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Abstract: The blue-light photo-reduction (conversion of oxidized flavin quinone via flavin
semiquinone to fully reduced flavin hydroquinone) and dark re-oxidation of the flavins
riboflavin and lumiflavin in starch (a-amylose) films was studied by absorption and
luminescence spectroscopy. Blue-light photo-excitation caused an absorption, fluorescence,
and phosphorescence decrease which recovered in the dark. The photo-reduction
dark-oxidation cycle could be repeated. The efficiency of photo-reduction decreased with
exposed excitation energy, and the speed of re-oxidation in the dark slowed down with
time after excitation. The absorption did not fully recover. The fluorescence efficiency
after a long time of storage in the dark increased beyond the initial flavin quinone
fluorescence efficiency. Flavin photo-excitation is thought to cause starch-flavin
restructuring (static fluorescence quenching center formation), enabling enhanced
photo-induced starch to flavin electron transfer with subsequent flavin reduction and starch
oxidation. In the dark, after light switch-off, thermal reversion of flavin reduction and
starch oxidation occurred.
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1. Introduction

Riboflavin (vitamin B,, lactoflavin, 7,8-dimethyl-10-ribityl-isoalloxazine, structural formula in
Chart 1) and lumiflavin (7,8,10-trimethyl-isoalloxazine, structural formula in Chart 1) belong to the
huge family of flavins [ 1-4]. Riboflavin plays an important role as cofactor in enzymes [1]. Lumiflavin
is the core molecule of the flavins (isoalloxazines). It is the dominant photoproduct of riboflavin, flavin
mononucleotide (FMN, riboflavin-5'-monophosphate) and flavin adenine dinucleotide (FAD,
riboflavin-5'-adenosine-diphosphate) in alkaline solution (pH > 9) [2].

Chart 1. Structural formulae of riboflavin (RF), lumiflavin (LF), and anhydrous glucose

repeat unit of starch (a-amylose).
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The photochemistry of riboflavin in different solvents is very rich with different irreversible and
reversible degradation products ([2—7] and references therein). Intra-molecular hydrogen abstraction
from the ribityl-side chain was found to play a dominant role in the isoalloxazine core reduction [5].
The photochemistry of lumiflavin and lumiflavin derivatives was studied in [8—10]. The one-electron
and two-electron reduction modes of the flavin chromophore were clarified by flash photolysis studies
on 3-methyllumiflavin and lumiflavin-3-acetic acid in aqueous solution [11].

FMN and FAD are the chromophores (cofactors) in blue-light sensitive photoreceptors [12—14]:
FMN in LOV domains of phototropin [15], FAD and FMN in BLUF proteins [16], FAD in
cryptochromes and photolyases [17]. The flavins exist in three redox states which are the flavin
quinones (fully oxidized flavin) Fl, the flavin semiquinones (semi-reduced flavin) FIH', and the flavin
hydroquinones (fully reduced flavin) FIH, [1-4]. The nature of the host determines the flavin redox
state. Depending on the pH of aqueous solutions each of theses flavin redox species may exist in
cationic, neutral, or anionic form [1-4]. In LOV domains of phototropins, FMN in oxidized neutral
form is the cofactor, and the photocycle dynamics is determined by the reversible photo-induced
formation of FMN-C4a-cysteinyl adduct [15,18]. In BLUF proteins, photo-induced electron transfer
from tyrosine to neutral oxidized FAD or FMN leads to radical anion (FAD- or FMN-") formation
(flavin quinone radical anion) which causes reversible hydrogen-bond restructuring and possible
reduction (proton transfer) to FADH' or FMNH' (flavin semiquinone) and further reduction by electron
transfer to FADH or FMNH (anionic flavin hydroquinone) [19,20]. In cryptochromes, photocyclic



Int. J. Mol. Sci. 2012, 13 9159

reduction of neutral oxidized FAD was observed (first step is FAD" radical anion formation by
photo-induced electron transfer) [21-26]. In photolyases, fully reduced anionic FADH is
photo-oxidized to neutral flavin semiquinone FADH" by electron release in the photo-induced DNA
repair mechanism [17].

In a recent study on the luminescence (fluorescence, phosphorescence and delayed fluorescence) of
riboflavin and lumiflavin starch films as hosts had been used (flavins in solid matrix, structural
formula of anhydrous glucose starch repeat unit is shown in Chart 1) in order to be able to carry out the
measurements with a conventional fluorimeter at room temperature [27]. A fluorescence decrease had
been observed during the measurements indicating low fluorescence stability of the samples to light
exposure. This observation initiated the light dependence investigations on riboflavin and lumiflavin
presented in this paper.

We observed photocyclic behavior of riboflavin (RF) and lumiflavin (LF) in starch host. Neutral
fully oxidized RF and LF were reversibly photo-reduced to RFH, and LFH,, respectively. It is thought
that thereby starch is reversibly oxidized to oxystarch [28-31]. The absorption and luminescence
showed photocyclic behavior since flavin quinone, flavin semiquinone and flavin hydroquinone have
different absorption spectra, and flavin semiquinone as well as flavin hydroquinone are non-luminescent.
Static quenching [32-35] of the flavin quinone fluorescence occurred (reduction of quantum yield
without change of lifetime) by photo-induced electron transfer from starch to appropriate arranged
flavin molecules. The photo-excitation caused starch-flavin restructuring towards enhanced static
fluorescence quenching. After photo-excitation, in the dark at room temperature re-oxidation of flavin
hydroquinone to flavin quinone occurred and static fluorescence quenching decreased. The photo-induced
flavin reduction and dark re-oxidation was repeatable (photocycle behavior). The photocyclic behavior
of flavin implies a starch oxidation (oxystarch formation [28-31]) during light exposure and back
reduction in the dark.

2. Results and Discussion
2.1. Absorption Photocycling

For RF in a starch film the absorption changes due to light exposure at 455 nm (top part, previously
unexposed sample) and the absorption behavior after light switch-off in the dark (bottom part) are
shown in Figure 1. The excitation intensity was varied with filters, and after certain times of exposure
the transmission spectra were measured. The accumulated exposed energy densities, Weyp, and the
corresponding accumulated times of exposure, fp, are listed in the top part of Figure 1. The RF
absorption around 450 nm (first absorption band of fully oxidized RF) and around 371 nm (second
absorption band of fully oxidized RF) decreased with exposed excitation energy density (with time of
light exposure). A weak absorption band in the range from 515 nm to 660 nm built up which is
attributed to the formation of semi-reduced riboflavin RFH'. The increasing absorption around 310 nm
and 260 nm with isobestic points at 337.5 nm, 292 nm, 265 nm, and 237 nm is attributed to the
formation of fully reduced riboflavin RFH,. Absorption cross-section spectra of flavins in fully
oxidized form [36-38], semi-reduced form [39—41], and fully reduced form [42,43] are found in the
cited literature. Re-oxidation of RFH- and RFH; to RF in the dark is clearly seen in the lower part of
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Figure 1. The re-oxidation is not complete (some permanent reduction occurred). The absorption
spectrum of the re-oxidized RF is not fully identical with the initial unexposed RF. The first three
absorption maxima changed from 450 nm, 371 nm, and 271 nm to 449 nm, 369 nm, and 268 nm,
respectively. The differences indicate local interaction changes between riboflavin and starch in the
initial unexposed form and the recovered form.

Figure 1. Absorbance spectra of riboflavin in starch film. The development of absorbance
spectra during light exposure at wavelength Acy, = 455 nm is shown in the top part. The
bottom part shows absorbance spectra recovery after excitation light switch-off.
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For LF in a starch film, the absorption changes due to light exposure at 455 nm (previously
unexposed sample) and the absorption behavior after light switch-off in the dark are shown in Figure 2.
The photo-reduction of LF to LFHj is seen in the top part. The accumulated exposed energy densities,
Wexp, and the corresponding accumulated times of exposure, fcp, are listed in the figure. The formation
of semi-reduced lumiflavin could not be resolved (likely due to faster reduction of LFH- to LFH,). The
re-oxidation of LFH, to LF in the dark is seen in the lower part of Figure 2. The initial absorption
spectrum of LF is not fully restored in the re-oxidation process. The positions of the first three
absorption maxima of LF changed from 449 nm, 358 nm, and 271 nm to 448 nm, 366 nm and 270 nm
due to local interaction changes between lumiflavin and starch in the photo-excitation process.

