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Riboflavin, a water-soluble vitamin and important nutrient found in many foods, also functions as an
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effective photosensitiser, with a singlet oxygen quantum yield of 0.54. This makes it relevant not only

for photodynamic therapy (PDT) but also as a contributor to light-induced degradation of food and
beverages. However, literature reports on its triplet and singlet oxygen dynamics remain inconsistent.

We show that in phosphate buffered water, riboflavin exhibits a triplet state lifetime of 3.2 us and
a singlet oxygen lifetime of 3.7 ps, unusually close values that require careful kinetic analysis for a
correct interpretation. Contrary to some assumptions, we find that sodium azide efficiently quenches
riboflavin triplets (rate constant 4x10° M1s1), far exceeding the quenching rate of azide for singlet
oxygen. In contrast, we demonstrate that the quenching of singlet oxygen by riboflavin is negligible
under typical conditions in H,O. We also report pronounced delayed fluorescence (DF) of riboflavin in
air-saturated samples, attributed to the singlet oxygen feedback mechanism. Finally we discuss how

the DF signal can be used to reveal energy transfer efficiency to other sensitisers, such as aluminium

phthalocyanine, where we demonstrate a dominant role of triplet-triplet transfer mechanism.

1 Introduction

Riboflavin (Rf, vitamin B,) is a crucial micronutrient found in
a variety of foods (e.g. milk, eggs, green vegetables) and is
essential for normal cellular function. In living organisms, ri-
boflavin performs its biochemical functions by being converted
to the coenzymes flavin mononucleotide (FMN) and flavin ade-
nine dinucleotide (FAD) that participate in numerous metabolic
reactions.

Beyond its nutritional importance, riboflavin has attracted in-
terest for its photochemical properties. It is a yellow orange aro-
matic isoalloxazine compound that strongly absorbs ultraviolet
and visible light (with absorption peaks near 224, 268, 373, and
445nm) and emits fluorescence around 535 nm with a quantum
yield of approximately 0.3.2

Upon exposure to light, riboflavin can be excited to higher en-
ergetic states and engage in photochemical reactions involving
oxygen. Its photosensitivity leads to the oxidative degradation of
foods and beverages after exposure to light, leading to off-flavour
of dairy products or beer.2# On the other hand, riboflavin is one
of the prominent endogenous chromophores in biological tissues
that can produce reactive oxygen species (ROS) under illumina-
tion, which has been explored in applications such as pathogen
inactivation and photodynamic therapy (PDT). Riboflavin and its
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derivatives have been studied as potential photosensitisers for the
treatment of skin diseases and cancers, since they are nontoxic
water-soluble vitamins that can generate cytotoxic singlet oxygen
when activated by light.2 A group of flavoproteins producing sin-
glet oxygen with high quantum yield was developed: SOPPs with
FMN as chromophore or miniSOG-Q103L using RtZ

Upon illumination, riboflavin in water solutions forms a triplet
state 3Rf* with a quantum yield of 0.6-0.7,8% which then ef-
ficiently interacts with the surrounding oxygen to form singlet
oxygen (102) with a quantum yield of (0.54 = 0.07) in aerated
H,0 solutions. This finding underscores that flavins, such as
riboflavin and FMN, can be efficient type II photosensitizers un-
der physiological conditions that can be used in photodynamic
therapy or to photodeactivate viruses and bacteriaZ11H16

However, riboflavin also has significant drawbacks that compli-
cate its use in photodynamic applications. It has a limited solu-
bility in water: on the order of 0.08 gL ™1, only up to 200 M) at
room temperature and neutral pH.EI Riboflavin also under-
goes rapid photodegradation after illumination under both aer-
obic and anaerobic conditions, primarily involving cleavage and
modification of its ribityl side chain, producing a series of photo-
products, such as lumichrome or lumiflavine.29

« For FMN, singlet oxygen quantum yields of 0.49 + 0.05 have been reported in H,O
and 0.65 = 0.04 in D,0.510

