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Due to their ability to easily absorb light and to generate highly reactive species, photosensitizers emerged
as promising tools in a wide variety of physico-chemical and biological processes. Natural photosensitizers
have the benefit of a life-compatible toxicological profile. Porphyrins and flavins are such examples that
already proved their efficiency as photo-dynamic therapeutics. The present article describes a reliable,
easy-to-implement, readily available and reproducible method that can be used to characterize the
photosensitizing activity of flavins. Several key factors were investigated during this study, the optimum
parameters were: (i) a blue LED light source (dem, = 455 nm) at 6.69 mW; (i) a pH of 6 mimicking the
tumoral environment; (iii) an air-saturated atmosphere reaction medium, (iv) a tetrazolium dye (MTT) was
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product. This method can be used to rank a series of flavins based on their photosensitizing activities.
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Introduction

Photosensitizers are molecular systems able to efficiently
generate an excited state by absorbing light (photons).*
Contrarily to other molecules, the excited photosensitizer has
a lifetime (r) long enough to allow it to react with its neigh-
boring environment, before returning to its original ground-
state. The ability of a photosensitizer to easily absorb light is
intimately related to its molecular structure: in the case of
organic materials, a highly conjugated m-system is essential to
promote photoexcitation.” While the photo-dynamic therapy
(PDT) is by far the most well-known and studied application of
photosensitizers,** other utilizations are also described in the
literature, for example: as catalysts in synthesis® or pollutants
degradations,” as initiators in crosslinking or degradation of
polymers,® as key elements for the construction of solar energy
conversion systems*'® or as chromophores for optical power
limiting systems.”

Among the small-molecule photosensitizers, natural photo-
sensitizers have already proved their efficiency, as they are
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photosensitizers for photodynamic therapy.

currently used in clinics: porphyrins and flavins are such
examples. In its native environment, riboflavin (RF, vitamin B2)
and its metabolically active derivatives (flavin mononucleotide -
FMN and flavin adenine dinucleotide — FAD) are involved in
light-activated physiological processes.'* Activated by the blue
light (A = 445 nm), RF is used in clinics for treating keratoco-
nus*>* or for sterilizing blood components.***®

Natural photosensitizers cannot be used in their native state
in many applications, and require specific modulations in order
to either conjugate them on a material or to modify their
physico-chemical properties.”” ™ As these structural modifica-
tions can impact their photosensitizing properties, it is often
necessary to reassess the photosensitizer's activity through
a reliable evaluation method of the induced photosensitizing
reactions.

The efficiency of flavins as photosensitizers is highly
dependent on their ability to promote photosensitizing reac-
tions. In the case of flavins, the most studied photosensitizing
reactions are: (a) type I reactions where the activated photo-
sensitizer reacts directly with a substrate and (b) type II reac-
tions, where singlet oxygen ("0,), a highly reactive oxygenated
species (ROS), is firstly generated by the activated photosensi-
tizer, followed by the reaction of the 'O, with a substrate
(Fig. 1A).>*** Depending on the lifetime and the concentrations
of the excited species (substrate or oxygen), one or the other
pathway will be favored, but in general they co-exist. Compared
to the lifetime of singlet oxygen in water (evaluated at 3 ps), in
the case of flavins, their lifetime is substantially longer (for
example, for triplet RF, *RF*, 1 = 15 ps).? It should also be
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Fig. 1 (A) Main photosensitizing reactions pathways described for
riboflavin: (a) type | involves direct reaction of the excited photosen-
sitizer with the substrate and (b) type Il involves substrate modification
by singlet oxygen (*O,) generated by the excited photosensitizer;262”
(B) chemical structures of NBT and MTT dyes and their reduced forms.

mentioned that flavoenzymes can stabilize excited flavins
through geometrical and electrostatic interactions, compared to
the non-bound flavins.?

Although complex and focused mainly on a fundamental
understanding of the physico-chemical process driving the
radical reactions, studies that characterize individually the type
I or the type II reactions do exist***® and are conducted on
simplified model systems. We were interested in the develop-
ment of a method able to characterize the photosensitizing
activity of a sensitizer in a complex biological environment.
Consequently, our interest was not in discriminating the type I
from the type II reactions, but on the global output, thus
summing up both pathways. We intended to develop a reliable
and easy-to-implement protocol that can be used to conduct
structure-photosensitizing activity relationships (SAR) on
flavins. This protocol is essential during medicinal chemistry
projects, when a series of flavin analogues are synthesized with
the goal of identifying new potent photosensitizers: they should
be ranked based on their photosensitizing activities, ideally
using a flavin reference during the same study (riboflavin, FMN
or FAD, being the most commonly used flavin standards).
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An important criterion for our study was the use of in vivo-
compatible conditions: an aqueous reaction environment, a pH
range and an atmosphere specific to the targeted biological
environment, reagents that are non-toxic (or having an accept-
able toxicity profile already approved by other cell studies) and
a life-compatible source of light.

Several methods are described in the literature for the
characterization of the photosensitizing activity. They are
focused on either the direct monitoring of the generated ROS*®
or indirectly by monitoring the behavior of a probe.?®* Among
them, the colorimetric methods are easy to implement and to
adapt to different biological systems. Briefly, a colored indicator
will modify its absorbance when reacted with a photosensitizer.
Monitoring the hyper/hypsochromic effect of the indicator will
thus reveal the photosensitizer's activity.

One such colorimetric test was described for flavins by Liang
et al.:* it involves the use of riboflavin as photosensitizer and
nitro-blue-tetrazolium (NBT) as indicator (Fig. 1B). The ribo-
flavin is excited by a blue LED to the excited singlet state,
subsequently generating *RF*, which is reduced to a semi-
quinone state by methionine. RF semiquinone can reduce NBT,
either in ground or in an excited state, to the corresponding
formazan (directly via a type I reaction or indirectly via a type 1I
reaction). As the generated formazan is absorbing at 560 nm, its
concentration can be directly correlated with the activity of the
photosensitizer.