In the top part of Figure 3 the dependence of absorbance at A = 450 nm as a function of exposed
energy density at Aey, = 455 nm is shown for RF in starch (solid line connected circles, fresh
previously unexposed sample) and LF in starch (dashed line connected triangles, fresh previously
unexposed sample). Absorbance ratios A(A =450 nm, Wexp)/A(A = 450 nm, wey, = 0) are displayed. The
data for RF in starch belong to another film than used in Figure 1 (film exposed in more steps up to
higher total exposed energy density, initial absorbance A(A = 450 nm, 0) = 0.0692). The data for LF in
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starch belong to the curves presented in Figure 2. The horizontal line at the right hand side indicates
the expected final absorbance ratio for the case of complete reduction of RF and LF to RFH, and
LFH,, respectively. The efficiency of photo-reduction was largest at the beginning of sample exposure
and leveled off with continued exposure (see logarithmic abscissa).

Figure 2. Absorbance spectra of lumiflavin in starch film. The development of the
absorbance spectra during light exposure at Ay, = 455 nm is shown in the top part. The
bottom part shows the absorbance spectra recovery after excitation light switch-off.
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The dotted-line connected dots in the top part of Figure 3 belong to a second photo-excitation of RF
in starch. The sample was re-exposed after recovering in the dark for a period of 4 month. At the start
of second exposure the absorbance had been recovered to about 70% of its original unexposed value.
The absorbance ratio at the end of second exposure (Wexp =7 J -cm %) was approximately the same as at
the end of the first exposure. The dash-dotted line connected filled triangles belong to a second
photo-excitation of LF in starch. The sample was re-exposed after recovering in the dark for a period
of 5 month and 20 days. At the start of second exposure the absorbance had been recovered to about
87% of its original unexposed value. The absorbance ratio at the end of second exposure
(Wexp=5.21] -cm 2) was slightly higher than at the end of the first exposure. In the second excitation process

of LF in starch some lumiflavin semiquinone formation was observed (long-wavelength absorption).
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Figure 3. Top part: Dependence of normalized absorbance at A = 450 nm versus exposed
excitation energy density, Wexp, at Aexp = 455 nm. Bottom part: Mole-fraction of retained
flavin in fully oxidized state, yr, versus exposed excitation energy density. Inset in bottom
part: Exposed energy density dependent quantum yield of photo-reduction, ¢,..4, of Fl to
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The lower part of Figure 3 displays the mole-fraction of still oxidized flavin during the first excitation
cycle, m(Wexp) =N g (Wexp)/ Ny (0) = Jg Ny (Weyp X)edx /Jg N (0,x)dx , where Np is the length-integrated

number density of oxidized flavin, Ng(x) is the number density of oxidized flavin at coordinate x, and
2 is the film thickness. yr is related to the absorbance ratio, 4(we,)/ 4(0), by

A(Wexp ’ 7b) _ Gu,Fle (7\’)
_ A(O, 7\’) Ga,Fl (7\’)
XFZ (Wexp) - Ga,Fle (;\) (1)

Ga,Fl (7\')

Equation (1) is obtained from the relationsa A(Wexp )={xFr (Wexp )O-a,Fl 1= xF (Wexp )]O-a,Fle N £ (0)/In(10) ,
and A4(0)=0, ;N (0)/In(10) . e, =1-Xp is the mole-fraction of fully reduced flavin. A is the probe
wavelength. In the calculations o, (A = 450 nm) =~ 4.7 x 10" cm? [36], and 04 py, (A =450 nm) =

4.18 x 107" cm?® [43] was used. The retained mole-fraction of flavin quinone at the end of exposure
(Wexp = 8 J cm %) Was yrr.end = 0.135 and yi5 ena = 0.096.

The momentary exposed energy density dependent quantum efficiency of photo-reduction, ¢,.4,
may be determined by use of the relation [43],

AN g

2
Anph,abs ( a)

q)red =
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where ANy is the length-integrated number density of oxidized flavin which got reduced due to the
number density of absorbed photons Anpp aps.
ANy is given by

AN g = Ax N g (0) =X 5t (Wexp1) = X 7t (Wexp, 2 )IN £ (0) (2b)

where N, (0) is the initial length-integrated number density of oxidized flavin. It may be expressed in

terms of initial absorbance, 4(0,A), and flavin quinone absorption cross-section, 6, ri(A), at wavelength

A as
A(0,1)In(10)
Ng(0)=———"F
1O 20)
(Note that A=—log(T) =0, [, N(x)dx/In(10)).
Anph aps 1S given by
Aw _ w —Ww IO_Al(xcxp) +10_A2(}\‘cxp)
_ exp 1 ~ exp,2 exp,l _
Ay == (1= Texp) P, 1 5 (2d)

exp exp

Ai(Aexp) and A>(Aexp) are the absorbance values belonging to the exposed energy densities wexp,1 and
Wexp2, Tespectively. hve,, is the excitation photon energy (2 Planck constant, Vex, = Co/Aexp
excitation frequency, co vacuum light velocity). T, =[T(w.,; +T(we,,)1/2 1S the mean transmission at
the excitation wavelength L., in the excitation energy density interval of wexp 1 t0 Wexp2. Using
adjacent data points of Wexp, xr1, and 4, the ¢;.cq(W,xp) curves were determined for RF and LF which
are displayed in the inset of the lower part of Figure 3. The initial quantum yields of photo-reduction
were @,.oq(RF/starch, wey,—0) = 0.2 £ 0.03 and ¢4 (LF/starch, wey,—0) = 0.12 + 0.03. At the end of
exposure the quantum yield of photo-reduction lowered to ¢4 = 10~ for both samples (less and less
favorable sites for flavin reduction and starch oxidation, part of Anpy a5 belongs to FIH, absorption).

The absorbance recovery of flavin in starch after light exposure is manifested in Figure 4. In the top
part of Figure 4, the circles belonging to RF in starch and the triangles belonging to LF in starch show
the absorbance recovery in the dark after the first light exposure. The corresponding points in the
bottom part of Figure 4 show the mole-fractions of oxidized RF and oxidized LF. The absorbance
(mole-fraction) of RF in starch recovered back to =70% (67%) of the initial unexposed value. In the
case of LF in starch the back recovery reached ~86% (85%) of the initial unexposed value.

The absorption recovery and the flavin re-oxidation fit reasonably well to bi-exponential functions
according to

_ A(ﬂ’trec) _
a(At, ) = —A,'m' A =a(A4,0)+[1-a(1,0)] {Ky, r[L=exp(—trec / Troe, )1+ Ky s[1—=€XP(~t e / Tree, )1} (3a)
N .
XE1(tree) = I;(trec ) = xr1(0)+[1- xr(0)] {Kl,f [1—exp(—tec /Trec,f )+ Ky.s [1—exp(—t /e /Trec,s )} (3b)

ini
as is seen by the solid and dashed curves in Figure 4. a(X,0) = AL,z =0)/ 4,,,(A) is the absorbance ratio
at wavelength A and time #.. = 0 after end of exposure. yr(0) is the mole-fraction of retained oxidized
flavin at end of exposure. T r is the time constant of fast absorption recovery, and T is the time

constant of slow absorption recovery. The coefficients of fast recovery, k.r and «,r and the
coefficients of slow recovery, K, and Kk, are related by Equation (1). The fraction of photo-reduced
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flavins which retained permanently reduced is: « . The obtained parameters for RF

poper =V Ky~ Ky
in starch are yrp(0) = 0.135, K (RF) = 0.077, trec {RF) = 3.3 h, 1, s(RF) = 0.50, Trec (RF) =229 h, and
Ky,per(RF) = 0.423. The obtained parameters for LF in starch are x;r(0) = 0.096, «, (LF)= 0.11, Ty (LF)
=2.85h, k, o(LF) = 0.72, Trecs(LF) = 325 h, and «, pe(LF) = 0.17.