T Notably, the phosphorylated ribityl side chain in FMN dramatically improves solu-
bility in water, while preserving the isoalloxazine chromophore intact, leaving many
of the photophysical properties very similar to riboflavin. 12
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Because riboflavin both generates ROS and is susceptible to
them, a pertinent question has been whether riboflavin can act
as an antioxidant (i.e. a quencher of singlet oxygen or other
ROS) in addition to being a photosensitiser. Some earlier stud-
ies claimed that riboflavin could physically quench singlet oxygen
at almost diffusion-controlled rates (approx. 109-1010M~1s71),
implying that riboflavin could protect against oxidative damage
by scavenging 102.2122 However, in those works, rate constant
was determined only indirectly by measuring degradation of ri-
boflavin and depletion of oxygen. The authors also came to the
wrong conclusion that sodium azide quenches only singlet oxy-
gen and not riboflavin triplets (see the discussion below). On
the contrary, direct measurements based on singlet oxygen phos-
phorescence lifetimes yielded much lower quenching rates — Cha-
con et al.® reported 6 x 107 M~1s~1 in CH,;O0D, but they did not
provide much detail and did not show a Stern-Volmer plot. Re-
cently, a more detailed and accurate analysis by Insinska-Rak et
al.1¥ yielded even lower values, an estimate of 2 x 100 M~1s71
was obtained from Rf measurements in D,O and the value of
1.7 x 10° M~ ! s~ ! was obtained for FMN. The causes of the dis-
crepancies with the previous results are discussed therein. In
other words, riboflavin is actually a rather poor singlet oxygen
quencher in aqueous solutions, especially compared to dedicated
antioxidants. Previous reports of riboflavin’s high quenching abil-
ity may have stemmed from experimental artefacts or incorrect
interpretations of experimental data. However, determining the
quenching rate in H,O remains a challenge.

A related issue arises when considering sodium azide (NaN3)
as a tool in riboflavin photochemical experiments. Sodium azide
is a well-known selective quencher of singlet oxygen: it reacts
with 10, and is therefore often used to distinguish Type II (sin-
glet oxygen-mediated) photoreactions from other pathways.'23:24
The azide anion typically does not significantly quench the triplet
excited states of most common photosensitisers; for example, in
porphyrin and dye systems, NaN; scavenges 1O2 but does not
interact with the triplet state of the sensitiser.2> Consequently,
many riboflavin photochemical studies have used azide to confirm
singlet oxygen involvement, assuming that NaN; only removes
10, and leaves the triplet state of Rf intact.2126-28 Given the
widespread use of NaN, as a ’specific’ singlet oxygen quencher in
riboflavin photosensitisation studies, it is desirable to determine
whether azide truly leaves the riboflavin triplet state unaffected
and, if not, to determine the magnitude of its quenching effect.

A common experimental method to study the photosensitisa-
tion process is the detection of weak singlet oxygen phosphores-
cence around 1270 nm, which typically follows a biexponential
rise-decay in the form of

a2 (2] o

with 7; > 7. The rise time 1, usually corresponds to the triplet
lifetime (zp) while 7; corresponds to the lifetime of 1O2 (tp). In-
terestingly, the lifetime of the triplet state of riboflavin in aerated
solutions based on H,O has been reported about (3.2 = 0.5) us,?
which is longer than for many other PDT-relevant photosensitisers
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(e.g. porphyrin TPPS4 has a triplet lifetime of 1.8 us).22 The life-
time of singlet oxygen in unquenched H,O-based solutions is typ-
ically 3.5—4.0us,220 which is close to the triplet lifetime of ri-
boflavin. This makes the analysis of singlet oxygen luminescence
kinetics challenging because the fitting of the data with two close
lifetimes is usually ill-conditioned and could lead to large errors
or misleading interpretations. We address this issue in this report.

Riboflavin itself has been reported to have weak phosphores-
cence around 620 nm at low temperatures in rigid deoxygenated
media.2! However, we note an interesting luminescence phe-
nomenon that has been observed in solutions of various photo-
sensitisers at room temperature but remains unexplored for ri-
boflavin: delayed fluorescence resulting from singlet oxygen feed-
back (SOFDF). In several water-soluble photosensitisers (such as
rose bengal, eosin and porphyrins such as protoporphyrin IX),
weak delayed emission can be detected after prompt fluorescence
has decayed, which is attributable to the so-called singlet oxygen
feedback delayed fluorescence mechanism.2232133 I this process,
some of the singlet oxygen molecules generated by the triplet sen-
sitiser collide with another triplet and transfer their energy back
to the sensitiser, reexciting it to an excited singlet state, which
then emits fluorescence at a delayed time. This can be sum-
marised as a series of reactions:

3Ps* 430, — 'Ps + 10,
10,* 4+ 3ps* — 30, + 'PS*
'ps* — 'PS 4 photon

Similarly to the 1O2 kinetics, the SOFDF kinetics has a rise-decay
profile with two lifetimes that are related to the 1O2 and 3Rf*

lifetimes (t4 and 7, respectively) by the equations=%
TTTA
Trise = 71/2, Tdecay = PR 2

This phenomenon provides a unique optical signature of 1O2
and an alternative way to monitor triplet-sensitised processes. To
the best of our knowledge, delayed fluorescence from riboflavin
in solution has not been reported in the literature so far. The
energy of the riboflavin triplet is around 193 kimol~1,3L while
its excited singlet has an energy of approximately 226 kJmol~1.
The singlet-triplet energy gap of 40 kJmol~! is lower than the en-
ergy of the 1O2 molecule (94 kJmol~1), and therefore such back-
energy transfer and delayed emission are feasible in riboflavin.
Investigating whether riboflavin can exhibit delayed emission
would further elucidate the excited state dynamics of this vita-
min and could open up new detection methods for riboflavin’s
photoreactivity.

