Journal Pre-proof

Alkylation converts riboflavin into an efficient photosensitizer of
phospholipid membranes Biomembranes

Maria José Sosa, José Luis Fonseca, Aya Sakaya, Maria Noel
Urrutia, Gabriela Petroselli, Rosa Erra-Balsells, Matias 1. Quindt,
Sergio M. Bonesi, Gonzalo Cosa, Mariana Vignoni, Andrés H.
Thomas

PII: S0005-2736(23)00037-8

DOI: https://doi.org/10.1016/j.bbamem.2023.184155
Reference: BBAMEM 184155

To appear in: BBA - Biomembranes

Received date: 22 December 2022

Revised date: 12 March 2023

Accepted date: 22 March 2023

Please cite this article as: M.J. Sosa, J.L. Fonseca, A. Sakaya, et al., Alkylation converts
riboflavin into an efficient photosensitizer of phospholipid membranes, BBA -
Biomembranes (2023), https://doi.org/10.1016/j.bbamem.2023.184155

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2023 Published by Elsevier B.V.


https://doi.org/10.1016/j.bbamem.2023.184155
https://doi.org/10.1016/j.bbamem.2023.184155

Alkylation converts riboflavin into an efficient photosensitizer of
phospholipid membranes

Marfa José Sosa*, José Luis Fonseca*'?, Aya Sakaya®, Maria Noel Urrutia®, Gabriela
Petroselli®, Rosa Erra-Balsells®, Matfas I. Quindt®, Sergio M. Bonesi®, Gonzalo Cosa?,
Mariana Vignoni*", Andrés H. Thomas®"

! Departamento de Quimica, Facultad de Ciencias Exactas, Instituto de Investigaciones
Fisicoquimicas Tedricas y Aplicadas (INIFTA), Universidad Nacional de La Plata
(UNLP), CCT La Plata-CONICET, La Plata, Argentina.

2 Department of Chemistry, Quebec Center for Advanced Nia:=rials (QCAM), McGill
University, 801 Sherbrooke Street West, Montreal, 413~ 0B8, QC, Canada

3 CIHIDECAR-CONICET, Departamento de Quimica Org inica, FCEyN, Universidad
de Buenos Aires, Ciudad Universitaria, Bu.~nos Aires, Argentina

¥ M.J.S. and J.L.F. contributed equally to this work.

* Corresponding authors e-mails:
mvignoni@inifta.unlp.edu.ar (Mariana Vignoni)
athomas@inifta.unlp.edu.ar (Andrés H. Thomas)



ABSTRACT

A new decyl chain [-(CH2)sCH3] riboflavin conjugate has been synthesized and
investigated. A nucleophilic substitution (Sn2) reaction was used for coupling the alkyl
chain to riboflavin (Rf), a model natural photosensitizer. As expected, the alkylated
compound (decyl-Rf) is significantly more lipophilic than its precursor and efficiently
intercalates within phospholipid bilayers, increasing its fluorescence quantum yield. The
oxidative damage to lipid membranes photoinduced by decyl-Rf was investigated in
large and giant unilamellar vesicles (LUVs and GUVs, respectively) composed of
different phospholipids. Using a fluorogenic probe, fast ruuicas formation and singlet
oxygen generation was demonstrated upon UVA irrzdfawun in vesicles containing
decyl-Rf. Photosensitized formation of conjugated diciies and hydroperoxides, and
membrane leakage in LUVSs rich in poly-unsatura ed atty acids were also investigated.
The overall assessment of the results shows t'at J2cyl-Rf is a significantly more
efficient photosensitizer of lipids than iz uisubstituted precursor and that the
association to lipid membranes is key «w triy2er phospholipid oxidation. Alkylation of
hydrophilic photosensitizers as a simpi. and general synthetic tool to obtain efficient

photosensitizers of biomembranes, w.*h potential applications, is discussed.
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INTRODUCTION