Figure 4. Top part: Dependence of normalized absorbance, a = 4/A4i,i, at A = 450 nm versus
time #.. after end of exposure. Bottom part: Mole-fraction of flavin in fully oxidized state,
X1, versus time after end of first exposure.
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The absorbance recovery of RF in starch after the second cycle of light exposure is shown by the
dotted-line connected dots in the top part of Figure 4. The fast absorbance recovery component is more
pronounced than after the first excitation, and the final absorbance is lower than reached in the first
recovery. The same behavior was found for LF in starch as is shown by the dash-dotted line connected
filled triangles in the top part of Figure 4. The second last filled triangle, and the second last dot were
measured at relatively high relative humidity of ¢ = 0.66 (for preceding few days the ambient relative
humidity varied between 50% and 69%). The last filled triangle and the last dot were measured after
storing the samples for four days in a desiccator (¢, < 0.1) and relative humidity during measurement
of ¢, = 0.45.

2.2. Fluorescence Photocycling
2.2.1. Fluorescence Spectra and Fluorescence Quantum Yields

The evolution of spectrally corrected fluorescence spectra of previously unexposed RF and LF in
starch due to light exposure and dark recovery is shown in Figure 5 (light exposure at Acyp = 455 nm,
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excitation wavelength for fluorescence detection Apexc = 450 nm). The left figures belong to RF in
starch and the right figures belong to LF in starch. The top parts show the light exposure situation, and
the bottom parts show the situation of fluorescence recovery in the dark. The depicted fluorescence
spectra are normalized to the initial fluorescence signal height at the wavelength of maximum
fluorescence emission, i.e., SF(A)/Sk ini(AFmax) 18 displayed (Apmax(RF) = 523 nm, Ap max(LF)= 525 nm).
The shape of the fluorescence spectra is approximately independent of exposed light energy density
and time of recovery. The fluorescence signal height decreased with light exposure starting already at
very low light exposure. The fluorescence emission recovered after light exposure even beyond the

original fluorescence signal height (see below).

Figure 5. Fluorescence spectra of RF in starch (left part) and LF in starch (right part)
belonging different exposed energy densities at Aexc = 455 nm (top part) and different times
of recovery after light switch-off.
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The dependence of the fluorescence efficiency on the exposed light energy density is shown in
Figure 6. The solid line connected circles belong to RF in starch film, and the dashed line connected

triangles belong to LF in starch film of the first excitation cycle. The top part of Figure 6 shows the
decrease of the total (spectral integrated) fluorescence signal, =, =[5, (1)dr, with exposed energy

density wexp. The curves are normalized to the total initial fluorescence signal, =, =[S, (M)dr,

(unexposed samples). Comparing the total fluorescence signal decrease with the absorbance decrease
shown in Figure 3 one sees that the fluorescence emission decreased already at low exposed energy
densities (Wexp < 10~ J-cm?) where the absorbance decrease was still negligible. For higher exposed
energy densities (Wexp > 10~ J-em™?) the total fluorescence signal decreased in accordance with the
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reduction of flavin quinone to flavin hydroquinone (see Figure 3). It should be noticed that flavin

semiquinone and flavin hydroquinone are non-fluorescent [2,39].

Figure 6. Top part: Dependence of normalized fluorescence emission of RF and LF in
starch versus exposed energy density, weyp. Bottom part: Component specific fluorescence
quantum yield, ¢ g, (left ordinate) and fraction of normal emitting flavin quinone, ¥,
(right ordinate) wexp. Inset in top part: Quantum yield of photo-induced fluorescence
quenching center formation, ¢, versus wex, for first excitation cycle. Inset in bottom part:

Flavin quinone specific fluorescence quantum yield, ¢rp , versus corresponding

absorbance, 4, for first excitation cycle.
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In the lower part of Figure 6 the component specific fluorescence quantum yield, ¢g g, [44] of

riboflavin quinone and lumiflavin quinone in starch film versus exposed energy density (first

excitation cycle) is plotted. The curves were obtained by normalizing the total fluorescence signals of

the top part of Figure 6 to the absorbed fluorescence excitation light by flavin quinone and adjusting to

the fluorescence quantum yield before light exposure. The fluorescence quantum yields before light
exposure have been determined recently [27]. Their values are ¢p;,; (RF/starch) = 0.37 and

¢ ini (LF/starch) = 0.36. The decrease of fluorescence quantum yield with light exposure indicates

increased fluorescence quenching of flavin quinone in the course of exposure (photo-induced

quenching center formation by starch—flavin restructuring). At the end of exposure the total

fluorescence signal was stronger decreased than the absorbance or the fraction of retaining flavin

quinone because the flavin quinone specific fluorescence quantum yield decreased with weyp.
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The quantum efficiency, ¢y, of flavin-starch quenching center formation at low exposed energy
density (Wexp < 102 J-em ) may be estimated from the decrease of fluorescence efficiency with
absorbed excitation light. It is

_ AN,
0, = An (4)

ph,abs

where AN, is the length-integrated number density increment of formed quenching centers, and

Anphavs 18 the corresponding number density of absorbed photons. At wey, AN, may be expressed by

the amount of F1 component specific fluorescence quantum yield decrease Agr r; according to

Adp 1t (Wexp) Adp pr (Wexp) Adp 1 (Wexp) A(0,A) In(10
na " 2 I\IFZ(Wexp)= Lo Y £ NFI(O)XFI(Wexp)= Z)’Fl Y P (G )(I;f) )
F,FI,0 a,Fl

Ach (Wexp) = XFl (Wexp) (5)

br F10 br o

The corresponding number density of absorbed photons at wey, 1s

Awex AM}ex
Anph,abs (WSXP) = Fp [1 - T(xexp: Wexp)] = h\/ r A(?L

exp exp

exp? Wexp) ln(l 0) (6)

The calculated curves of ¢, versus wex, for RF and LF in starch are shown in the inset of the upper
part of Figure 6. The quantum efficiency of flavin-starch quenching-center formation starts from
¢qc = 10 at low exposed energy density (Wexp < 107 J cm %) and decreases to $gc = 0.01 at wey, = 0.01 J
cm 2. This result shows that initially one flavin molecule excitation caused a starch—flavin structure
optimization (starch restructuring) which changed about 10 normal fluorescing flavin molecules, Fl,,,
in inert starch environment to non-fluorescent flavin molecules, Fly, in fluorescence quenching active

starch environment (flavin—glucose quenching center formation). The total number density of flavin
quinones is Ny =Ng +N A, - The quantum efficiency of flavin-starch quenching center formation

decreased with increasing exposed energy density showing that the starch polymer rearrangement was
getting more and more difficult. For wey, > 107 Jem > N e Wep)/ Ny (w,,) became rather constant

exp exp
and even decreased over a certain energy density range for RF in starch where ¢ r; increased with
Wexp. The oxidized flavin specific fluorescence quantum yield ¢ g versus sample absorbance 4(450
nm) is shown in the inset of the bottom part of Figure 6 for RF in starch (circles) and for LF in starch
(triangles). The absorbance data belong to Figure 3. The decrease of fluorescence quantum yield
without change of absorbance at the right side (beginning of light exposure) is clearly seen.

The dotted line connected dots in the top part of Figure 6 show the fluorescence behavior of RF in
starch recovered in the dark at room temperature over a period of 4 month and re-exposed in a second
cycle. The dash-dotted line connected filled triangles in the top part of Figure 6 show the fluorescence
behavior of LF in starch recovered in the dark at room temperature over a period of 5 month and 20
days. For both RF and LF in starch the fluorescence quenching behavior was similar in the second
excitation process as in the first excitation process.

The fluorescence recovery of RF and LF in starch film after light switch-off in the dark is shown in
Figure 7. Circles and triangles belong to RF and LF after the first excitation process, respectively.
In the top part the recovery of the total (spectral integrated) fluorescence signal (normalized to the
initial total fluorescence signal), D> ¢/D r.ini, 1s depicted. The fluorescence recovery fits reasonably well
to bi-exponential functions (solid curve for RF, dashed curve for LF) with the same recovery times,
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Trec.£ aNd Trec s, as found for the absorbance recovery (Equation (3)). The total fluorescence signal of RF
in starch recovered to approximately 1.05 times the initial fluorescence signal while the RF molecules
re-oxidized only to a final fraction value of yrr. = 0.67. The total fluorescence signal of LF in starch
recovered to approximately 1.45 times the initial fluorescence signal while the LF molecules
re-oxidized to a final fraction value of yLr« =~ 0.85. This behavior indicates that the fluorescence quantum
yield of the re-oxidized flavin is higher than the fluorescence quantum yield of the initial flavin.