In this work, we investigate in detail the triplet state dynamics
of riboflavin and determine the corresponding lifetimes of excited
states. We also explore the effect of sodium azide on the excited
triplet state of riboflavin, measuring the quenching rate constant.
Furthermore, we revisit the potential of riboflavin to quench sin-
glet oxygen in solutions based on H,O. Next, we searched for any
observable delayed fluorescence or phosphorescence of riboflavin
in water at room temperature, as these signals could provide ad-
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ditional insight into the dynamics of the riboflavin triplet state.
Building on this, we study the energy transfer from riboflavin to
another photosensitiser aluminium phthalocyanine. Through this
study, our objective is to provide deeper insight into the photo-
chemistry of riboflavin, knowledge that is important both for fun-
damental photochemical understanding and for practical applica-
tion of this vitamin in photodynamic systems and food industry.

2 Materials

Riboflavin (Sigma-Aldrich R9504, purity >98 %) was dissolved
in Biosera Dulbecco H,O-based phosphate buffered saline (LM-
S2041, pH 7.4) at a concentration of 200 uM for stock solutions.
This was further diluted to the target concentrations. 50 uM was
used for most experiments. Aluminium phthalocyanine tetra-
sulphonate (Frontier Scientific, AlPcS-834, purity >95%) was
also dissolved in the H,O-based phosphate buffered solution at
a concentration of 1mM for the stock solution and further di-
luted to final concentrations, mainly 100 uM or lower. Through-
out this work, H,O-based buffer was used in all experiments with
the exception of a single control experiment described in Sec-
tion in which riboflavin was dissolved in D,0O-based phos-
phate buffer prepared from a Sigma-Aldrich PBS tablet (P4417)
and D,0 (Sigma-Aldrich 151882, 99.9 atom % D).

3 Methods

3.1 1O2 and DF detection (setup 1)

Weak infrared emission of singlet oxygen was detected by a gated
infrared photomultiplier (Hamamatsu H12694-45). The samples
were excited by ~ 5ns pulses provided by the EKSPLA NT242
laser with 1kHz repetition. Luminescence was collected by an
optical fibre and guided to the photomultiplier through a band-
pass filter centred at 1274 nm with a bandwidth of 40 nm (Omega
Optical). The signal from the photomultiplier was detected by a
time-resolved counter (Becker & Hickl MSA300).

In the case of delayed fluorescence, the same excitation laser
and time-resolved counter were used. In this setup, gated APD
(Laser Components COUNT-100C-FC) was employed to detect the
luminescence. A band-pass filter 562 nm with a bandwidth of 40
nm (Edmund Optics) was used for riboflavin emission, whereas a
long-pass filter RG630 (Schott) plus a bandpass filter 692/40 nm
were used for the emission of phthalocyanine.

Both the 10, and the DF emission kinetics were fitted by two
exponentials using the Python library Imfit.

3.2 Luminescence detection by camera (setup 2)

The time-resolved spectra of prompt and delayed fluorescence
were measured using a ns gated spectroscopic camera (Princeton
Instruments PI-MAX 4) attached to the output of the inverted lu-
minescence microscope Olympus IX73 through an imaging spec-
trograph (Princeton Instruments ARC-SP-2358). Excitation pulses
were provided by the same laser as described previously.

3.3 Transient absorption (setup 3)

For measurements of transient absorption spectra, the samples
were excited by laser pulses (~ 3ns width, energy 0.5mJ) from
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Fig. 1 Transient absorption of riboflavin solution at different times af-
ter the excitation pulse shows the ground state bleaching band around
450 nm accompanied by the triplet-triplet absorption bands in the red
portion of the spectrum. Inset: transient absorption spectrum decay.

an optical parametric oscillator (EKSPLA PG122) pumped by a
Q-switched Nd:YAG laser (EKSPLA NL303G/TH) at a 10 Hz rep-
etition rate. Absorption was probed using a pulsed xenon lamp
(PerkinElmer LS-1130-1) perpendicular to excitation. The trans-
mitted light was spectrally resolved using an imaging spectrom-
eter (Horiba Jobin-Yvon iHR320) and detected by an intensified
gated camera (Roper Scientific PI-MAX 512RB). A series of spec-
tra was acquired with an increasing delay after the excitation
pulse. Global analysis=2 was used to extract individual spectral
components and their corresponding lifetimes. When the xenon
lamp is turned off, this setup also enables recording time-resolved
spectra of the prompt and delayed fluorescence.2>

4 Results and Discussion

4.1 SRflifetimes

Transient absorption measurements were performed using 50 uM
riboflavin in PBS-buffered H,O with setup no. 3. Transient spectra
were recorded at a series of delay times after the excitation pulse
(Figure [I). Upon excitation, a fraction of riboflavin molecules is
promoted from the ground state (Sy) to the excited singlet state
(S1), and subsequently undergoes an intersystem crossing to the
triplet state (T;). The resulting spectra exhibit a prominent neg-
ative band centred on 450 nm, attributed to the depletion of ri-
boflavin molecules in the ground state as they populate the T,
state. Furthermore, a positive band at 600 —750 nm corresponds
to absorption of 3Rf* 29 Global analysis3” of time-resolved spec-
tra revealed a single lifetime component that corresponds to the
3Rf* lifetime, yielding tr = (3.1 +£0.1) us.