We reproduced this test for riboflavin, but in our hands this
protocol was difficult to master. Thus, we started a methodo-
logical approach to identify, and eventually optimize, the key
parameters governing this reaction.

Results and discussion

Starting from the method previously reported by Liang et al.*®
and summarized above, several parameters were investigated
during our study: the choice of the indicator, the concentration
of the sensitizer, the influence of the irradiation source, the
influence of the pH, as well as that of the reaction's atmosphere.
These will be detailed in the following sections.

1 Design of the blue LED-promoted photosensitization-
reaction

a Choice of the tetrazolium indicator. One of the main
issues of the colorimetric tests concerns the aqueous solubility
of the dye. Despite the possible ionization state of the colorant
molecule (e.g. salt) enhancing its hydrophilicity, a highly
conjugated system necessary to induce an absorption in the
visible range boosts its lipophilicity. The partition coefficient
(log P) of the dye is thus a key parameter to take into account
when monitoring the dye's concentration using the Beer-
Lambert law.

We started our study using an NBT indicator, as previously
described in the literature for monitoring riboflavin photo-
sensitizing activity.** Unfortunately, after reaction with the
light-activated riboflavin, the reduced NTB (NBT-formazan) is
only partly soluble in water. For example, an important

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sedimentation of the formed NBT formazan is observed if the
reaction mixture is immobilized for 20 min: the absorbance
decreased by half compared to the one recorded immediately
after the reaction. This was clearly shown by passing the reac-
tion mixture on a polytetrafluoroethylene (PTFE) syringe filter
(0.2 pm): the absorbance at 560 nm was completely abolished
(~0.01 pA). Variation of the pH (from 1 to 14) or addition of a co-
solvent such as dioxane, tetrahydrofurane (THF), dime-
thylsulfoxide (DMSO), acetone, ethyl acetate, dimethylforma-
mide (DMF), acetonitrile (ACN), methanol (MeOH), ethanol
(EtOH) did not completely dissolve the precipitated formazan,
even after a 100-fold dilution of the reaction mixture (Fig. 2A).

The bis-tetrazolium salts, such as NBT, have another dis-
advantage: they can be only partly reduced, resulting in
a mixture of mono- and double-reduced formazan products. We
therefore selected another tetrazolium salt, this time in the
mono-tetrazolium series. Among the commercially available
salts used for viability studies (XTT, MTT, MTS, CTC, etc.),** we
selected MTT (Fig. 1B), which has an absorption range different
than that of the flavins. Although still precipitating at the end of
the reaction, contrarily to NBT-formazan, MTT-formazan was
soluble in a wide variety of tested solvents: DMSO, ACN, DMF or
THF. We selected THF for dissolving the generated formazan:
the reaction mixture was diluted with an equivalent volume of
THF and its absorbance at 560 nm before and after filtration on
a 0.2 pm syringe filter was identical: Asgonm (before) = 0.825;
Aseonm (after) = 0.814.

Accordingly, MTT was selected as probe to monitor the
photosensitizer activity, and THF as co-solvent to dissolve the
MTT-formazan generated at the end of the reaction.

b Choice of the flavin's concentration. The reaction
conditions should be calibrated in order to allow the ranking of
the new flavin photosensitizers compared to the riboflavin.
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Because this structure-photosensitizing activity is based on the
color intensity of the dye, we targeted an absorbance of the
colorant in the 0.3-0.4 range. A more active photosensitizer
would translate into a higher concentration of the resultant dye
(thus its higher absorbance), while a less active photosensitizer
would conduct to a lower concentration of the dye. The targeted
absorbance of 0.4 would allow, in a first instance, to identify a 3-
fold variation of the photosensitizing activity compared to the
reference riboflavin without dilution of the reaction medium.

A calibration curve was generated using the commercially-
available MTT-formazan (ESI - F1t), and it showed that the
concentration necessary to induce an absorbance of 0.4 is 1.275
x 107* M. As the reaction between the RF and MTT is stoi-
chiometric, the concentration of RF should be the same. This
did not cause any issues, as the aqueous solubility of riboflavin
is ~100 mg L' (~2.66 x 10~* M).*

¢ Choice of the irradiation source. Riboflavin absorbs light
in the UV range at 221, 264, 371 nm, and in the visible range at
443 nm. The source of irradiation should thus emit either in the
UV or in the visible range, however, because of the cellular
toxicity of the UV light, we shifted to blue light sources, as they
are less toxic (or life-compatible). Several in-house blue LED
(light emitting diodes) sources were tested allowing to variate
the irradiating power to achieve the targeted absorbance of 0.4
reminded above: (a) 1 W (mono-LED, A160 WE Tuna, Kessil; P =
1W); (b) 5 x 3.3 mW (5 LED, SMD 3528 LED type, P = 3.3 mW);
(c) a variable power mono-LED source ranging from 0.7 to 32.5
mW (M455F3 Thorlabs). As shown in Table 1, after 3 minutes of
irradiation, the most powerful LED (1 W) delivered a lower MTT-
formazan yield (48%) than the less power LEDs (80% and 85%,
respectively). This lower yield of MTT-formazan was confirmed
to be the result of the flavin's degradation under the intense
irradiation conditions (vide infra). Finally, an irradiation power
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MTT (10.9 mM in water) and MTT-formazan (2.19 mM in THF/water 1/1); (C) influence of the pH on the reaction output; (D) influence of the
atmosphere on the reaction output; (E) control reactions: without RF or without methionine.
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Table 1 Tested irradiation light sources (irradiation time 3 min)

Power Light source Airradiation (NM)  MTT formazan (%)
Without irradiation — 0
1w LED? 455 48
5% 3.3mW 5 x LED device? 460 80
32.5 mW LED* 455 85
6.69 mW LED® 455 40

9 A160 WE Tuna blue, Kessil, Taiwan. ” SMD 3528, SignComplex.
¢ M455F3, Thorlabs.

of 6.69 mW delivered the targeted 40% of MTT-formazan. It
should be noted that no degradation of RF was observed under
these conditions. Accordingly, this irradiating power was
selected for the other parameters investigations.