Figure 7. Top part: Dependence of normalized fluorescence emission versus time after end
of exposure. Bottom part: Component specific fluorescence quantum yield of flavin
quinone (left ordinate), and fraction of normal fluorescing flavin quinone (right ordinate)
versus time after end of exposure.

C< W 5 B A - A_:
_D r // ,/"’—‘—— A
— j ///
c\i i - Ae exe = 450 Nnm
c ! s
L r ! / o o
@ R
— |/
= i
e 'y
:g Ao """""""""" R )
0 I ¢
90 o S5 i = 0.081+.076*[1-exp(-/3.3 h)}+0.89°[1-exp(t/229 h)] T
— 0b5H Y ----- ST = 0.059+0.067*[1-exp(-1/2.85 h)]+1.31*[1-exp(-/325h)1
”7 - i o RF 1stcycle 1
< i A LF 1stcycle
D\EIL @ ® RF 2nd cycle
s A———n A LF2ndcycle
PN 0 z P T T L — 1 1
6F N
: o]
r 10.8
L C
T 0.4f(/ &=
w /7 brr=0.2140.1824'1-exp(-13.3 NH0.2031-exp(v229 )] | ) o
< - Or 1 = 0.208+0.129[1-exp(-/2.85 h)]+0.26*[1-exp(t/325 h)] | ="
0.31 o RFstcycle
I LF Tstcycle 104
02 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n
0 500 1000 1500 2000 2500

Time after Light Exposure t.. (M)

The fluorescence recovery of RF in starch after a second cycle of light exposure is shown by the
dotted-line connected dots in the top part of Figure 7. The situation of fluorescence recovery of LF in
starch after second cycle of exposure is shown by the dash-dotted line connected filled triangles in the
top part of Figure 7. In both cases the initial fast recovery after second light switch-off is more
pronounced than after the first excitation. For RF in starch the final fluorescence recovery after the
second excitation is lower than after the first excitation as is the absorbance recovery (dots in Figure 4).
For LF in starch the final fluorescence recovery after the second exposure is about the same as after the
first excitation. The second last filled triangle and the second last dot were measured at relatively high
relative humidity of ¢ = 0.66 whereby the humidity in the laboratory was in the range between 50%
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and 69% for a few days. The last filled triangle and the last dot were measured after storing the
samples for four days in a desiccator (¢ < 0.1) before measuring (relative humidity in laboratory
during measurement was @, =~ 0.45).

The dependence of the component specific fluorescence quantum yield, ¢ f,;, of flavin quinone on
the dark time after first light exposure is depicted in the lower part of Figure 7. For both, RF and LF in
starch, the fluorescence quantum yield at the end of light exposure was ¢rp;(0) = 0.21, and it
increased to ¢p py(00) = 0.60. The initial fluorescence quantum yields were  ¢pgpin; = 0.37 and
@r Lrini = 0.36 [27]. The increase of fluorescence quantum yield after recovery beyond the initial
values indicates that already before light exposure flavin—starch quenching centers were present
which lowered the initial light emission. Obviously, the thermal sample recovery in the dark period did
not create remarkably flavin-starch quenching centers along with the flavin re-oxidation. Assuming
that no flavin-starch quenching centers were left after saturating light exposure and complete recovery,
the fraction of initially present flavin-starch quenching centers is estimated to be ygcini =
(¢F,Fl,recovered - ¢F,Fl,ini)/(an,Fl,recovered giving qu,ini(RF) ~ 0.38 and qu,ini(LF) = 0.4. The fraction
of flavin-starch quenching centers at the end of first light exposure is similarly estimated to be
qu,end ~ (¢F,Fl,recovered - ¢F,Fl ,end)/¢F,Fl,recovered giving qu,end: 0.65 for both RF quinone and
LF quinone (¢g pieng = 0.21 in both cases).

The fraction of normal emitting flavin quinone molecules is Y, = 1 — X4c = Op i/ Pr Firecovered-
The curves in the lower part of Figure 6 with the right ordinate give the dependence of y, versus
exposed energy density. The curves in the lower part of Figure 7 with the right ordinate give the
development of x, with recovery time after light switch-off.

2.2.2. Fluorescence Lifetimes

The fluorescence lifetimes of RF in starch film were measured before light exposure, during light
exposure, and after dark recovery (first excitation cycle) with a mode-locked laser system and a
micro-channel-plate photomultiplier (MCP) oscilloscope system (time resolution #.s = 500 ps). The
fluorescence signals fitted well to a single exponential decay. The fluorescence lifetime did not change
with exposed light energy density and did not change during dark recovery. The measured 1/e-lifetime
was Trrr = 4.32 £ 0.03 ns. For LF in starch the fluorescence lifetime was measured before light
exposure and after dark recovery (first excitation cycle). In both cases the same fluorescence lifetime
of trLr =4.57 = 0.07 ns was measured.

Additionally, the time-resolved fluorescence of LF in starch film was measured before light
exposure and after dark recovery with the mode-locked laser system and an ultrafast streak-camera
(time resolution #. = 10 ps). For the unexposed sample the rise of the fluorescence signal was steeper
than for the sample after complete dark recovery (4 month of dark recovery). This finding indicates the
presence of an unresolved fast decaying fluorescence component for the unexposed sample. A
convolution analysis [36] wusing S,()=[g(t)S,s(~t)d’ with Gaussian response function
g(n=n""?exp(-1* /t%,) gave a single exponential fluorescence decay for the dark recovered sample

res

according to Sp s5(t)=Sg o6(t)exp(—t/7r ,) Where 1r, is the fluorescence lifetime determined by the

MCP measurements (tg, = T = 4.57 ns). 6(¢) is the Heaviside step-function (6(¢)= 0 for t <0 and 0(¢) =
1 for for ¢+ > 0). For the unexposed LF sample the measured traces fitted well to bi-exponential
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fluorescence decay according t0 Sy 5(1)=Sr 00O 2, exp(—t/Tr )+ Zge exp(—t/Tf )] With yn = 0.6,

T, = 45718, y,. =1-7, =04, and tr g = 1.5+ 0.5 ps.

The experimental situation of fluorescence quantum yield decrease and constant fluorescence
lifetime with exposed energy density at moderate time resolution is typical for static fluorescence
quenching with increasing quenching complex concentration y,. where the short fluorescence lifetime
Trqc Of the emitter-quencher-complexes cannot be resolved [32-35]. The streak-camera traces
convolution analysis revealed a fluorescence lifetime of the flavin-starch quenching centers of
Trqe = 1.5+ 0.5 ps.

The static fluorescence quenching observed here has some similarity with static fluorescence of
FAD in neutral aqueous solution (see [2,37,45,46] and references therein) where for part of the FAD
molecules the isoalloxazine moiety and the adenine moiety are un-stacked (normal fluorescing) and for
the other part of the FAD molecules the isoalloxazine moiety and the adenine moiety are stacked (very
weakly fluorescent due to efficient electron transfer between isoalloxaine and adenine and subsequent
charge recombination).

2.3. Delayed Luminescence Studies

In the photo-reduction studies on RF and LF in starch films also the delayed luminescence DL
(phosphorescence P and delayed fluorescence DF) behavior was investigated. Delayed luminescence
spectra and signal decay traces were measured. RF in starch and LF in starch behaved similar. Below
in Figures 8-10 only results are shown for RF in starch obtained for the first excitation—recovery
cycle. The delayed luminescence behavior of the samples before light exposure was reported in [27].