4.2 10, kinetics in H,0

The singlet oxygen phosphorescence kinetics of riboflavin in air-
saturated PBS/H,O were measured using the setup no.1 and
analysed to extract the triplet state lifetime (7r) and the singlet
oxygen lifetime (7). The kinetic traces were fitted using a bi-
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Fig. 2 Comparison of the 102 luminescence kinetics photosensitized by
riboflavin (red) and porphyrin TPPS, (blue). The slower rise of the red
curve documents that the lifetime of 3Rf* is significantly longer.

exponential model (1), as shown in Figure In some cases,
the fits converged to distinct lifetimes of #; = (3.7 +0.1)us and
t = (3.3+0.1)us, while in other instances, the fits yielded nearly
identical values for both components #; ~ r, ~ 3.5us, with differ-
ences as small as 0.02 us. This behaviour requires further discus-
sion.

Our measurements using other sensitisers (for example, por-
phyrins, eosin) in PBS/H,O gave a consistent singlet oxygen life-
time of 7, = (3.8£0.1)us and triplet lifetimes of ~2us.2> Here,
transient absorption measurements yielded a triplet state lifetime
for riboflavin of 7 = (3.1£0.1)us. The proximity of the 3Rf*
and 1O2 lifetimes presents a challenge in fitting the biexponential
kinetics reliably. When the data are noisy and the rise and de-
cay components are close, the sum of squared residuals becomes
insensitive to variations in the parameters, often leading the min-
imisation routine to converge to local minima where 7, = 1, pro-
ducing lifetime uncertainties exceeding 100 %. These effects were
confirmed by our in silico simulations: when 7 and 7, were closer
than 0.6 us, the fitting algorithm frequently converged to the mis-
leading result 1) = 1;.

When the rise and decay components of singlet oxygen kinet-
ics are suspected to be strongly coupled, it is critical to proceed
cautiously. An effective strategy is to fix one of the lifetimes
using independent data, e.g., fixing 7r from transient absorp-
tion measurements, allowing for a more reliable estimation of
75 during the fitting process. Alternatively, the singlet oxygen
lifetime can be independently determined by performing mea-
surements in oxygen-saturated PBS/H,O. In this condition, the
riboflavin triplet state is rapidly quenched, effectively decoupling
the two lifetimes and simplifying the fit. This approach yielded
Ta = (3.65+£0.10)us and 7r = (0.61 £0.05)us. Therefore, when
studying the evolution of 7r under varying conditions, fixing T,
based on such independent measurements can help reduce cross-
correlation artefacts and improve the robustness of the analysis.

Another possible approach is to perform experiments in D,0,
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which leads to a dramatic increase in the 1O2 lifetime from about
3.7 us to 69 us.1% This decouples the 10, lifetime from the 3Rf*
lifetime and allows for a more reliable fitting of the 7y lifetime.
Westberg et al. showed that the triplet lifetime of a free FMN is
equal to 3.2us in both H,O and D, 0, and therefore the isotopic
exchange did not significantly influence the triplet lifetime in that
case, although they observed an isotopic exchange effect on 7
for flavins bound to proteins.”

4.3 Riboflavin as a 0, quencher

We performed a simplified version of the experiment reported by
the Ogilby’s group,*? but in H,O instead of D,0. The goal was to
assess whether riboflavin can quench 1O2 by observing changes
in the phosphorescence lifetime of 102. Aluminium phthalocya-
nine tetrasulfonate (AlPc) was used as a photosensitiser to pro-
duce 1O2 due to its well-separated absorption spectrum from ri-
boflavin, allowing selective excitation at wavelengths > 600 nm.
We used 605nm excitation as a compromise between the ab-
sorption coefficient of AlPc and the power of the laser. In PBS
buffered H,O, AlPc alone (100uM) produced 1O2 with a mea-
sured lifetime of 15 = (3.724+0.04)us and a triplet state lifetime
or = (1.8 £0.1) us, corresponding to an overall 1O2 decay rate of
Ko = (2.69+0.03) x 10°s~!, primarily due to vibrational deactiva-
tion through O-H bonds in water. Upon the addition of 133 uM
riboflavin - similar to the conditions used by the Ogilby’s group
— the 10, lifetime remained unchanged within the experimen-
tal uncertainty (7, = (3.70£0.05)us, K = (2.70£0.04) x 10°s71).
Thus, the maximum possible change in the decay rate due to ri-
boflavin is within the margin of error: Kqmax = 8 x 103s~1. Given
the riboflavin concentration of 1.33 X 10~4M, this translates to
an upper limit for the bimolecular quenching rate constant of
kqmax = Kqmax/c =6 x 10’ M~!'s~!, which is two orders of magni-
tude lower than the old diffusion-controlled estimates21/22