Oxidative stress results in lipid oxidation in many physiological and pathological
processes [1,2]. Lipid oxidation triggered by electromagnetic radiation, through
photosensitized reactions, contributes to the damage in the photosynthetic apparatus,
food oxidation and skin photodamage. However, lipid photo-oxidation can be
advantageously induced in important applications such as disinfection and
photodynamic therapy (PDT) [3-5]. Photosensitized oxidations can take place through
different mechanisms, grouped under type | and type Il mechanisms [6,7]. In type |
mechanisms, a direct reaction of the photosensitizer in ar. ~xcited state, typically a
triplet excited state, with the target molecule or substrat>, gt nerates radicals through
electron transfer or hydrogen atom abstraction. Then, tl e cc responding formed radicals
can be involved in a large number of competitive eactions to finally yield stable
oxidized photoproducts. In type Il mechanisms, >n energy transfer from the triplet
excited state of the photosensitizer to dissol.c4 O, occurs, yielding singlet molecular
oxygen (*O,) [7], a highly reactive electro=icany excited form of oxygen that may next
react with target substrates such as u:-sat'irated lipid. The first mechanism corresponds
to contact-dependent pathways, where a direct encounter between the excited
photosensitizer and the substre ~ccurs. The latter involves contact-independent
processes, where an intermedi.ry ~oecies, 'O, reacts with the target [8].

All unsaturated lipic: inciuding phospholipids, glycolipids and cholesterol, can
be oxidized by photosensitl..2d processes. In cell membranes, bis-allylic hydrogens,
present in poly-unsa uraizd fatty acids (PUFAs) of phospholipids, are the easiest
positions to undergo 7xidation via both types of mechanisms [9,10]. However, in
contrast to non-photochemical processes, photoinduced lipid oxidation can also take
place in allylic hydrogens present not only in PUFAS, but also in mono-unsaturated
fatty acids (MUFAS) [11]. The first non-radical products of both type I and type Il
mechanisms are hydroperoxide compounds, which can easily undergo further reactions
[12].

It has been suggested that the interaction of some lipophilic photosensitizers
with biomembranes explains their high photodamaging capabilities [13,14]. The effect
of intercalation into the membrane has been recently analyzed by comparing two PDT
phenothiazium cation photosensitizers, a water soluble one and a newly prepared
lipophilic one [15]. When a molecular association between the photosensitizer in its
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ground state and the substrate occurs, the process is not limited by diffusion. In
addition, if the excited state of the photosensitizer is not deactivated rapidly through
non-radiative relaxation pathways, the photosensitization can occur much faster. On this
matter, we showed that this concept readily operated in transforming water soluble
pterins into highly lipophilic versions via introduction of an alkyl chain. Unconjugated
oxidized pterins are a family of natural photosensitizers able to induce the photo-
oxidation of different biomolecules [16,17]. Pterin (Ptr), a model hydrophilic
photosensitizer of this group of compounds, does not bind to phospholipid membranes,
but it induces the photo-oxidation of PUFAs present in large unilamellar vesicles
(LUVs), predominantly through a type | mechanism [18]. I:\ the search of compounds
that retain the photosensitizing properties of pterins and, at tt 2 same time, are able to
bind to biomembranes, a series of alkylated de ivatves were synthesized by
nucleophilic substitution (Sy2) reactions using 1-iofdnu>cane [19,20]. Among the decyl-
pterins synthetized, due to its photochemical properdes (higher intersystem crossing
efficiency), 4-(decyloxy)pteridin-2-amine (O -ur cyl-Ptr) was chosen for further studies
using phospholipid membranes with --arious compositions. The efficiency of
photodamage, assessed in terms of the rates of oxidized products formation and
membrane permeabilization, is .~uch higher for O-decyl-Ptr than for Ptr, which
indicates that the intercalation o the alkyl-pterin to the membrane enhances the
photosensitized reactions [21,z«, wiono- and bis-decylated lumazines, another family
of heterocyclic natural phc oseisitizers, have also been synthesized by nucleophilic
substitution and photoch~mic-lly characterized [23].