In Figure 8 spectrally corrected delayed luminescence spectra are shown for RF in starch (same
sample as used for Figure 1, fluorimeter gate opening 200 ps after sample excitation with 2 ps pulses,
gate width 5 ms). The top part shows spectra belonging to light exposure at Aeyy = 455 nm with
different exposed energy densities, and the bottom part shows spectra belonging to different times of
recovery in the dark. The spectra are normalized to the initial luminescence signal at 650 nm, i.e.,
SpL(M)/SprLini(650 nm) is presented. The emission band peaking around 650 nm belongs to
phosphorescence, and the emission band peaking around 530 nm belongs to delayed fluorescence (for
details see [27]). The spectral shapes retain approximately unchanged during light exposure and during
recovery in the dark. The luminescence signal heights decreased with light exposure and increased
after light switch-off in the dark. The curve belonging to for .. = 2655 h was measured at ¢, = 0.66
after a few days of high humidity in the range of 50% to 69% in the laboratory. The strong reduction of
delayed luminescence at high relative humidity is clearly seen. Above ¢,, = 50% the starch films begin
to become slightly permeable to oxygen [47] and the water vapor permeability increases [48] with
softening of the films. The phosphorescence is thought to be decreased because of flavin triplet
deactivation by adjacent molecular oxygen according to [49,50] *FI_ +’ O, —' FI_+' O;. The curve

belonging to . = 2740 h was measured at ¢ = 0.45 after storing the sample for four days in a
desiccator (¢ < 0.1). The delayed luminescence spectrum recovered nearly to the initial spectrum.
The delayed fluorescence peak became similar high as the phosphorescence peak (some enhancement
of delayed fluorescence).
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Figure 8. Delayed luminescence spectra of riboflavin in starch film (first excitation cycle).
Top part: Dependence on exposed light energy density at Ac, = 455 nm. Bottom part:
Dependence on storage time in the dark after light exposure. Curve belonging to
tree = 2655 h: sample was measured at ¢, = 0.66 after a few humid days ( ¢, varied
between 0.50 and 0.69). Curve belonging to #. = 2744 h: sample was measured after
4 days stored in a desiccator.
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The development of the delayed luminescence at A, = 530 nm (dominant delayed fluorescence, line
connected circles) and at A, = 645 nm (dominant phosphorescence, dashed line connected triangles)
versus exposed energy density at Aexp, = 455 nm and versus recovery time in the dark is shown in
Figure 9 for RF in starch film (data taken from Figure 8). The curves are normalized to the initial
delayed luminescence signal heights at the same probe wavelengths. For comparison the normalized
absorbance dependence 4(450 nm)/4;,i(450 nm) on exposed energy density and on time after exposure
is included (dotted line connected diamonds). The delayed luminescence signal followed the exposure
dependence and the recovery dependence of the fluorescence signal. For the second last data points in
the bottom part of Figure 9 the luminescence signal was small because of the high relative humidity
situation. After storing the sample in a desiccator (last data points in the bottom part of Figure 9) the
delayed luminescence signal approached the initial delayed luminescence signal while the absorbance
recovered only to about 65%. The final low-humidity flavin quinone specific delayed luminescence
quantum yield, ¢p, r;, reached higher values than the initial unexposed sample. This behavior is the
same as was found for the fluorescence. Both the fluorescence and the low-humidity delayed
luminescence efficiency is proportional to the mole fraction of normal fluorescing flavin quinone .
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Figure 9. Dependence of normalized delayed fluorescence (Spr/Spr,ini) at Apr = 530 nm,
phosphorescence (Sp/Spini) at 645 nm, and absorbance (4/4ini) at 450 nm of riboflavin in
starch versus exposed energy density at 455 nm (top part) and versus recovery time after
end of exposure (bottom part).
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In Figure 10 the time-resolved luminescence signal decay for RF in starch before light exposure and
for certain times after first exposure is shown (same sample used as for Figures 1, 8 and 9). The curves
are determined by the mole-fraction ¥, of normal fluorescing flavin quinone and the dissolved
molecular oxygen dependent delayed luminescence lifetime shortening. The curve measured at
tree = 2655 h under high relative humidity conditions shows a strong phosphorescence lifetime
shortening. For the other curves the temporal decay curves have a similar shape. The curve measured
at trec = 2740 h under low relative humidity conditions gave slightly higher luminescence signal than
the initial unexposed sample.

The data analysis of unexposed RF and LF in starch films was carried out in [27] assuming the
presence of only normal fluorescing flavins Fl,. The presence of flavins Fli. in quenching centers
changes the radiative S;-state lifetime (Equation (2) in [27]) to Trad.s, =TFn/OFn (¢rn = 0.60). The

inclusion of the static fluorescence quenching causes the correction of a few parameters for RF in
starch and LF in starch to: ¢,,, (RF) = 72 ns, 5,  (RF) = 1.34 x 1077 em?,

Camax(RF) = 7.2 % 107" crnz, 1r(LF) = 4.57 ns (new measurement because of some degradation of
previous sample), z,,, s (LF) = 7.6 ns, 5, (LF) = 1.28 x 1077 em?, Gamax(LF) = 6.85 x 1077 cm?,

P15¢(LF) = 0.38, kisc(LF) =832 x 10" s ', and &, ; (LF)=1.13s ",



Int. J. Mol. Sci. 2012, 13 9173

Figure 10. Delayed luminescence signal decay of RF in starch before and after first sample
exposure (parameters of Figures 1, 8 and 9 apply).
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2.4. Discussion of Reduction—Oxidation Photocycle Dynamics

The flavin behavior in starch may be described by a two-component system consisting of normal
fluorescing flavins Fl, and flavins Fl,. forming flavin-glucose fluorescence quenching centers. The
proposed photocyclic dynamics and inter-conversion of Fl, and Fl is illustrated in Figure 11.

The formation of flavin-starch fluorescence quenching centers Fli. by photo-excitation of normal
fluorescing flavin quinone Fl, is illustrated in the top part of Figure 11. Photo-excitation of Fl, leads to
radiative relaxation, internal conversion, intersystem-crossing, back-intersystem-crossing (delayed
fluorescence), radiative triplet-singlet relaxation (phosphorescence), and non-radiative triplet relaxation
to the singlet ground-state. The energy released by non-radiative decay and excited-state charge
distribution differences compared to the ground-state are thought to cause starch re-conformation to
flavin-glucose fluorescence quenching center formation (Fl,) on the time range of phosphorescence
decay (10 ms time scale). It should be noted that in the prepared flavin doped starch samples there
were already fluorescence quenching centers present before light exposure.
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Figure 11. Top part: Scheme of normal flavin (Fl,) excitation leading to flavin-starch
quenching center formation (Fly.) due to starch restructuring. Bottom part: Fl, excitation
causing flavin semiquinone FIH formation by electron and proton transfer; photo-excitation
of FIH" causing flavin hydroquinone FIH, formation by electron and proton transfer; and
thermal FIH, re-oxidation with starch restructuring to normal fluorescing flavin quinone Fl,,.
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The photo-excitation dynamics of Flo is illustrated in the lower part of Figure 11.
The photo-excitation of Flg is thought to cause a reductive electron transfer [35,51] from properly
arranged glucose G(OH), to flavin Fl according to

Fl1+G(OH), —~— F1*+G(OH), ——>F1*~ + G(OH)," (R1)

whereby flavin quinone radical anion FI-~ and glucose radical cation G(OH),"" is formed. The electron
transfer quenches the fluorescence (time constant of electron transfer is tr g~ 1.5 ps). FI' dominantly
relaxes back to Fli. by charge recombination. Part of FI© converts to neutral flavin semiquinone FIH'
by proton transfer (quantum efficiency > ¢,..4) according to

FL*~ +G(OH),"" —1 > FLH® + GO, H" (R2)
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The incident light excites FIH' to FIH'* and causes subsequent electron transfer to flavin semiquinone
radical anion according to

FIH® + GO,H® — 5 FIH® *+GO,H* — - FIH*~ + GO, H** (R3)

A second proton transfer from the single oxidized glucose radical cation to the flavin semiqginone
radical anion leads to flavin hydroquinone and oxy-glucose (oxystarch) according to

FIH*™ +GO,H"t —L S FIH, + GO, (R4)

The total quantum efficiency of FIH, formation is ¢,..4. In the dark there occurs thermal flavin
hydroquinone re-oxidation to flavin quinone by oxystarch reduction to normal starch and a
starch restructuring.

The flavin reduction from Fl to FIH, is visualized in Scheme 1. The corresponding partial starch
oxidation to oxystarch where glucose repeat units are oxidized to oxy-glucose repeat units is illustrated
in Scheme 2. Information on photochemical degradation of starch to oxystarch (di-aldehyde formation)
is found in [28-31].

Scheme 1. Reduction of fully oxidized flavin to fully reduced flavin via semi-reduced
flavin in two electron and proton transfer steps.