In conclusion, the selected light source was the Thorlabs
monochromatic M455F3 LED (e, = 455 nm), modulated by
a cube driver (LEDD1B) to an output of 6.69 mW, equipped with
the 0.4 mm optical fiber M28L01. This source allowed to attain
an Abs = 0.4 for the resultant MTT-formazan after 3 minutes of
irradiation of the reaction mixture.

d Choice of the pH. The influence of pH on the sensitiza-
tion reaction was monitored by adding a basic (NaOH 0.1 N) or
acidic solution (HCI 0.1 N) to the reaction mixture. The inves-
tigated pH range was between 4 and 9. Fig. 2C shows that, after
3 minutes of irradiation, the reaction seems considerably
favored in a basic (pH > 8) versus an acidic medium (pH < 5).
Contrary to FAD and FMN which have their photosensitizing
activities highly dependent on their conformations (extended
vs. bended),* riboflavin's photosensitizing activity is mainly
driven by the redox and acid-basic equilibria of the isoalloxa-
zine core (see seminal review of Heelis).** In our case, a higher
reaction yield as the pH increases could be the result of: (1) an
increased MTT-formazan absorbance at higher pH as reported
earlier,* or (2) of the pH-dependent quantum yield of the photo-
generated *RF*. Plumb et al. reported earlier that the absor-
bance of MTT formazan increases in the pH range 3.5-11.5 in
a DMSO or DMSO/glycine buffer solution. As our solvent
mixture is different, we investigated if the absorbance depen-
dence reported earlier is similar for the THF/H,O mixture used
for our reaction. As shown in ESI - F2,1 the absorbance of
commercially available MTT formazan is constant in the 3-12
pH range in the THF/H,O0 1 : 1 mixture used in the reaction. The
reaction output in our case is thus dependent on the RF activity
at different pH. Our results can be correlated with the previously
data on *RF* quenching in water in a pH dependent manner:
Huvaere®® reported that at a pH = 4.2 the bimolecular rate
constant is k = 4.9 x 10" L mol~' s" while at pH = 7 the rate
constant is k = 2.2 x 10" L mol ™" s™". The initial mechanism
described by Huvaere for the interaction of *RF* and methio-
nine, with the final formation of DMDS (dimethyldisulfide) was
questioned later by Bassani et al.*” which proposed another
mechanistic pathway for the formation of this odor-repellent
product. For a potential usage in the PDT, we decided to use
a pH = 6, in order to mimic the slightly acidic tumoral
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microenvironment. Moreover, this pH allows generation of the
40% reaction output as initially targeted (vide supra), necessary
to rank different flavins based on this method. It should be
reminded that the addition of THF as co-solvent was mandatory
for dissolving the generated MTT formazan.

e Influence of the atmosphere. Different reaction atmo-
spheres were also evaluated during our study. In order to
saturate the reaction medium with a specific atmosphere, 10
cycles of vacuum/gas bubbling were conducted over 10 min. As
shown in Fig. 2D the reaction output is 4.5-fold lower in an O,-
rich medium compared to an air-medium. On the contrary, the
reaction output is 1.8-fold higher in a N,-rich medium. These
results can be explained based on the reactivities of the gener-
ated radical species.

After excitation by light to the singlet state, subsequently
generating the triplet state, RF* is reduced by the electron
donor present in the reaction (methionine) to the radical anion
state RF" .37 This last will trap a proton (H") and will subse-
quently generate the semiquinone RFH" able to reduce MTT to
the corresponding MTT formazan. However, this reaction
pattern is modified by the presence of a high concentration of
0,:**% under an O,-rich medium, the *RF* quenching by
methionine (k = 6.36 x 10" M~ ' s~ )" is highly overpassed by
*RF* quenching by the O, (k = 0.5-1.7 x 10° M~ " s~ ").?® This
last reaction will generate "O,, which is quenched by the pres-
ence of a high excess of methionine in the reaction medium (55
eq. vs. 1 eq. MTT/1.1 eq. RF) to a rate previously reported in the
range 1.3-1.7 x 107 M~' s .#% The final result of such
a cascade will be a lower amount of the resultant MTT formazan
than in an air-saturated solution.

In an N,-rich medium: a lower concentration of 'O, will be
generated, thus the probability for the *RF* to be quenched by
10, is decreased. The electron transfer from methionine will
thus be favored in such an N,-rich compared to an O,-rich
medium. No reaction takes place in the absence of methionine
(vide infra).

An air-saturated solution will combine both reactions
described before: 20% of O, in air will penalize the reaction
output compared to N,-saturated solution (Fig. 2D).

f Control reactions & typical irradiation protocol. The
importance of the photosensitizer or of the methionine for the
success of the reaction was subsequently verified. As shown in
Fig. 2E, in the absence of the photosensitizer the reaction did
not proceed. Similar results were obtained if methionine was
not added to the reaction mixture (see also ESI — F31). As ex-
pected, the photosensitization reaction did not proceed in the
absence of irradiation (Table 1).