It should be emphasised here that due to an inherently short
1O2 lifetime in H, O, the addition of riboflavin (even at concentra-
tions close to the solubility limit) did not induce any statistically
significant change in 1O2 lifetime. In terms of the bimolecular
quenching rate, we can only conclude that the real value can be
anywhere between zero and 6 x 107 M~1s~1, In this sense, our
findings in H, O are consistent with the recent results obtained in
a detailed study by the Ogilby’s group:12: k, <2 x 10°M~!s~! for
Rf in D,0, and k; = 1.7 x 10°M~1s~! for FMN. For comparison,
the quenching rates by sodium azide, amino acids such as histi-
dine, or carotenoids are 2—4 orders of magnitude higher.38740

In conclusion, even near its limit of solubility, riboflavin has a
negligible effect on the removal of 10, in aqueous systems and
cannot be considered a significant quencher under these condi-
tions.

4.4 NaN; quenches 3Rf*

The quenching rate of 3Rf* by sodium azide was determined from
time-resolved transient absorption spectroscopy, as described in
Section The decay kinetics of SRf* (50uM) were mea-
sured at varying NaN; concentrations (OmM, 0.1 mM, 0.2mM
and 0.3 mM), which yielded progressively shorter lifetimes 3.1 us,
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Fig. 3 NaN; concentration dependence of 'O, deactivation rate (orange
open circles) and 3Rf* deactivation rate obtained from transient absorp-
tion (red squares) and from O, phosphorescence (blue open circles).

1.41us, 0.87 us and 0.66 us, respectively. A control measurement
with 5 mM NaN, showed a lifetime below 50 ns. Figurepresents
a Stern-Volmer plot of the inverse lifetimes (%) versus azide con-
centration, showing a linear relationship according to the equa-
tion: | 1

— = — +kq - [NaN;]|.

PR + kq - [NaN;]
The slope gives a bimolecular quenching rate constant for ri-
boflavin triplets

kot =(4.0£0.1) x 10°M~'s7 1.

An independent method based on singlet oxygen phosphores-
cence kinetics was also used to determine both the triplet quench-
ing rate and the singlet oxygen removal rate. Measurements were
performed for a series of NaN; concentrations (0—-0.5 mM). Both
the rise time (7r) and the decay time (7)) decreased with increas-
ing azide concentration. For example, we obtained ©r = 3.3us
and 7, = 3.7us without NaN,, while 7r = 1.4us and 74 =3.2us at
0.1 mM of NaN,. Fitting the data yielded the triplet state quench-
ing rate constant kg = (4.0+£0.2) x 10°M~'s~! and the singlet
oxygen quenching rate constant kg s = (4.6 +0.4) x 105M s~ 1.
The latter value agrees well with previous literature reports.=8
However, it is important to note that the interpretation of the
phosphorescence kinetics of 1O2 in quenching experiments re-
quires caution. We must always be careful whether to attribute
the decay time to a singlet oxygen lifetime or to a triplet lifetime.

Our findings confirm the recent results of the Ogilby’s group ob-
tained in 3FMN in phosphate buffered D,O, where the rate con-
stant of triplet quenching of (3.0 = 0.3) x 10°M~!s~! and sin-
glet oxygen quenching of (5.5 + 0.3) x 108 M~1s~! were mea-
sured.” Quenching of the flavin chromophore in the miniSOG
protein was also previously published.42

Remarkably, the high efficiency of NaN; in quenching 3Rf* con-
trasts with assumptions of many previous studies, which assumed
that sodium azide does not quench riboflavin triplets,21:26728
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Fig. 4 Kinetics of delayed fluorescence of riboflavin in H,O (red) and D,O
(blue) with the respective fits of the kinetic model. The signals from the
samples where the 10, was removed by bubbling with nitrogen (green)
or by adding NaN; (orange) show no rise-decay behaviour. A fit of the
10, phosphorescence kinetics (black, dashed) is added for comparison.

although the quenching constant of 3.3 x 109 M~1s~! was re-
ported in an older work by Lu et al.#3 The paper reported that the
quenching proceeds through reaction 3Rf* + N;~ — Rf*” +N;*.
This is consistent with considerations based on redox potentials:
1.7V for the 3Rf* /Rf*~ pair and 1.35V for the N;~ /N,* pair.44
Unfortunately, the global analysis of our time-resolved transient
absorption spectra (section showed only one spectral and
lifetime component corresponding to riboflavin and did not reveal
a clear spectral signature of another species such as riboflavin an-
ion, so we are not able to confirm the reported quenching mech-
anism. Nevertheless, our findings clearly show that NaN; is an
effective quencher of 3Rf*, and this must be taken into account
in future mechanistic interpretations.