HaC N__N Yo o
_ NH Flavin quinone
HsC N

@)
k 67
R
HsC N.__N YO
iy NH Flavin quinone radical anion
HsC N
O
)
HsC NN \’40
:@: NH Flavin semiquinone
HsC N
H 0o



Int. J. Mol. Sci. 2012, 13 9176

Scheme 1. Cont.
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Scheme 2. Oxidation of a glucose repeat unit of starch to a di-aldehyde glucose repeat unit
of oxystarch in two steps of electron and proton transfer.
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The starch oxidation to oxystarch during light exposure and the oxystarch reduction to starch after
light switch-off is concluded form the fact that the flavin reduction and subsequent re-oxidation is
repeatable. For LF in starch no photo-induced intra-molecular reduction is possible, the oxidation of
starch is necessary for the process to occur. Re-oxidation of LFH; to LF might be caused by oxygen [52]
dissolved in starch and penetrating into starch, but without oxystarch back-reduction to starch a repetition
of cyclic photo-reduction and re-oxidation would not be possible. For RF in starch photo-induced
intra-molecular reduction is possible by hydrogen abstraction from the ribityl part [5]. This process is
thought to take place additionally to the starch oxidation since the quantum efficiency of photo-reduction
is higher for RF in starch than for LF in starch, and the RFH, back re-oxidation in the dark is less
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complete than for LFH, (no back reduction of the oxidized ribityl part is indicated). In the starch film
forming process by solution heating [27] the samples get partly degassed (oxygen solubility in solution
decreases with rising temperature). Starch films in dry air (¢,, < 50%) are air impermeable (see results
in [47,48] for free standing starch films of 20 pum thickness, our estimated film thickness is = 36 pum).
Photo-excitation studies on lumiflavin doped polystyrene films which are air permeable [53,54] did not
show flavin photo-reduction (own unpublished results).

2.5. Comparison with Photocycling of Natural Flavin based Blue-Light Photoreceptors

The found artificial photocycle behavior of photo-induced reduction and dark re-oxidation of flavins
in starch films resembles the photocycle behavior of natural flavin-based blue-light photoreceptors.

In LOV domains of phototropin charge-transfer reactions between photo-excited singlet and triplet
states of FMN and the protein (cystein residue) are involved in the meta-stable FMN-C4a-cysteinyl
adduct formation [18,55]. The FMN-C4a-cysteinyl adduct recovers thermally back to FMN and
cystein residue typically on a minute timescale [12-15,18,55].

In BLUF proteins [14,16,19,56] and BLUF domain containing photo-activated enzymes [20,57,58]
photo-excitation of FAD or FMN causes tyrosine to flavin quinone electron transfer forming
FAD" or FMN" with protein-flavin hydrogen-bond reorganization during the sub-nanosecond F1™
charge-recombination lifetime giving the signaling state (light-adapted state) for effector domain
activation [14,19,20,57,59]. In light adapted BLUF domains flavin reduction to flavin semiquinone
FIH and anionic flavin hydroquinone FIH may take place with partial re-oxidation after light
switch-off [20,57,59]. In the dark a hydrogen-bond back arrangement to the original situation takes
place on a second to minute timescale [14,16,19,20,56-59].

In cryptochromes the primary receptor state—signaling state photocycle is given by photo-induced
Tyr or Trp electron transfer to FAD forming FAD-~ which is stabilized over a time range of seconds by
positive charge separation along a Trp triade [17,24,25,60]. FAD" may further reduce to FADH" and
FADH [25,60,61]. The reduced FAD may partially re-oxidize in the dark on a minute to hour time
scale [25,61].

2.6. Comparison with Dye Reduction and Re-Oxidation by Agents

The photo-induced formation of reversible dye radicals in the triplet state by application of reducing
agents in aerobic liquid solutions was reported to be a frequently occurring phenomenon [62]. It was
observed in rhodamine, oxazine, thiazine, and cyanine dyes in the presence of reducing agents like
B-mercaptoethylamine or glutathione [62]. Photo-excitation caused dye reduction (radical formation)
in the triplet state, and the speed of re-oxidation in the dark was determined by the dissolved oxygen
content. The photo-induced formation of reversible dye radicals plays a crucial role in live-cell
super-resolution imaging fluorescence microscopy [62,63]. Flavin photo-reduction in liquid solutions
containing reducing agents and oxygen dependent re-oxidation was investigated in [6,7,43,64].

In the flavin doped solid starch films studied here, the starch host acts as reducing agent for
photo-excited flavin. The thereby generated oxystarch acts as oxidizing agent for reduced flavin in its
ground-state. In the case of riboflavin in starch hydrogen abstraction from the ribityl chain [5,43,65-68]
is thought to contribute to the isoalloxazine core reduction and is thought to be responsible for the
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incomplete re-oxidation in the dark. Dissolved oxygen is generally responsible for reduced flavin
re-oxidation [2—7]. Starch films at low relative humidity (¢, < 0.5) are impermeable to oxygen and the
retained oxygen in starch is immobile. Therefore flavin re-oxidation by oxygen in starch under dry
ambient conditions is thought to be of minor importance.

3. Experimental Section

Riboflavin (molar mass Mgr = 376.36 g'mol "), lumiflavin (Miy = 256.3 g'mol '), and starch (from
potatoes, treated with glycerol at 190 °C according to Zulkowsky [69], repeat unit: C¢OsH;o, molar
mass of repeat unit 162 g-mol ™', mass density pst =~ 1.55 g-cm°) were purchased from Sigma-Aldrich
and used as delivered. The solvent water was de-ionized in a Millipore water purifier and used in this
form. The starch films were prepared from flavin-water and starch-water solutions on fused silica plates
(25 mm diameter, 3 mm thickness). The thickness of the starch films was approximately 36 um. The
flavin concentration in the starch films was roughly 8 x 10> mol-dm . Details of sample preparation
are reported in [27]. All measurements were carried out at room temperature (20 °C-23 °C) under
ambient conditions and the samples were stored in the dark at room temperature under ambient
conditions. Except stated different, the ambient relative humidity was low in the range between 20%
and 50%.

For the photo-reduction of flavin doped starch films the samples were excited at 455 nm with a
LED light source (LEDC1 from Thorlabs). The excitation light intensity was varied with optical
neutral density filters (from Schott). The excitation intensity was measured with a power meter (Model
PD 300-UV-SH photodiode detector head with NOVA power monitor from Ophir).

The absorption spectra were measured with a spectrophotometer (Cary 50 from Varian). The
fluorescence spectra, delayed luminescence spectra, and delayed luminescence lifetimes were
measured with a fluorimeter (Cary Eclipse from Varian). Experimental details are found in [27].

Fluorescence lifetimes of the samples were measured using a mode-locked titanium-sapphire laser
oscillator amplifier system (Hurricane from Spectra-Physics) for sample excitation (second harmonic
pulses of 3 ps duration, wavelength 400 nm, and energy ~ 100 pJ). For fluorescence detection in most
cases a micro-channel-plate photomultiplier (type R1564U-01 from Hamamatsu) was used in
connection with a fast digital oscilloscope (LeCroy 9362) giving a time resolution of #es = 500 ps. The
fluorescence emission in front-face collection arrangement was directed to the detector via a
broadband interference filter (transmission range 500 nm—600 nm) and a magic angle polarizer
(excitation light was vertically polarized, the polarizer in the detection path was oriented at an angle of
54.7° to the vertical). For higher fluorescence signal time resolution (#.s = 10 ps) a streak camera (type
C1587 temporal disperser with M 1952 high-speed streak unit from Hamamatsu) was used [70].

4. Conclusions

Photo-excitation of the flavins riboflavin and lumiflavin in solid starch films caused repeatable
reversible reduction (photo-induced conversion of oxidized flavin to fully reduced flavin via
semi-reduced flavin and partial bi-exponential re-oxidation in the dark). The flavin doped starch films
may be considered as artificial flavin based blue-light photoreceptors since they exhibit a similar flavin
reduction—re-oxidation photocycle dynamics as the natural biological blue-light photoreceptors (LOV
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domains, BLUF proteins, cryptochromes). The role of the amino acid residues Cys, Tyr and Trp in the
proteins of natural flavin-based blue-light photoreceptors is taken over in the artificial flavin doped
starch films by the reducing action of the glucose repeat units of starch on photo-excited flavins and by
the oxidizing action of di-aldehyde groups in the formed oxystarch on ground-state flavin in the
reduced form.