It should also be reminded that the photophysics of
a photosensitization reaction is temperature sensitive,
depending on several factors like the thermal stability (e.g
deactivation) of the *PS or 'O,, the temperature-dependent
ground-O, solubility and diffusion in water, etc. For example,
Ogilby et al. noted that, contrary to the 'FMN which is less
sensitive to temperature variation, the rate constant for
quenching *FMN by ground O, increases 10 fold upon
increasing the temperature from 10 to 43 °C, having as conse-
quence an increased rate of singlet oxygen formation in this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature range.** The same increasing photosensitization
trend with the temperature increase was described for
porphyrin-based photosensitizers (e.g. see work of Kimel
et al.).®®

As the goal of our study was to develop a straightforward
methodology that can be used to compare photosensitization
abilities for a series of flavins, this method was optimized at
room temperature (20 °C). However, even if riboflavin is a ther-
mostable vitamin,*® different temperatures will impact the
reaction output (see ESI - F47 for details), presumably via the
mechanisms reminded above.

Based on the previous experiments, in a typical irradiation
protocol (see Materials and methods) an aqueous solution of the
investigated flavin (1.275 x 107" M, 1 eq.) was mixed with
methionine (55 eq.) and MTT (1 eq.) and the pH adjusted to 6 by
addition of HCI (aq soln 0.1 N). The mixture was subsequently
irradiated for 3 minutes by a blue LED (. = 455 nm, 6.69
mW) under air atmosphere. The reaction mixture was subse-
quently diluted by addition of an equivalent amount of THF and
heated for 5 min at 50 °C. The absorbance of the solution was
measured at A = 560 nm and reported on a calibration curve
prepared from commercially available MTT formazan in THF/
H,O0 1/1 for concentrations between 0 and 5.34 x 107> M (y =
0.0631x — 0.0152, R’ = 0.991).

2 Photo-degradation reactions

It is well known that flavins undergo chemical or metabolic
degradation products. If the enzymatic metabolites also
generate oxidation products of the isoalloxazine ring, the pH-
dependent chemical transformations and the photo-
degradation involve mostly ribityl side-chain transformations,
the main derivatives being the lumichrome (LC), lumiflavin (LF)
and formyllumiflavin (FLF).*”~*° In order to assess the possible
photo-degradation products generated under the irradiation
conditions and their impact on the photosensitizing activity,
the same reaction was conducted for an extended period of time
using the same LED sources as before. Comparing the reaction
mixture with the commercially available LC and LF by thin layer
chromatography (TLC) allowed us to qualitatively estimate the
output of the reaction. No traces of LC and LF were detected
after 3 min irradiation at 6.69 mW with the M455F3 LED. Traces
of these derivatives were observed after 3 minutes of irradiation
of the riboflavin sample at 32.5 mW; these products became
clearly visible after 15 min of reaction. The LC ratio continu-
ously increased over 2 h, until it was the only product of the
reaction. The same LC product was obtained only after 3
minutes when the sample was irradiated with the more
powerful 1 W LED (Table 2).

The photosensitizing activities of the commercially available
LC and LF were subsequently evaluated using the previously
described protocol. As shown in Fig. 3A, LF is equipotent with
the RF, while the LC is devoid of any photosensitizing activity.
However, it is important to note that LC does not present the
same UV spectra as the flavins: it does not absorb at 450 nm, but
at lower wavelengths: 355 nm and 385 nm. As described previ-
ously by Weiss,” LC has the same capacity of inter-system

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photodegradation products obtained from riboflavin®

Irradiation power (mW) Irradiation time (min) LC LF
6.69 3 — —
32.5 3 + +
32.5 15-90 ++ +
32.5 120 +H++ —
1000 3 +++ —

@ «—» indicates no presence of cpd as observed by TLC; “+” indicates

traces of cpds; “++” moderate intensity of TLC spots and “+++” main
compounds by TLC.

crossing as RF (®sc = 0.71 vs. P5c = 0.67),°> but it requires
irradiation at 347 nm which is highly mutagenic compared to
the 455 nm range. In conclusion, the selected 3 min irradiation
with a LED power of 6.69 mW was mild enough not to degrade
RF and validated the irradiation conditions. Such a method-
ology can be used to rank flavins and their derivatives based on
their photosensitizing activity.

We described one such flavin derivative recently: 7-tbutyl-
desoxyriboflavin (¢(BdRF, Fig. 3B). This was conjugated on
phospholipid derivatives through a pentyl linker, in order to
induce vesicular self-assemblies (e.g. liposomes)."” With this
derivative in our library, we were interested in verifying if it
would generate the same photo-degradation products as ribo-
flavin. Degradation of riboflavin is described in the literature to
be assisted by the C,—OH of the ribityl chain.” In the case of
{BdRF, this hydroxyl moiety is absent from the N-alkyl chain, in
consequence, the mechanism of photo-degradation could be
different, or could result in other degradation derivatives. In
order to investigate this hypothesis, our irradiation protocol
with different irradiation sources was employed. However,
contrary to LC and LF, the analogues in 7-tbutyl-isoalloxazine
series are not commercially available, thus they were synthe-
sized in-house, by analogy with the previously reported
methods.”

Briefly, chlorouracil was engaged in a solvent-free reaction
with either 4-tbutyl-aniline or 4-(tbutyl)-N-methylaniline. The
substitution products were subsequently submitted to an N-
oxidation by sodium nitrite in acetic acid. The instable N-oxide
intermediate was directly reduced by dithiothreitol (DTT) to the
corresponding lumiflavin or lumichrome, depending on the
substitution on the N-10 (Scheme 1).

The synthesized compounds in 7-tButyl series (¢BLC and
tBLF) present the same UV-Vis patterns as LC and LF.

