 1-OH-5-H-roseoflavin or 1-H-5-OH-roseofla-
vin. The formation of RoF,cq4; is concluded from the reduced sample
absorption (absorption of fully reduced flavin is small in blue and
violet spectral part [36]). A minor conversion of excited RoF to 8-
dimethylamino-lumichrome (splitting-off of ribityl part) according
to [9]

3RoF* — 8-M2N-LC + rybityl-ene (R3)

is indicated by the 450 nm fluorescence excitation spectra (Fig. 8b)
and the 360 nm fluorescence emission spectra (Fig. 7b). Some ex-
cited RoF molecules seem to tautomerize to 8-amino-quinone-fla-
vins according to

RoF* — 8-methylamino-1-methyl-quinone-flavin (R4)

(AQF formation). This formation is indicated by the build-up of an
absorption band in the 520-600 nm range (Fig. 5a and b).

Without the presence of RoF, the photo-excitation of the
strongly absorbing 8-MNH-RF (Fig. 2) causes degradation to a fully
reduced amino-flavin (8-MNH-RFeq>), to 8-amino-riboflavin (8-
NH,-RF), and to 8-methylamino-lumichrome (8-MNH-LC) as is
shown in Scheme 2. The photo-excitation of 8-MNH-RF forms sin-
glet excited '8-MNH-RF" with a fluorescence lifetime of 7z ~ 2.2 ns.
Intersystem-crossing from 18-MNH-RF* to 38-MNH-RF* takes
place during this fluorescence lifetime. The quantum yield of trip-
let formation is estimated to be ¢; = kiscTr ~ 0.22 (kijsc ~ 108 57!
used). The 38-MNH-RF* molecules dominantly return to the singlet
ground-state by T;-So intersystem-crossing (triplet lifetime
Tr ~ 4.5 ps under our aerobe conditions, see below). The quantum
yield of photo-degradation of 38-MNH-RF‘in pH 8 10 mM NaP; buf-
fer is estimated to be ¢pr=¢p/dpr~10"* (pp~2 x 1075, see
above). During the excited-state lifetime 8-MNH-RF molecules de-
grade to 8-amino-riboflavin by methyl-nitrogen bond fissure at the
dimethylamino group in a formal (buffer catalized) reaction
according to

'8-MNH-RF*

ISC
| T = BMNHRF

hv !
I
|
v
8MNH-RF  8-MNH-RF,p, 8-NH-RF  8-MNH-LC
Scheme 2.
38-MNH-RF* + HOH — 8-NH-RF + ‘CH; + HOH
— 8-NH,-RF + CH;0H. (R5)

They degrade to fully reduced 8-MNH-RF in an intra-molecular
reaction according to

38-MNH-RF* — 8-MNH-RFyeqo. (R6a)

(8-MNH-RF;eq2 = 8-MNH-10-C2'-keto-ribityl-1-H-5-H-isoalloxazine
or 8-MNH-10-C4’-keto-ribityl-1-H-5-H-isoalloxazine) or an inter-
molecular reaction according to

38-MNH-RF 4+ HOH — 8-MNH-RF g, (R6b)

(8-MNH-RF;¢q> = 8-MNH-1-OH-5-H-RF or 8-MNH-1-H-5-OH-RF)
similar to the reactions R2a and R2b. Also some amino-lumichrome
formation occurs according to

38-MNH-RF* — 8-MNH-LC + ribityl-ene. (R7)

The photo-excitation of 8-NH,-RF (absorption cross-section
spectrum included in Fig. 2) is thought to cause degradation
according to Scheme 3. The fluorescence lifetime of 8-NH,-RF is
Tr~ 2.3 ns [37]. The quantum yield of triplet formation is esti-
mated to be ¢r =~ kisc Tr ~ 0.23 using kisc ~ 108 s~1. The photo-deg-
radation of 8-NH,-RF to 8-NH,-RF,q; is thought to be dominated
by intra-molecular photo-reduction

38-NH,-RF* — 8-NH,-RFcqy. (R8a)
or intermolecular photo-reduction
38-NH,-RF* + HOH — 8-NH,-RFcqy. (R8D)

similar to (R2a) and (R2b) or (R6a) and (R6b). Also some lumi-
chrome formation according to
38-NH,-RF* — 8-NH,-LC + ribityl-ene, (R9)

is expected to occur.
The proposed 8-MNH-RF sensitized RoF photo-degradation is
illustrated in Scheme 4: The intermediate 8-MNH-RF strongly ab-
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sorbs in the blue spectral range. Its photo-excitation causes
intersystem-crossing to 38-MNH-RF* followed by excitation
transfer (ET) [38-42] from 38-MNH-RF* to 'RoF forming
18-MNH-RF and 3RoF* according to

38-MNH-RF* + 'RoF — '8-MNH-RF + *RoF". (R10)

The created triplet roseoflavin then degrades as described above by
(R1), (R2a), (R2b), (R3), (R4). The excitation transfer from
38-MNH-RF* to 'RoF with '8-MNH-RF and 3RoF* formation may
occur via iso-energetic (resonant) Dexter-type energy transfer
[40-42] with subsequent vibronic relaxation as illustrated in
Fig. 10a, or by combined exothermic reductive and oxidative (cross)
electron transfers [38,39,42] as illustrated in Fig. 10b.