A quantitative analysis of the photo-reduction dynamics of riboflavin and lumiflavin in starch was
carried out determining the excitation energy density dependent quantum efficiency of flavin-starch
photo-reduction center formation, ¢, and the excitation energy density dependent quantum yield of
flavin hydroquinone formation, ¢, 4. Similar photo-reduction and re-oxidation behavior is expected
for FMN and FAD in starch.

Acknowledgment
The author thanks F. J. GieBibl for his kind hospitality.
References

1. Friedrich, W. Vitamins; Walter de Gruyter: Berlin, Germany, 1988.

2. Miiller, F. Chemistry and Biochemistry of Flavoenzymes; CRC Press: Boca Raton, FL, USA,
1991; Volume 1.

3. Heelis, F. The photophysical and photochemical properties of flavins (isoalloxazines). Chem. Soc.
Rev. 1982, 11, 15-39.

4. Silva, E.; Edwards, A.M. Flavins: Photochemistry and Photobiology; Comprehensive Series in
Photochemistry and Photobiology; The Royal Society of Chemistry: Cambridge, UK, 2006;
Volume 6.

5. Moore, W.M.; Ireton, R.C. The photochemistry of riboflavin—V. The photodegradation of
isoalloxazines in alcoholic solvents. Photochem. Photobiol. 1977, 25, 347-356.

6. Gorner, H. Oxygen uptake after electron transfer from amines, amino acids and ascorbic acid to
triplet flavins in air-saturated aqueous solution. J. Photochem. Photobiol. B 2007, 87, 73—80.

7. Zhang, Y.; Gorner, H. Flavin-sensitized photo-oxidation of lysozyme and serum albumin.
Photochem. Photobiol. 2009, 85, 943-948.

8.  Green, M.; Tollin, G. Flash photoysis of flavins. I. Photoreduction in non-aqueous solvents.
Photochem. Photobiol. 1968, 7, 129-143.

9. Grodowski, M.S.; Veyret, B.; Weiss, K. Photochemistry of flavins. II. Photophysical properties of
alloxazines and isoalloxazines. Photochem. Photobiol. 1977, 26, 341-352.

10. Lasser, N.; Feitelson, J. Excited-state reactions of oxidized flavin derivatives. Photochem.
Photobiol. 1975, 21, 249-254.

11. Hemmerich, P.; Knappe, W.R.; Kramer, H.E.A.; Traber, R. Distinction of 2e and le reduction
modes of the flavin chromophore as studied by flash photolysis. Eur. J. Biochem. 1980, 104,
511-520.

12. Batschauer, A. Photoreceptors and Light Signalling; Comprehensive Series in Photochemistry
and Photobiology; The Royal Society of Chemistry: Cambridge, UK, 2003; Volume III.



Int. J. Mol. Sci. 2012, 13 9180

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Briggs, W.R.; Spudich, J.L. Handbook of Photosensory Receptors, Wiley-VCH Verlag:
Weinheim, Germany, 2005.

Losi, A. Flavin-based blue-light photoreceptors: A photobiophysics update. Photochem. Photobiol.
2007, 83, 1283-1300.

Briggs W.R.; Huala, E. Blue-light photoreceptors in higher plants. Annu. Rev. Cell Dev. Biol.
1999, 15, 33-62.

Gomelsky, M.; Klug, G. BLUF: A novel FAD-binding domain involved in sensory transduction
in microorganisms. Trends Biochem. Sci. 2002, 27, 497-500.

Sancar, A. Structure and function of DNA photolyase and cryptochrome blue-light photorecetors.
Chem. Rev. 2003, 103, 2203-2237.

Holzer, W.; Penzkofer, A.; Hegemann, P. Photophysical and photochemical excitation and
relaxation dynamics of LOV domains of Phot from Chlamydomonas reinhardtii. J. Lumin. 2005,
112,444-448.

Zirak, P.; Penzkofer, A.; Hegemann, P.; Mathes, T. Photo dynamics of BLUF domain mutant
H44R of AppA from Rhodobacter sphaeroides. Chem. Phys. 2007, 335, 15-27.

Tyagi, A.; Penzkofer, A.; Griese, J.; Schlichting, 1.; Kirienko, N.V.; Gomelsky, M. Photodynamics
of blue-light-regulated phosphodiesterase BIrP1 protein from Klebsiella pneumonia and its
photoreceptor BLUF domain. Chem. Phys. 2008, 354, 130-141.

Bouly, J.-B.; Schleicher, E.; Sese, M.D.; Vandenbussche, F.; van der Straeten, D.; Bakrim, N.;
Meier, S.; Batschauer, A.; Galland, P.; Bittl, R. Cryptochrome blue light photoreceptors are
activated through interconversion of flavin redox states. J. Biol. Chem. 2007, 282, 9383-9391.
Banerjee, R.; Schleicher, E.; Meier, S.; Viana, R.M.; Pokorny, R.; Ahmad, M.; Bittl, R.;
Batschauer, A. The signaling state of Arabidopsis cryptochrome 2 contains flavin semiquinone.
J. Biol. Chem. 2007, 282, 14916-14922.

Zikihara, K.; Ishikawa, T.; Todo, T.; Tokutomi, S. Involvement of electron transfer in the
photoreaction of zebrafish cryptochrome-dash. Photochem. Photobiol. 2008, 84, 1016—1623.
Song, S.-H.; Oztiirk, N.; Denaro, T.R.; Arat, N.O.; Kao, Y.-T.; Zhu, H.; Zhong, D.; Reppert, S.M.;
Sancar, A. Formation and function of flavin anion radical in cryptochrome 1 blue-light
photoreceptor of monarch butterfly. J. Biol. Chem. 2007, 282, 17608—17612.

Zirak, P.; Penzkofer, A.; Moldt, J.; Pokorny, R.; Batschauer, A.; Essen, L.-O. Photocycle
dynamics of the E149A mutant of cryptochrome 3 from Arabidopsis thaliana. J. Photochem.
Photobiol. B 2009, 97, 94-106.

Immeln, D.; Pokorny, R.; Herman, E.; Moldt, J.; Batschauer, A.; Kottke, T. Photoreaction of plant
and DASH cryptochromes probed by infrared spectroscopy: The neutral radical state of
flavoproteins. J. Phys. Chem. B 2010, 114, 17155-17161.

Penzkofer, A. Photoluminescence behavior of riboflavin and lumiflavin in liquid solutions and
solid films. Chem. Phys. 2012, 400, 142—153.

Peat, S.; Bourne, E.J.; Whelan, W.J. Photochemical degradation of starch. Nature 1948, 161,
762-763.

Hofreiter, B.T.; Alexander, B.H.; Wolff, I.A. Rapid estimation of dialdehyde content of periodate
oxystarch through quantitative alkali consumption. Anal. Chem. 1955, 27, 1930-1931.



Int. J. Mol. Sci. 2012, 13 9181

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Phillips, G.O.; Rickards, T. Photodegradation of carbohydrates. Part IV. Direct photolysis of
D-glucose in aqueous solution. J. Chem. Soc. B 1969, doi: 10.1039/J29690000455.

Bertolini, A.C.; Mestres, C.; Raffi, J.; Buléon, A.; Lerner, D.; Colonna, P. Photodegradation of
cassava and corn starches. J. Agric. Food Chem. 2001, 49, 675-682.

Drossler, P.; Holzer, W.; Penzkofer, A.; Hegemann, P. Fluorescence quenching of aqueous
solutions of riboflavin by methionin and cystein. Chem. Phys. 2003, 286, 409—420.

Forster, T. Fluoreszenz Organischer Verbindungen, Vandenhoeck und Ruprecht: Goéttingen,
Germany, 1951.

Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer Verlag: Berlin,
Germany, 2006; Chapter 8.

Valeur, B. Molecular Fluorescence. Principles and Applications; Wiley-VCH: Weinheim,
Germany, 2002; Chapter 4.