Another natur.l pt.atosensitizer with similar structure to lumazines is the water-
soluble vitamin B, (7,8-dimethyl-10-ribitylisoalloxazine) or simply, riboflavin (Rf)
(Scheme 1). The photochemical behavior of Rf and other flavin derivatives are well
characterized [24,25] and their photosensitizing properties have been thoroughly
investigated in the context of the harmful effects of light on biological systems [26-28]
as well as multiple chemical applications [28-30]. The oxidations of many
biomolecules photoinduced by Rf, that predominantly operates through type |
mechanism, have been studied in systems of different complexity [31-37].

In this work, we present the synthesis and structural characterization of a decyl-
riboflavin conjugate (decyl-Rf), employing the same synthetic approach as that used for
obtaining alkyl-pterins and alkyl-lumazines. We also describe the interaction of the new

photosensitizer with lipid membranes and its photosensitizing properties on
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phospholipid containing unsaturated fatty acids, using the fluorogenic probe
HsBPMHC, an a-tocopherol fluorogenic analogue that serves as a reporter of lipid
peroxyl radicals as well as an indicator of singlet oxygen generation [38-43]. The
results are compared to those obtained using Rf, the hydrophilic precursor. This study is
aimed to contribute in the search of a simple and general synthetic tool to obtain
efficient photosensitizers of biomembranes, with potential applications in PDT and
photoinactivation of pathogenic microorganisms. This study, along with previous
reports from our research groups (references), shows that functionalization of well-
known naturally occurring hydrophilic photosensitizers, such as pterins or riboflavin,
dramatically enhances the photochemical and photophysica. oroperties of the newly
generated membrane embedding analogues. This functione'izal on ultimately serves as a
simple strategy toward enhancing the activity of photac :ens tizers in their application in

PDT and fundamental biophysical studies of membranc nroperties.

EXPERIMENTAL SECTION

General

Chemicals. Riboflavin (Rf), 1-Icac ecane, L-a-Soybean phosphatidylcholine (SoyPC,
>99% (TLC), lyophilized povvac-), L-a-Phosphatidylcholine from egg yolk (EggPC),
5(6)- carboxyfluorescein (C:-), 1 viton X-100, 3,5-di-tert-4-butylhydroxytoluene (BHT),
xylenol orange (XO), ircn (Iy, ammonium sulfate ((NH,4).Fe(S0O,),.6H,0), sulfuric acid
98% (H,SO4) and Sepiradex G-50 were purchased from Sigma-Aldrich. Tris-
(hydroxymethyl)amincmethane (Tris) was acquired from Genbiotech. 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, powder, > 99%,) was purchased from Avanti Polar
Lipids Inc. N,N-dimethylacetamide (DMA), HPLC grade acetonitrile (ACN), and HPLC
grade methanol (MeOH) were purchased from J.T. Baker. Dichloromethane (DCM) and
chloroform-d were purchased from Cicarelli. Potassium carbonate (K,COs3) was
obtained from Biopack and H,O, (30%) was purchased from Merck. Water was purified
using a Milli-Q® purification system.

Absorption Measurements. Electronic absorption spectra were recorded on a Shimadzu
UV-1800 spectrophotometer, using quartz cells of 0.4 or 1 cm optical path length.