4.5 Delayed fluorescence
The time-resolved delayed emission of riboflavin (50uM in
PBS/H,0) was measured using setup 1 with a 562nm centred
bandpass filter (bandwidth 40 nm). Figure E-] documents a clear
rise-decay profile of the delayed fluorescence signal. It can be well
described by a biexponential fit with a rise time of (1.7 = 0.1) us
and a decay time of (1.8 = 0.1) us. According to the theoretical
model of singlet oxygen feedback delayed fluorescence (SOFDF;
see Eq. [2), the rise time corresponds to half of the triplet life-
time (Tyge = %T). This agrees well with or = (3.31+0.1) us obtained
from the rise-time of 1O2 phosphorescence. The decay time of the
SOFDF is expected to follow equation .34 For 7r = 3.3us and
Tp = 3.7us, this yields Tyecay =~ 1.74us, which closely matches the
observed value. These results confirm that the delayed fluores-
cence kinetics of riboflavin are consistent with the SOFDF mech-
anism.

Further confirmation of the SOFDF mechanism was obtained
by testing the sensitivity of the delayed emission to oxygen. In
samples saturated with N,, the delayed fluorescence signal was
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quenched by more than 95 %, consistent with the singlet oxygen-
mediated mechanism.

By adding 10 mM NaN; the DF signal was almost completely
suppressed, but as previously stated, sodium azide quenches both
Rf triplets and 102, so this cannot be directly used to prove the
participation of 1O2 in the formation of DF. Nevertheless, we mea-
sured the DF kinetics at a series of NaN, concentrations span-
ning from 0 to 100 uM, which shortens 1O2 lifetimes only mildly,
whereas Rf* is significantly quenched. The shortening of the
DF lifetimes by azide is clearly visible and is consistent with the
SOFDF model, as can be seen in Figure ?? and Table ?? in the
Supporting Information.

We also performed measurements in PBS containing 90 % D, 0O
and 10 % H,O, where the singlet oxygen lifetime is significantly
extended. Under such conditions, the SOFDF theory predicts that
the rise time remains %, while the decay time approaches 7r.
The measured rise and decay times of DF were (1.7 + 0.1) us and
(2.8 = 0.1) us, respectively. Simultaneous singlet oxygen phos-
phorescence measurements yielded or = 3.4us and 1) = 27us,
which predict SOFDF lifetimes of 1.7 us and 3.0 us (eq. [2). These
values agree well with the observed kinetics, further validating
the SOFDF interpretation.

The delayed fluorescence spectrum of riboflavin was measured
and compared with the prompt fluorescence spectrum using setup
no. 3, where a gate window of 0—20ns captured the prompt flu-
orescence and a delayed gate window of 1-5us captured the de-
layed fluorescence. The two spectra were practically identical, as
shown in Figure ??, which is consistent with our observations on
other photosensitizers.2> The ratio of DF to PF integral intensi-
ties was found to be R ~ 2 x 10~* for riboflavin under our exper-
imental conditions. Our experiments on other sensitisers under
similar conditions but with 5x larger absorbances revealed ratios
in the order of R ~ 1 x 1073, Given the second-order dependence
of SOFDF on the concentration of excited states, the result in ri-
boflavin is consistent with those observations.

Finally, it should also be noted that no Rf phosphorescence
around 620nm was observed in our liquid samples, even with
oxygen removed, contrary to the data reported in solid samples
of starch films.31

4.6 Energy transfer from Rf to AlPc

Delayed fluorescence (DF) kinetics can serve as a useful tool to
investigate energy transfer processes involving the triplet state of
riboflavin (3Rf*). Here, we aim to demonstrate that 3Rf* can
transfer energy to the ground state of another photosensitiser,
aluminium phthalocyanine tetrasulphonate (AlPc), generating its
triplet excited state through the reaction:

3Rf* + 'AIPc — 'Rf+ 3AlIPc*, (3)

ie. triplet-triplet energy transfer (TTET), where 3AlPc* subse-
quently interacts with the surrounding singlet oxygen and emits
delayed fluorescence through the SOFDF mechanism.