The 8-MNH-RF intermediate sensitizing of RoF degradation ex-
plains the speed-up of roseoflavin photo-degradation with expo-
sure time: the more 8-MNH-RF is present the more efficient is
the RoF photo-degradation. It explains the wavelength dependence
of the RoF photo-degradation: when the excitation occurred in the
long-wavelength transparency region of 8-MNH-RF, then the
formed 8-MNH-RF could not be excited and the sensitization pro-
cess (R10) could not occur. The 8-MNH-RF sensitized RoF photo-
degradation also explains the decreasing sensitizing efficiency of
RoF photo-degradation with sample dilution: Dexter-type excita-
tion transfer and combined reductive and oxidative electron trans-
fer occur only when a 38-MNH-RF* molecule collides with a 'RoF
molecule. This means that within the triplet lifetime 71 of 8-
MNH-RF the molecules RoF and 38-MNH-RF* have to collide by dif-
fusion motion.

The collision condition for sensitized photo-degradation of RoF
may be applied to estimate the triplet lifetime of 8-MNH-RF. The
average (centre-centre) distance a.. between two molecules in
solution of number density Ny, is a. =~ N,'’>. This distance has to
be overcome by the diffusion length ¢4 within the triplet-state life-
time 7. {4 is given by [43]

Y4

DET VR

E— —

#_‘% % 4?’ % 4?’ HOMO

38-MNH-RF*  'RoF '8-MNH-RF  3RoF* '8-MNH-RF  3RoF*

(a) Dexter-type energy (excitation) transfer

“+

Errecl ETox
R

—

{7 LUMO

%8-MNH-RF*  'RoF '8-MNH-RF *RoF* '8-MNH-RF  *RoF*

(b) Combined reductive and oxidative electron transfer

Fig. 10. [llustration of singlet-triplet inter-change (a) by Dexter-type energy
(excitation) transfer, and (b) by combined reductive and oxidative (cross) electron
transfer. DET = Dexter energy transfer. VR =vibrational intra-band relaxation.
ET,eq = reductive electron transfer. ET. = oxidative electron transfer. Hatched area
indicates vibronic structure of first excited band. Lower levels represent HOMO
states, and upper levels represent LUMO states (HOMO = highest occupied molec-
ular orbital, LUMO = lowest unoccupied molecular orbital).

tq = (2Dtr)"?, (6)

where D is the diffusion constant. D may be obtained from the
Stokes-Einstein equation [43],

D— kBﬂ (7)

- 6mnay’

where kg is the Boltzmann constant, 9 is the temperature, # is the
viscosity of the solvent, and a, is the (solute) molecule radius.
Using experimental parameters of 9 =277 K, 1=1.003 x 103 Pas
(solvent water), and aq, =0.633 nm (average molecule radius of
RoF) a diffusion constant of D=3.38 x 107 ®cm?s~' is calculated.
In Fig. 9b, a steep rise in RoF photo-degradation sets in at a critical
molecule concentration of Cp ¢ &~ 10~ mol dm—3 corresponding to
a critical dye number density of Npye=CnerNa/1000 26 x
10"> cm~3 (N, is Avogadro constant) and a critical molecule dis-
tance of aecr = N2 ~ 55 nm. Setting /g = A in Eq. (6) we esti-
mate a triplet-state lifetime of 71~ 4.5 ps.

RoF + 5 ]
18 M NHLRE 8-MNH-RF* 8-MNH-RF +
‘ Sc™ +RoF ——» °RoF*
} ET
i
|
irp \sc/:/
| 7/
| /
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8-MNH-RF ROF,.ys B8-MNH-RF  8-(CHy)N-LC 8-CHN-QF
+ RoF

Scheme 4.
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Under anaerobe conditions the initial quantum yield of photo-
degradation, ¢p,, increased likely because of longer triplet-state
lifetime (longer 3RoF" lifetime enables longer catalytic buffer inter-
action time for degradation). Also the maximum quantum yield of
8-MNH-RF sensitized photo-degradation of RoF, ¢p max, increased
since the triplet-state lifetimes of 8-MNH-RF and RoF increased
(longer time for collision excitation transfer from
38-MNH-RF" to 'RoF, and longer lifetime of formed 3RoF*). The
photo-degradation sensitizing enhancement under anaerobe con-
ditions excludes the involvement of singlet excited molecular oxy-
gen in the photo-degradation, since '0, may be only formed by
excited-state triplet flavin - ground-state triplet oxygen annihila-
tion according to 3flavin’ + 30, — 'flavin + '0; under aerobe con-
ditions [38,39]. In the case of singlet oxygen involvement, the
opposite behaviour should have been observed (i.e. higher photo-
degradation under aerobe conditions should have occurred).

5. Conclusions

Roseoflavin in aqueous solution was found to have very low
fluorescence quantum yield and sub-picoseond fluorescence life-
time at room-temperature due to photo-induced intra-molecular
charge-transfer [9,16].

The photo-stability of roseoflavin was studied in un-buffered
Millipore water, in pH 8 and pH 10 phosphate buffer, and in pH
8 Tris—-HCI buffer. The highest photo-stability was observed for
Millipore water and the lowest photo-stability was found in phos-
phate buffer. The photo-degradation of roseoflavin is thought to
occur dominantly in the triplet state. The primary photoproduct
of roseoflavin photo-degradation, 8-methylamino-riboflavin,
exhibits reasonably high fluorescence quantum yield and fluores-
cence lifetime. It strongly enhances the degradation of roseoflavin
by photo-induced excitation transfer (Dexter-type and combined
HOMO and LUMO electron transfer) from triplet 8-methylamino-
riboflavin to singlet ground-state roseoflavin with subsequent deg-
radation of the formed triplet roseoflavin.
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