Thus, despite the low hypochromic effect, the tBLF spectrum
overlaps the ¢{BdRF (Fig. 3C). Again, as for RF, the tBLC does not
absorb at the same wavelength as ¢BLF (400 nm vs. 440 nm). It
was expected that tBLC would not induce any photosensitizing
activity using the M455F3 LED (A, = 455 nm).

With both ¢BLC and ¢BLF used as controls, we proceeded
with the irradiation of tBdRF. Interestingly, no traces of tBLC or
tBLF were observed by TLC after 15 min of irradiation using the
1 W LED. Other minor compounds were generated in the
reaction mixture, which became predominant only after full

RSC Adv, 2023, 13, 2355-2364 | 2359
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Scheme 1 Synthesis of tBLF and tBLC.

consumption of the starting tBdRF: after 8 h of reaction. Only
traces of the expected tBLC or tBLF were observed at the end of
the reaction. Unfortunately, the 'H, >C and MS spectra did not
allow identification of the main derivatives generated under
these irradiation conditions. From a structural point of view, it
is important to underline that no aromatic signals were present
in the 'H & "3C spectra of the main photo-degradation products.
Hydroxyl moieties present in the structure of RF seem thus to
mediate a specific photo-degradation mechanism. In the
absence of such -OH moieties, the degradation mechanism was
different and led to other derivatives than the corresponding
tBLF and ¢BLC. However, in the absence of structural details, no
other studies were conducted with these derivatives.

N N
\N/
Dry DIPEA H
Dry DCM Dry DCM,
HO rt, 1h, S o Sealed tube, —N
_s? 40°C, 12h \
X
o 6:45%

(on 2 steps)

Scheme 2 Synthesis of tBARF-NMe,.

2360 | RSC Adv, 2023, 13, 2355-2364

*@1* *@(

View Article Online

Paper
C
3
25
E 2 tBdRF
5 ‘ tBLC
‘thRF NO  E£15 L e {BLF
2 ¥
21 i
< i \\
o5 % . P
i 7, i "
o’i i o
usu
250 350 450 550 650 750

Wavelength (nm)

I‘LN..

(A) Photosensitizing activities of RF, LC and LF; (B) chemical structures of tBdRF, tBLC, tBLF, LC and LF; (C) UV-Vis spectra of tBdRF, tBLC

In all cases, independent of the presence of hydroxyl moieties
on the Njg-alkyl chain, the selected 3 min irradiation with a LED
power of 6.69 mW did not conduct to any photo-degradations. The
previously identified irradiation conditions were thus validated.

3 Method validation

Other flavin derivatives were evaluated using this protocol in order
to assess its utility for characterizing their photosensitizing abili-
ties. For example, we tested the FMN and other derivatives in the
{BdRF series belonging to our internal library of flavins. For
example, when compared to RF, its biologically active form, FMN,
has a 17% lower photosensitizing activity. In order to mimic the
micro-tumoral environment, an acidic pH 6 was used during our
tests. Under these acidic conditions,® FMN can generate the
photo-inactive LC. This could explain why its activity is lower than
RF. Another derivative of the previously reported ¢BdRF (Fig. 3B)
was subsequently investigated: the terminal hydroxyl group was
substituted by dimethylamine. This derivative was synthesized
after the initial activation of the hydroxyl moiety into a methyl-
sulfonyl (mesylate) leaving group under basic conditions, followed
by its substitution by dimethylamine (Scheme 2). Interestingly,
using the same irradiation method as before, this derivative has
a 51% higher activity than the starting tBdRF (Fig. 4). The amine
moiety in its structure seems to play a vital role in mediating the
protonation state of the isoalloxazine ring, with an impact on the
generation of its active triplet state.

A final compound was evaluated for its photosensitizing
activity: the N-oxide intermediate (Fig. 3B) from our in-house

1.6
1.4
12
1.0
0.8

0.6

0.4

0.2

MTT formazan normalized to RF (%)

0.0

RF FMN tBdRF tBdRF-NO  tBdRF-N(Me)2

Fig. 4 Photosensitizing activities for a panel of flavins.
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library of flavins. Interestingly, the tBdRF-NO derivative was
found to be 72% more active than the starting ¢tBdRF (Fig. 4).

A library of flavin analogues was recently synthesized by our
group using a multistep approach. Their photosensitizing
activity was evaluated using the methodology reported herein,
which allowed identifying lead compounds for potential PDT
applications. The best derivative from this series will be
conjugated on phospholipids and formulated into liposomes,
in order to conduct to a more efficient generation of nano-
bombs than those we previously described in the literature."
These results will be disclosed in due time.

Conclusion

The current manuscript presents the design of an easy-to-
implement protocol used to investigate the photosensitizing
activity of flavins. Several parameters were monitored during this
study. They were optimized to deliver a 40% reaction output in
order to facilitate a direct comparison of the investigated flavins.
The retained parameters were: (i) the light source - a blue LED (A,
= 455 nm) at 6.69 mW. A more intense blue LED was observed to
induce photo-degradation of the flavins; (ii) the irradiation time - 3
minutes; (iii) the pH - this was adjusted to 6 in order to mimic the
tumoral environment; the reaction output was shown to be pH-
dependent. For example, compared to a 40% yield at pH = 6,
the yields were 7% and 69% at pH = 4 and pH = 9, respectively; (iv)
the atmosphere of the reaction medium - the air-saturated
medium was found to deliver the optimum reaction rate, inter-
mediate between the O,- (lower yield) and N,-saturated reactions
(higher yield); (v) the dye to monitor the sensitization efficacy -
a tetrazolium derivative (MTT) was used as the precipitated colored
MTT-formazan was soluble several organic solvents (THF was
selected for dissolving the precipitated MTT-formazan).