To investigate this, we prepared solutions of 50 uM riboflavin,
100uM AlPc, and their equimolar mixture in PBS/H,0O. Using
setup 1 with 445nm excitation (which excites riboflavin effi-
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Fig. 5 Delayed fluorescence of samples with Rf (blue) or AlPc (ma-
genta) and their mixture under aerobic (orange) and anaerobic (green)
conditions detected at 690 nm with excitation at 445nm. Delayed fluo-
rescence of the AlPc solution under excitation at 605 nm (cyan) is added
for comparison.

ciently while AlPc absorbs minimally at this wavelength), we si-
multaneously recorded DF and singlet oxygen phosphorescence.
For DF detection, we used either a bandpass filter centred at
690 nm (bandwidth of 40 nm) to isolate AlPc emission or a band-
pass filter centred at 562nm (bandwidth 40nm) to isolate ri-
boflavin fluorescence. Figure [5| displays the DF signals of indi-
vidual samples.

First, DF from riboflavin alone was measured using excitation
at 445 nm with detection at 690 nm. As expected, the signal was
weak (~ 500counts at maximum), as riboflavin does not emit
significantly at this wavelength. Similarly, AlPc alone exhibited
very weak DF under the same excitation/detection conditions
(~ 300counts at maximum), as it does not absorb at 445 nm. In
contrast, in the mixed solution of riboflavin and AlPc excited at
445 nm, the intensity of DF at 690 nm increased dramatically to
~ 13000 counts — more than a 20-fold increase relative to indi-
vidual components. A similar situation was also observed for a
much lower concentration of AlPc (10uM), see Figure ??. This
indicates an efficient energy transfer from 3Rf* to AlPc, which
leads to delayed emission from 3AlPc*.

To confirm singlet oxygen as an intermediate in the formation
of DF in the Rf+AlPc mixture, we repeated the measurement in
a nitrogen-saturated sample. In the absence of oxygen, the DF
signal at 690 nm was strongly suppressed, indicating that the AlPc
emission originates from the SOFDF mechanism, i.e. through the
interaction between 3AlPc* and 1OZ.

However, two alternative pathways of delayed signal formation
should be considered:

a) Formation of lAlPc* from 3Rf* in a reaction 3Rf* +
IAlPc — Rf+ 'AlPc* and a subsequent direct emission of de-
layed fluorescence from 'AlPc* without singlet oxygen as inter-
mediate.

b) Singlet-singlet energy transfer (SSET): Formation of 1AlPc*
from 'Rf* (by FRET, Dexter or emission/reabsorption) and sub-
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Fig. 6 Delayed fluorescence of AlPc from the mixture of AlPc and ri-
boflavin, excitation at 445 nm and emission detection at 690 nm. Model
TTET assumes the triplet to triplet energy transfer from 3Rf* leading
to formation of 3AIPc*. The SSET model takes into account only the
energy transfer from 'Rf* leading to formation of 'AlPc*.

sequent ISC to 3AIPc* within a few dozens of nanoseconds after
the excitation pulse, followed by delayed SOFDF emission.

Clearly, pathway (a) can be ruled out based on suppression of
the signal in the nitrogen saturated sample, which showed that
the SOFDF mechanism took place. The SSET pathway (b) is cer-
tainly present along with the proposed TTET mechanism (eq. [3).
If the delayed fluorescence from the mixed Rf and AlPc sample
was mainly due to the SSET mechanism, then the DF kinetics
should have a shape similar to that of DF from AlPc alone. How-
ever, Figure[5]shows that the delayed signal at 690 nm in the sam-
ple with added AlPc has a maximum at a much later time (2.6 us)
than AlPc alone (1.3 us). The later onset of the delayed signal is
consistent with the proposed TTET mechanism , where 3AlPc*
is formed first by energy transfer from 3Rf*, thus causing the later
onset.

Two delayed fluorescence kinetic models were prepared based
on independently measured deactivation rates of 3Rf*, 102 and
3AlPc*: The first model involves the triplet to triplet energy trans-
fer, while the other model involves only SSET. Figure [f] clearly
shows that the TTET model fits the experimental data quite well,
while the SSET model does not.

To further support the dominant role of TTET, we performed
time-resolved transient absorption measurements on the mixture
of Rf (50uM) and AlPc (5uM, a lower concentration was needed
to keep the absorbance below 1) in a deoxygenated solution. The
data showed that the riboflavin band around 450 nm decayed,
while the AlPc band around 670 nm increased with the same
time-constant of 11 us (Figure, consistent with the TTET mech-
anism. A relatively weak signature of the AlPc excited state at a
short delay (0.3 us) indicates that the SSET mechanism is only a
minor contributor to the formation of AlPc excited states.