Synthesis, purification and characterization of a decyl chain-riboflavin conjugate



To a solution of Rf (25 mg, 0.066 mmol) in DMA (30 mL), powder potassium
carbonate (9.18 mg, 0.066 mmol) was added. The mixture was sonicated and sparged
with nitrogen for 20 min and then, 1-iododecane (85.48 uL, 0.398 mmol) was added.
The reaction mixture was placed into an oil bath and was stirred at 70°C for 24 h. The
solution was cooled at room temperature, and the solvent was evaporated to dryness
under vacuum, providing a solid residue. This solid residue was treated with a 50 mL of
brine solution and then extracted with DCM (3 x 50 mL). The organic layers were
combined, dried over Na,SO,, filtered, and evaporated to dryness. The solid obtained
was purified by silica gel column chromatography (eluent: DCM 100% followed by
DCM-MeOH mixtures). From the eluted fractions, a product vith absorption spectrum
similar to that of Rf was isolated and further purified by nrer arative HPLC. The final
product was dried and a yellow solid was obtained.

Decyl-Rf. The solid was isolated in 12 % yield (4 my> purity 97%. Rf (MeOH/DCM
5:95 v/v): 0.12. *H NMR (500 MHz, Chloroform-a, £ 8.02 (s, 1H, H-6), 7.84 (s, 1H, H-
9), 4.96 — 4.87 (m, 2H, H-1°), 4.40 — 4.33 (i, -H, H-2"), 4.04 (t, J = 7.2 Hz, 2H, Ha),
3.86 — 3.75 (m, 3H, H-4’ and H-5"), 3.75 - .70 (m, 1H, H-3"), 2.52 (s, 3H, CH3-Ar-8),
2.42 (s, 3H, CHs-Ar-7), 1.71 - 1.64 (.. 2d, HB), 1.38 — 1.19 (m, 14H, H-Bulk), 0.85 (t,
3H, Hw). *C NMR (126 MHz, Chicroform-d) 5 160.03 (C-4), 156.60 (C-2), 149.04 (C-
10a), 148.47 (C-7), 137.44 (C-8}, ".3...58 (C-9a), 134.96 (C-4a), 132.39 (C-5a), 132.05
(C-6), 117.01 (C-9), 73.40 (C-4’), 73.18 (C-3), 71.39 (C-2’), 63.73 (C-5"), 48.20 (C-
1°), 42.23 (Ca), 27.78 (CB), 32.00, 29.59, 29.57, 29.38, 29.33 27.03 and 22.70 (C-
Bulk), 21.47 (Ar-CH3) 1245 (Ar-CHs), 14.09 (Cw). HRMS (ESI): m/z calculated for
C27Hu1N4Og [M+! 1= 517.3026 (100%), 518.3060 (29.2%), 519.3093 (4.1%) ; m/z
found 517.3031 (100% , 518.3055 (29.0%), 519.3067 (5.6%).

Nuclear magnetic resonance spectroscopy (NMR). Spectra were recorded on a Bruker
Avance Neo 500 (500 MHz for *H and 126 MHz for **C). Chemical shifts (8) are given
in ppm downfield from TMS as the internal standard. Coupling constant (J) values are
in Hz.

Mass spectrometry analysis. High resolution electrospray ionization (ESI) mass
spectrometry (HRMS) analysis was performed in positive ion mode using the mass
spectrometer BRUKER microTOF-Q Il equipped with CID. Acquisition parameters:
capillary temperature, 180 °C; nebulizer pressure, 0.4 Bar; capillary voltage, 4000 V;
dry heater temperature, 200 °C; end plate offset voltage, =500 V; set dry gas at 4.0 L



min"; collision cell RF, 150.0 Vpp. Sample was dissolved in methanol for direct

injection.

Chromatography

High-performance liquid chromatography (HPLC). A Prominence equipment from
Shimadzu (solvent delivery module LC-20AT, on-line degasser DGU-20AS5,
communications bus module CBM-20, auto sampler SIL-20A HT, column oven CTO-
10AS VP, photodiode array (PDA) detector SPD-M20A and a fluorescence (FL)
detector RF-20A) was employed. Chromatographic conditions were optimized in order
to determine the purity of the sample after purification, and tc analyze the samples after
irradiation process. The samples before and after irradiatin v ere analyzed. A Synergi
Polar-RP analytical column (ether-linked phenyl phase with polar endcapping, 150 x 4.6
mm, 4 um, Phenomenex) was used for separation 1. % MeOH was used as mobile
phase with a flow rate of 0.3 mL min™.