Drossler, P.; Holzer, W.; Penzkofer, A.; Hegemann, P. pH dependence of the absorption and
emission behaviour of riboflavin in aqueous solution. Chem. Phys. 2002, 282, 429-439.

Islam, S.D.M.; Susdorf, T.; Penzkofer, A.; Hegemann, P. Fluorescence quenching of flavin
adenine dinucleotide in aqueous solution by pH dependent isomerisation and photo-induced
electron transfer. Chem. Phys. 2003, 295, 139—151.

Tyagi, A.; Penzkofer, A. pH dependence of the absorption and emission behaviour of lumiflavin
in aqueous solution. J. Photochem. Photobiol. 4 2010, 215, 108—-115.

Song, S.-H.; Dick, B.; Penzkofer, A.; Hegemann, P. Photo-reduction of flavin mononucleotide to
semiquinone form in LOV domain mutants of blue-light receptor Phot from
Chlamydomonas reinhardtii. J. Photochem. Photobiol. B 2007, 87, 37-48.

Edmondson, D.E.; Tollin, G. Semiquinone formation in flavo- and metalloflavoproteins.
Top. Curr. Chem. 1983, 108, 109—138.

Massey, V.; Ghisla, S. Role of charge-transfer interactions in flavoprotein catalysis. Ann. N. Y.
Acad. Sci. 1974, 227, 446-465.

Ghisla, S. Fluorescence and optical characteristics of reduced flavins and flavoproteins. Methods
Enzymol. 1980, 66E, 360-373.

Song, S.-H.; Dick, B.; Penzkofer, A. Photo-induced reduction of flavin mononucleotide in
aqueous solutions. Chem. Phys. 2007, 332, 55-65.

Penzkofer, A.; Stierl, M.; Hegemann, P.; Kateriya, S. Absorption and fluorescence characteristics
of photo-activated adenylate cyclase nano-clusters from the amoeboflagellate Naegleria gruberi
NEG-M strain. Chem. Phys. 2012, 392, 46-54.

Wahl, P.; Auchet, J.C.; Visser, A.J.W.G.; Miiller, F. Time resolved fluorescence of flavin adenine
dinucleotide. FEBS Lett. 1974, 44, 67-70.

Van den Berg, P.A.W.; Feenstra, K.A.; Mark, A.E.; Berendsen, H.J.C.; Visser, A.J.W.G.
Dynamic conformations of flavin adenine dinucleotide: Simulated molecular dynamics of the
flavin cofactor related to the time-resolved fluorescence characteristics. J. Phys. Chem. B 2002,
106, 8858—-8869.

Forssell, P.; Lahtinen, R.; Lahelin, M.; Mylldrinen, P. Oxygen permeability of amylose and
amylopectin films. Carbonate Polym. 2002, 47, 125—129.



Int. J. Mol. Sci. 2012, 13 9182

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Rankin, J.C.; Wolff, I.A.; Davis, H.A.; Rist, C.E. Permeability of amylose film to moisture vapor,
selected organic vapors, and the common gases. Ind. Eng. Chem. 1958, 3, 120-123.

Turro, N.J.; Ramamurthy, V.; Scaiano, J.C. Principles of Molecular Photochemistry. An
Introduction; University Science Books: Sausalito, CA, USA, 2009.

Penzkofer, A.; Simmel, M.; Riedl, D. Room temperature phosphorescence lifetime and quantum
yield of erythrosine B and rose bengal in aerobic alkaline aqueous solution. J. Lumin. 2012, 132,
1055-1062.

Shirdel, J.; Penzkofer, A.; Prochazka, R.; Shen, Z.; Daub, J. Absorption and fluorescence
spectroscopic characterisation of a phenothiazine-flavin dyad. Chem. Phys. 2007, 336, 1-13.
Schweitzer, C.; Schmidt, R. Physical mechanisms of generation and deactivation of singlet
oxygen. Chem. Rev. 2003, 103, 1685-1757.

Guillet, J.E.; Andrews, M. Studies of oxygen diffusion in poly(styrene-co-1-naphthyl
methacrylate) by phosphorescence quenching. Macromolecules 1992, 25, 2752-2756.

Gao, Y.; Baca, A.M.; Wang, B.; Ogilby, P.R. Activation barriers for oxygen diffusion in
polystyrene and polycarbonate glasses: Effects of low molecular weight additives. Macromolecules
1994, 27, 7041-7048.

Holzer, W.; Penzkofer, A.; Susdorf, T.. Alvarez, M.; Islam, S.D.M.; Hegemann, P.
Absorption and emission spectroscopic characterisation of the LOV2-domain of Phot from
Chlamydomonas reinhardtii fused to a maltose binding protein. Chem. Phys. 2004, 302, 105—-118.
Masuda, S.; Bauer, C.E. AppA is a blue light photoreceptor that antirepresses photosynthesis gene
expression in Rhodobacter sphaeroides. Cell 2002,110, 613—623.

Penzkofer, A.; Stierl, M.; Hegemann, P.; Kateriya, S. Photo-dynamics of the BLUF domain
containing soluble adenylate cyclase (nPAC) from the amoeboflagellate Naegleria gruberi
NEG-M strain. Chem. Phys. 2011, 387, 25-38.

Iseki, M.; Matsunaga, S.; Murakami, A.; Ohno, K.; Shiga, K.; Yoshida, K.; Sugai, M.;
Takahashi, T.; Hori, T.; Watanabe, M. A blue-light-activated adenylyl cyclase mediates
photoavoidance in Euglena gracilis. Nature 2002, 415, 1047-1051.

Zirak, P.; Penzkofer, A.; Lehmpfuhl, C.; Mathes, T.; Hegemann, P. Absorption and emission
spectroscopic characterization of blue-light receptor Slr1694 from Synechocystis sp. PCC6803.
J. Photochem. Photobiol. B 2007, 86, 22-34.

Shirdel, J.; Zirak, P.; Penzkofer, A.; Breitkreuz, H.; Wolf, E. Absorption and fluorescence
spectroscopic characterisation of the circadian blue-light photoreceptor cryptochrome from
Drosophila melanogaster (dCry). Chem. Phys. 2008, 352, 35-47.

Song, S.-H.; Dick, B.; Penzkofer, A.; Pokorny, R.; Batschauer, A.; Essen, L.-O. Absorption and
fluorescence spectroscopic characterization of cryptochrome 3 from Arabidopsis thaliana.
J. Photochem. Photobiol. B 2006, 85, 1-16.

Van de Linde, S.; Krsti¢, 1.; Prisner, T.; Doose, S.; Heilmann, M.; Sauer, M. Photoinduced
formation of reversible dye radicals and their impact on super-resolution imaging.
Photochem. Photobiol. Sci. 2011, 10, 499-506.

Heilemann, M.; van de Linde, S.; Mukherjee, A.; Sauer, M. Super-resolution imaging with small
organic fluorophores. Angew. Chem. Int. Ed. 2008, 48, 6903—6908.



Int. J. Mol. Sci. 2012, 13 9183

64.

65.

66.

67.

68.

69.

70.

Penzkofer, A.; Bansal, A.K.; Song, S.-H.; Dick, B. Fluorescence quenching of flavins by
reductive agents. Chem. Phys. 2007, 336, 14-21.

Holmstrém, B.; Oster, G. Riboflavin as an electron donor in photochemical reactions. J. Am.
Chem. Soc. 1961, 83, 1867-1871.

Moore, W.M.; Spence, J.T.; Raymond, F.A.; Colson, S.D. Photochemistry of riboflavin. I.
The hydrogen transfer process in the anaerobic photobleaching of flavins. J. Am. Chem. Soc.
1963, 85, 3367-3372.

Holmstrém, B. The mechanism of the photoreduction of riboflavin. Arkiv Kemi 1964, 22, 329-346.
Radda, G.K.; Calvin, M. Chemical and photochemical reductions of flavin nucleotides and
analogs. Biochemistry 1964, 3, 384-393.

Zulkowsky, K. Verhalten der Stirke gegen Glycerin. Ber. Deutsch. Chem. Ges. 1880, 13,
1395-1398.

Zirak, P.; Penzkofer, A.; Mathes, T.; Hegemann, P. Photo-dynamics of roseoflavin and riboflavin
in aqueous and organic solvents. Chem. Phys. 2009, 358, 111-122.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