Furthermore, the prompt and delayed fluorescence spectra of
the samples were measured using setup 2, again with 445 nm ex-
citation. Whereas the intensity of the AlPc delayed fluorescence
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Fig. 7 Energy transfer from 3Rf* to 3AlPc documented by time-resolved
transient absorption spectra of riboflavin (50uM) with AlPc (5uM) at
deoxygenated PBS/H,0. The riboflavin band around 450 nm decays,
while the AlPc band around 670 nm rises with the same time-constant of
11 us. The signature of the AlIPc excited state at the short delay (0.3 us)
is only relatively weak which indicates that most of the AlPc excited
states is not generated by a singlet-singlet energy transfer, but rather by
triplet-triplet energy transfer.

excitation 445 nm (Rf), emission 660-700 nm (AlPc)

Rf AlPc
PF
Rf + AlPc
DF
Rf + AlPc

Fig. 8 Delayed fluorescence (DF) and prompt fluorescence (PF) inten-
sity in the 660-700 nm region (AlIPc emission), excited at 445 nm (Rf
absorption) from AlPc alone, Rf alone, and from the mixture of AlPc
and riboflavin. Clearly only DF of AlPc is dramatically enhanced in the
presence of riboflavin, which indicates that TTET is dominant and SSET
has only a minot effect.

around 690 nm was dramatically increased in the presence of ri-
boflavin, the prompt fluorescence in the same mixture was only
slightly enhanced relative to the individual compounds. The sit-
uation is illustrated in Figure |8|and ??. This further supports the
notion that the TTET mechanism (eq. is the main contribu-
tor to the formation of 3AIPc* in our experiment, while SSET has
only a minor effect.

Finally, we estimated the rate constant for the energy-transfer
reaction. Analysis of riboflavin DF decay at 562 nm revealed the
3Rf* lifetime of 7r = (3.340.3)us in the absence of AlPc (calcu-
lated by Eq. [2). Upon the addition of 100 M AlPc, the lifetime
of 3Rf* decreased to 7} = (2.4+0.2)us, see Figure E} The corre-
sponding increase in the triplet decay rate is

1

1
———,zlllxlossfl. @

Ky =
T 1

This gives an estimated bimolecular quenching rate constant of
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Fig. 9 Riboflavin delayed fluorescence excited at 445nm, emission de-
tected at the wavelength of Rf fluorescence 562 nm without AlPc (green)
and in the presence of 100 uM AlPc (red). We can clearly see the quench-
ing of 3Rf* in the presence of AlPc.

Ky 11x10%s7!
" [AlPc]  1x1074M

Although approximate, this estimate illustrates how DF mea-
surements can be applied to investigate triplet-state quenching
and energy transfer dynamics between photosensitisers. Com-
pared with the transient absorption technique for investigations
of energy transfer, delayed fluorescence provides a background-
free method with the possibility of faster data acquisition. Here
we also see that delayed fluorescence enabled us to investigate
samples with relatively larger concentrations of AlPc, whereas the
pump-probe transient absorption at a right-angle geometry was
limited to much smaller concentrations because of the large ab-
sorption coefficients of AlPc. However, delayed fluorescence sig-
nal interpretation could be more complicated because additional
influences may be present.

As an example, delayed fluorescence was previously used to in-
vestigate triplet-triplet energy transfer in pyrene doped phenan-
threne nanoparticles, where pyrene acted as an energy acceptor
and emitted DF likely by a triplet-triplet annihilation upconver-
sion mechanism.42 However, such use cases for LED and lighting
applications are quite distant from our biologically-relevant sys-
tems.

kq =1L1x10°M 1s71 (5)

Conclusions

This study provides a detailed investigation of the triplet state
and the photophysical behaviour of riboflavin in aqueous media.
We confirmed that the triplet lifetime of riboflavin in PBS/H,0
is approximately 3.2us, being close to the singlet oxygen life-
time ~ 3.7us, which presents challenges for the kinetic analy-
sis of the emission of '0,. To address this, we combined inde-
pendent methods to evaluate the triplet lifetimes: transient ab-
sorption and singlet oxygen luminescence. We confirmed that
riboflavin is a poor quencher of singlet oxygen in H,O, with a
bimolecular rate constant below 6 x 107 M~1s~1, supporting re-
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cent findings obtained in D,O that contradict previous assump-
tions of efficient quenching. Given the low solubility of riboflavin
in water (< 200uM), the overall 1O2 quenching rate is negligi-
ble compared to other deactivation pathways. Furthermore, we
confirmed that sodium azide, commonly considered a selective
quencher of singlet oxygen, very efficiently quenches the triplet
state of riboflavin (kq ~ 4 x 10°M~1s~1), with significant implica-
tions for the interpretation of previous studies. We also report the
first observation of singlet oxygen feedback delayed fluorescence
(SOFDF) in riboflavin, with kinetics consistent with the expected
model in both H,O and D,0. SOFDF was a dominant mode of de-
layed emission in our samples. This provides a new experimental
tool to probe the excited-state dynamics of riboflavin. Finally,
we demonstrate that delayed fluorescence measurements can be
used to study triplet-triplet energy transfer, as evidenced by ri-
boflavin transferring energy to aluminium phthalocyanine in so-
lution. Together, our results clarify several longstanding ambigui-
ties about the behaviour of the triplet state of riboflavin and high-
light important considerations for future studies involving flavin-
based photosensitisers in biological, environmental, or photody-
namic contexts.
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