The protocol described in the current article is essential for
medicinal chemistry projects aiming at identifying potent
photosensitizers: the newly synthesized potential photo-
sensitizers should be ranked based on their photosensitizing
activities. As a proof of concept, this protocol was used to
generate preliminary SAR data for a small panel of compounds.
Among them, the N-oxide form of a RF analogue was found
more photo-active than the parent flavin.

Additionally, a dehydroxylated analogue of riboflavin was found
to give photodegradation derivatives other than the expected
lumiflavin and lumichrome analogues which were observed for
RF. This seems to suggest that, in the absence of an OH group in
the C, position of the ribityl chain, the mechanism of photo-
degradation is different than the one observed for RF.

The method described herein could be used to develop
structure-photosensitizing activity relationships for libraries of
flavin analogues, with the final goal of identifying potent agents
for photo-dynamic therapy.

Experimental
1 Materials and methods

All reagents and solvents were purchased from Sigma-Aldrich,
Alfa-Aesar, Acros Organics and were used without further

© 2023 The Author(s). Published by the Royal Society of Chemistry
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purification. The infrared (IR) spectra were recorded a Jasco FT/
IR-4600 spectrometer on a single-reflection diamond ATR
accessory. "H-NMR, "*C-NMR were recorded with Bruker Avance
300 spectrometer (at 300 MHz, 75 MHz) in CDCl;-d;, CD;0D-d,,
DMSO-d®. Chemical shifts are reported in parts per million
(ppm) and the coupling constants are reported in units of Hertz
[Hz]. Multiplicities were abbreviated as follows: singlet (s), as:
apparent singlet, doublet (d), doubled doublet (dd), triplet (t),
quintet (quint), multiplet (m). Low resolution mass spectra
(MS), were recorded with a Thermo Q Exactive spectrometer.
Melting points (Mp) or degradations temperature (Tqe,) Were
recorded using a Stuart SMP-30 B-540 apparatus. Flash chro-
matography was performed on Sigma-Aldrich 52-73 A (70-230
mesh) silica gel under air pressure. Thin-layer chromatography
(TLC) was carried out on Sigma-Aldrich silica gel 60 F254 pre-
coated plates. Visualization was made with ultraviolet light (A =
254/365 nm) or using an aqueous potassium permanganate
staining solution.

2 Synthesis

a 4-(tert-Butyl)-N-methylaniline (1b). Methyl iodide (0.18
mL, 0.40 g, 2.82 mmol, 1 eq.) was added to a solution of 4-tert-
butylaniline (1.68 g, 11.26 mmol, 4 eq.) in dry THF (10 mL), and
the reaction mixture was stirred for 72 h in a sealed tube at
room temperature. After the evaporation of solvent, DCM (50
mL) was added. The organic solution was washed with NaHCO;
(ag. satd soln, 20 mL). The organic materials were extracted
from the aqueous layer with DCM (3 x 10 mL). The combined
organic layers were washed with brine (1 x 5 mL) and dried over
MgSO,, filtered and the solvent was evaporated. The residue was
purified by flash chromatography on silica gel (PE: EA, 99: 1 to
9:1) to yield compound 1b as a light brown oil (0.373 g, 81%).
C11H;,N; M = 163.14 g mol ™ *; IR: » 3410, 2955 cm™*; MS (ESI):
miz = 148.2 [M — CH®]"; NMR "H (CDCly; 300 MHz): 6 (ppm)
1.36 (as, 9H), 2.88 (s, 3H), 3.56 (as, 1H), 6.65 (d, 2H, J = 8.3 Hz),
7.30 (d, 2H, J = 8.6 Hz); NMR °C (CDCls; 75 MHz): 6 (ppm) 31.0
(CH;), 31.7 (CH;), 33.9 (Cg), 112.3 (CHy,), 126.1 (CHy), 140.2
(Cy), 147.1 (Cy).

b  6-((4-(tert-Butyl)phenyl)amino)pyrimidine-2,4(3H,5H)-
dione (2a). 4-tert-Butylaniline (0.44 g, 2.70 mmol, 2 eq.) and 6-
chlorouracil (0.20 g, 1.35 mmol, 1 eq.) were introduced in
a sealed tube. The reaction mixture was stirred for 1 h at 160 °C.
The mixture was cooled to room temperature and DCM (20 mL)
was added. The residue was subsequently filtrated and washed
with DCM (2 x 10 mL) and Et,O (2 x 10 mL) to yield compound
2a as a yellow powder (0.350 g, 67%). C1,H;;N30,; M = 259.31 ¢
mol ™ Tyeg = 353 °C, IR: v 3235, 2961, 1724, 1600 cm™'; MS
(ESD): m/z = 260.1 [M + HJ", 282.1 [M + Na]"; NMR "H (DMSO-ds;
300 MHz): 6 (ppm) 1.27 (s, 9H), 4.63 (s, 1H), 7.12 (d, 2H, J = 8.6
Hz), 7.40 (d, 2H, J = 8.6 Hz), 8.19 (s, H), 10.11 (s, 1H), 10.42 (s,
1H); NMR C (DMSO-dg; 75 MHz): 6 (ppm) (DMSO-dg; 75 MHz):
6 (ppm) 31.1 (CHy), 34.2 (Cy), 75.4 (CH), 122.7 (CHy), 126.1
(CHa), 135.2 (Cy), 147.3 (Cy), 150.8 (Cy), 152.4 (Cy), 164.4 (Cy).