Preparative High-performance liquid chrui .atography (P-HPLC). A Shimadzu
Prominence equipment (solvent deliver;, mudule LC-20AT, communications bus
module CBM-20, UV/vis detector ST'D-"0A, fraction collector FRC-10A and manual
injector) was employed. A Syne:ni Polar-RP 80 A semi-prep column (ether-linked
phenyl phase with polar endcaprir, 50 x 10 mm, 4um, Phenomenex) was used for
separation with 100 % MeOH s moile phase and a flow of 1.5 mL min™".

Molecular exclusion chrom. togiaphy. Sephadex G-50 was equilibrated in pure water
and poured into a 0.8 x 22 ci.. column. Then, the column was equilibrated with Tris 20
mM buffer pH 8. Sempi's were eluted with the same buffer and collected in 1 ml

fractions.

Fluorescence measurements

Steady-state and time-resolved fluorescence measurements were performed at
room temperature using a single-photon-counting equipment FL3TCSPC-SP (Horiba
Jobin Yvon), described elsewhere [44].

To obtain the fluorescence spectra, the sample solution in a quartz cell was
irradiated with a CW 450W Xenon source through an excitation monochromator and
the luminescence was registered at 90° with respect to the incident beam, after passing

through an emission monochromator, using a room-temperature R928P detector. The



fluorescence quantum vyields (®g) were determined from the corrected fluorescence

spectra using Equation 1:

&p = BF LA (20’ @

FIR/aR\ n

where | is the total fluorescence intensity, A is the absorbance at the excitation
wavelength (Aexc), n is the refractive index of each solvent and the superscript R refers
to the reference fluorophore. In our experiments Rf in aqueous solution (®g= 0.27) [45]
was used as a reference. To avoid inner filter effects, the absorbance of the solutions, at
the excitation wavelength, was kept below 0.10. Spectra we’e corrected for wavelength-
dependent emission profiles with corrections factors supp!:ci 1’ the manufacturer and
using the software FluorEssence™ version 3.9 (Horiba J=hv,. % von).

In time-resolved experiments, a NanoLED source finaximum at 461 nm, ~ 1 ns
pulse duration) was used for excitation, and the emitic photons, after passing through a
monochromator, were detected by a TBX-04 det:cte” and counted by a FluoroHub-B
module. The selected counting time window ‘c. ti.e measurements reported in this study

was 0-200 ns.

Studies performed with large unila.mellar vesicles (LUVS)

Preparation of LUVSs. Lipids (DGFC. £ggPC and SoyPC) were dissolved in chloroform
and dried under nitrogen streom 1w form thin lipids films, which then were hydrated
with Tris buffer (10 mM, ph ?). To form LUVs, the samples were vortexed for a few
minutes, followed by =xu:'<ion through a 100 nm polycarbonate membrane (Avanti
Polar Lipids, Inc.). ' U* /e were kept at 4 °C prior to being used the same day. Dynamic
light scattering meas''.ements were performed with a Malvern Zetasizer Nano-ZS to
determine the size of LUVs formed. Results showed a diameter of 1.4 (+ 0.1) x 10° nm
(mean x SD, triplicates). The polydispersity index was 0.12.

Binding constant determination. A titration method was used to determine the binding
constant (K,) of Rf and decyl-Rf to LUVs [46]. Gradually increasing quantities of
LUVs were added to a solution of the photosensitizer (2 puM) in Tris buffer. The
mixture was shaken, incubated for ~15 min, and the fluorescence spectrum was
recorded. Corrected fluorescence spectra obtained by excitation at 450 nm were
recorded between 465 and 750 nm, and the total fluorescence intensities (F) were

calculated by integration of the fluorescence band between 465 and 750 nm. K, was



then extracted by fitting a plot of F_ as a function of lipid concentration to Equation 2

below.