¢ 6-((4-(tert-Butyl)phenyl)(methyl)amino)pyrimidine-
2,4(1H,3H)-dione (2b). Compound 1b (0.16 g, 0.98 mmol, 2 eq.)
and 6-chlorouracil (0.072 g, 0.49 mmol, 1 eq.) were introduced
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in a sealed tube. The reaction mixture was stirred for 1 h at 160 °©
C. The residue was purified by flash-chromatography on silica
gel (DCM: MeOH, 100:0 to 97:3) to yield compound 2b as
a yellow powder (0.103 g, 77%). CysH1oN30,; M = 273.34 g
mol 5 Taeg = 290 °C, IR: v 3416, 2962, 1728, 1624 cm™'; MS
(ESD): m/z =274.1 [M + HJ", 296.1 [M + Na]"; NMR "H (DMSO-ds;
300 MHz): 6 (ppm) 1.30 (s, 9H), 3.22 (s, 3H), 4.22 (s, 1H), 7.17 (d,
2H, ] = 8.3 Hz), 7.45 (d, 2H, J = 8.4 Hz), 10.23 (s, 1H), 10.43 (s,
1H); NMR "*C (DMSO-dg; 75 MHz): 6 (ppm) 31.1 (CHs), 34.4 (Cy),
39.6 (CHj), 78.0 (CH), 126.1 (CH,,), 126.6 (CH,), 141.5 (Cy),
149.5 (Cy), 151.3 (Cq), 155.1 (Cy), 163.7 (C).

d 7-(tert-Butyl)-benzo[g]pteridine-2,4(3H,10H)-dione
(tBLC). Sodium nitrite (0.30 g, 4.34 mmol, 5 eq.) was added to
a solution of compound 2a (0.23 g, 0.87 mmol, 1 eq.) in acetic
acid (5 mL). After 3 h of stirring at room temperature under
nitrogen atmosphere and protected from light with an
aluminium foil, water (1.8 mL) was added to the mixture. The
obtained suspension was stirred for 3 additional hours.
Subsequently, toluene (3 x 10 mL) was added and solvents were
co-evaporated. The obtained corresponding N-oxide 3a (orange
powder) was then used for the next step as crude (MS (ESI): m/z
=287.1[M + H]', 309.0 [M + Na]"). An aqueous solution of DTT
(0.61 g, 3.92 mmol, 4.5 eq.), in H,O (1 mL) was added to
a suspension of the crude N-oxide 3a (0.25 g, 0.87 mmol, 1 eq.)
in EtOH (22 mL). The mixture was protected from light and
refluxed under nitrogen for 4 h. The organic solvent was evap-
orated and then the residue was filtrated and washed with DCM
(3 x 5 mL), H,O (2 mL) and Et,0 (2 x 5 mL) to conduct to
mixture of isomers as a yellow powder (0.235 g, 61% after two
steps). C14H14N,Op; M = 270.29 g mol ™ '; Tyeg = 350 °C, IR: v
3457, 3205, 3085, 1730, 1684 cm™; MS (ESI): m/z = 293.1 [M +
Na]'; NMR 'H (DMSO-dg; 300 MHz): 6 (ppm) 1.37 and 1.41 (s,
9H), 7.76 and 7.85 (d, 1H, J = 8.8 Hz), 7.99 and 8.05 (dd, 1H, ] =
2.0 Hz and J = 8.9 Hz), 8.01 and 8.20 (d, 1H, J = 1.9 Hz); NMR
BC (DMSO-dg; 75 MHz): 6 (ppm) 30.6 and 30.7 (CH;), 34.8 and
35.0 (Cgq), 113.7 (CHyy), 121.5 (Cq), 124.8 (CHyy), 126.5 (CHyy),
127.6 (CHyy), 131.4 (Cg), 132.3 (CHyy), 132.4 (CH,y), 135.1 (Cy),
139.0 (Cy), 141.2 (Cy), 142.5 (Cy), 147.3 (Cq), 150.4 (C,), 150.6
(Cq), 150.9 (Cy), 156.8 (Cy), 160.8 (Cy).

e 7-(tert-Butyl)-10-methylbenzo[g]pteridine-2,4(3H,10H)-
dione (¢BLF). Sodium nitrite (0.47 g, 6.77 mmol, 5 eq.) was
added to a solution of compound 2b (0.37 g, 1.35 mmol, 1 eq.) in
acetic acid (8 mL). After 3 h of stirring at room temperature
under nitrogen atmosphere and protected from light with an
aluminium foil, water (2.8 mL) was added to the mixture. The
obtained suspension was stirred for 3 additional hours.
Subsequently, toluene (3 x 10 mL) was added and solvents were
co-evaporated. The obtained corresponding N-oxide 3b (orange
powder) was then used for the next step as crude (MS (ESI): m/z
=301.1 [M + H]", 323.1 [M + Na]"). An aqueous solution of DTT
(0.94 g, 6.08 mmol, 4.5 eq.), in H,O (1.4 mL) was added to
a suspension of the crude N-oxide 3b (0.405 g, 1.35 mmol, 1 eq.)
in EtOH (34 mL). The mixture was protected from light and
refluxed under nitrogen for 4 h. The solvents were evaporated
and the residue was purified by flash chromatography on silica
gel (PE: EA, 4.6 to EA: MeOH, 95 : 5) to yield compound ¢BLF as
ayellow powder (0.383 g, 93% after two steps). C15H;6N400; M =
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284.32 g mol ; Tyeg = 319 °C, IR: v 3446, 2960, 1712, 1679 cm ™'
MS (ESI): m/z = 307.1 [M + Na]'; NMR ‘H (DMSO-d¢; 300 MHz):
6 (ppm) 1.38 (s, 9H), 3.97 (s, 3H), 7.88 (d, 1H, J = 8.8 Hz), 8.05
(m, 2H), 11.39 (s, 1H); NMR "*C (DMSO-ds; 75 MHz): 6 (ppm)
30.8 (CH;), 31.9 (CHj), 34.5 (Cgq), 116.4 (CHy,), 127.2 (CHyy),
131.3 (Cy), 133.4 (CH,,), 134.6 (Cy), 138.4 (C,), 149.0 (C,), 150.7
(Cq), 155.6 (Cy), 159.9 (Cy).

f 7-(tert-Butyl)-10-(5-(dimethylamino)pentyl)benzo[g]|pteri-
dine-2,4(3H,10H)-dione  (6). Mesyl chloride (0.11 mL,
1.40 mmol, 1.25 eq.) was added to a solution of ¢{BdRF (0.40 g,
1.12 mmol, 1 eq.) and dry DIPEA (0.29 mL, 1.68 mmol, 1.5 eq.)
in dry DCM (10.8 mL). The mixture was stirred for 1 h at room
temperature and H,O (5 mL) was added. The organic materials
were extracted from the aqueous layer with DCM (3 x 10 mL).
The combined organic layers were dried over MgSO,, filtered
and the solvent was evaporated. The residue was used as crude
for the next step. Dimethylamine (soln 2 M in THF, 5.6 mL,
11.2 mmol, 10 eq.) was added in sealed tube to the crude 5
(0.48 g, 1.12 mmol, 1 eq.) in dry DCM (5.6 mL). The mixture was
stirred for 24 h at 40 °C and NaHCO; (10% aq. soln 20 mL) was
added. The organic materials were extracted from the aqueous
layer with DCM (3 x 10 mL). The combined organic layers were
dried over MgSO, filtered and the solvent was evaporated. The
residue was purified by flash chromatography on silica gel
(DCM :MeOH, 97:3 to 9:1) to yield compound 6 as a dark
orange powder (0.429 g, 45% after two steps). Cy1HyoN50,; M =
383.50 g mol*; Mp = 175 °C, IR: » 1659, 1243 cm ™ '; MS (ESI):
mfz = 384.24 [M + H]"; NMR 'H (CD,;0D; 300 MHz): 6 (ppm) 1.44
(s, 9H), 1.54-1.67 (m, 4H), 1.90 (quint, 2H, J = 7.5 Hz), 2.28 (s,
6H), 2.40 (t, 2H, ] = 7.5 Hz), 4.74 (t, 2H, J = 7.7 Hz), 7.93 (d, 1H, J
=9.1 Hz), 8.13 (d, 1H,J = 2.3 Hz,J = 9.0 Hz), 8.17 (s, 1H, ] = 2.2
Hz); NMR "*C (CD;0D; 75 MHz): § (ppm) 25.5 (CH,), 27.8 (CH,),
28.1 (CH,), 31.3 (CHs), 35.7 (Cq), 45.3 (CHj), 46.3 (CH,), 60.3
(CH,), 117.2 (CH,,), 129.1 (CH,,), 132.2 (C), 135.7 (CH,,), 137.2
(Cq), 139.0 (Cy), 151.7 (Cy), 151.7 (Cy), 159.1 (Cy), 162.3 (Cy).

3 Photosensitizing activity

Stock aqueous solutions of riboflavin (1.275 x 10™* M, pH 6.0),
synthesized isoalloxazine derivatives (1.275 x 10~* M, pH 6.0),
thiazolyl blue tetrazolium bromide (MTT, 9.65 x 10~ * M), and 1-
methionine (5.66 x 10~> M) were freshly prepared using ultra-
pure water before the experiments. Flavins (aq. soln, 2.66 mL,
3.39 x 10 * mmol) were mixed with 0.34 mL of the second
solution (MTT, 3.28 x 10 * mmol; and r-methionine, 1.52 x
107> mmol) in a standard test tube (NAFVSM
621.1225075080.9R000) under air atmosphere.

The reaction mixtures were irradiated by direct contact
between the reaction vial and a blue LED (¢, = 455 nm) at 6.69
mW (M455F3 LED, optical fiber M28L01 0.4 mm and cube
driver LEDD1B were purchased from Thorlabs). The output
light intensity was measured at a distance of 0.2 cm using the
Thorlab PM400 Console and a S120VC probe prior to irradiation
experiments. The reaction mixture was irradiated for 3 min. The
generated suspension of MTT formazan was dissolved by add-
ing THF (3 mL) and subsequently heated for 5 min at 50 °C. Its
absorbance was measured at A = 560 nm and reported to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a calibration curve prepared with commercial MTT formazan in
THF/H,0 (1/1) for concentrations between 0 and 5.34 x 10> M
(y = 0.0631x — 0.0152, R* = 0.9991). The experimental setup is
described in ESI - F5.7

Abbreviations

DCM Dichloromethane

DIPEA Diisopropylethylamine
DTT Dithiotreitol

EA Ethyl acetate

PE Petroleum ether

ag. sat. Saturated aqueous solution
soln

MeOH Methanol

TEA Triethylamine

THF Tetrahydrofurane

RF Riboflavin

tBdRF tert-Butyl desoxyriboflavin
Car Aromatic carbon

Cq Quaternary carbon

ESI Electrospray ionization

PTFE Polytetrafluoroethylene

THF Tetrahydrofurane

DMSO Dimethylsulfoxide

DMF Dimethylformamide

ACN Acetonitrile

MeOH Methanol

EtOH Ethanol

NBT Nitro-blue-tetrazolium

XTT 2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

MTS 3-(4,5-Dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium

CTC 5-Cyano-2,3-ditolyl tetrazolium chloride

LED Light emitting diode

PDT Photo dynamic therapy

ROS Reactive oxygenated species

LC Lumichrome

LF Lumiflavin

FLF Formyllumiflavin

TLC Thin layer chromatography

DTT Dithiothreitol

TEMPO  (2,2,6,6-Tetramethyl-piperidin-1-yl)oxyl
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