Fy = Fy + (Fp — Fo) T2 )

7L

where Fy, F_ and F. represent the fluorescence intensity of the compound without lipid,
with lipid at concentration L, and that which would be obtained asymptotically at
complete binding, respectively. [L] is the concentration of lipid.

Steady-state irradiation. The continuous photolysis of compounds in air-equilibrated
solutions was carried out by irradiation in quartz cells (0.4 cm optical path length). A
Rayonet RPR 3500 lamp (Southern N.E. Ultraviolet Co.) with ¢mission centered at 350
nm [band width (FWHM) 20 nm] was employed as radiatic.” suurce.

FOX 2 assay. Experiments were performed according to the procedure described by
Wolff with some modifications [47]. The method 1> hased on the oxidation of ferrous
ions to ferric ions by hydroperoxides (Equation 3,, which react with XO to form a

colored complex (Equation 4).
ROOH + Fe?* — Fe** + RO* + OH~ (3)

Fe** + XO — blue-purple complex 4)

The reagent was prepared as ‘0n."ws: 250 uM (NHy),Fe(SO4,),.6H,0 (9.8 mg) and 25
mM H,SO4 (139 pL) were dissolved in 5 mL of H,O, mixed with 4 mM BHT (88.2
mg), 100 uM XO (7.2 mg, and 45 mL of MeOH. Afterwards, another 45 mL of
methanol and 5ml. cf weter were added. For the experiment, aliquots of 100 pL of
samples were added vy 700 pL of FOX 2 reagent in microtubes, homogenized in a
vortex mixer and left to react for 30 min in the dark at room temperature. After
incubation, the absorbance of samples was read between 200 and 700 nm. As the
extinction coefficient of Fe/XO complex may differ depending on the acid used, pH,
solvents and with the nature of hydroperoxides, concentrations of lipid hydroperoxides
were calculated as mM H,0, equivalents based upon a standard curve spanninga0 - 0.4
mM H.,0; range (R? 0.9907), which were prepared and submitted to the same treatment
of the studied samples.

Photoinduced carboxyfluorescein (CF) release. LUVs were prepared as described
above, but for hydration, 500 pL of 50 mM CF in 10 mM Tris buffer (pH = 8) was used,

generating a LUV suspension with CF encapsulated in the inner compartment. Free CF
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was removed by exclusion chromatography in a Sephadex G-50 column (1 cm x 15 cm)
in equilibrium with 0.3 M NaCl in 10 mM Tris buffer (pH = 8) and the fraction
containing LUVs was collected [48]. The high CF amounts inside LUVs results in
fluorescence self-quenching, therefore an increase in CF fluorescence indicates
membrane damage and leakage of CF to the outer solution [49]. The final volume was
1000 pL in 0.3 M NaCl - 10 mM Tris buffer (pH = 8), adding 25 pL of lipid suspension.
The concentration of photosensitizer was 5 UM, except for the control which had no
compound. The irradiation was performed in a fluorescence quartz cell of 0.4 cm path
length. Fluorescence spectra between 500 nm and 680 nm were monitored as function
of irradiation time, with excitation at 485 nm. At the end 0: he experiment, Triton X-
100 was added, and the fluorescence was once again reco ded The fraction of released

CF was then calculated as follows:

F—F,
Fr—Fo

% CFreteasea = x 100 (5)

where Fq is the initial fluorescence intensit,,, ™ is the fluorescence intensity at each
irradiation time, and Fr is the total fluor~scerce intensity after membrane disruption
with Triton X-100. The emission of ~ ritrn X-100 is negligible under the experimental

conditions used.

Studies performed with gian” u.tiamellar vesicles (GUVs)

Preparation of GUVs. GU\'s were formed via the gel-assisted formation method [50].
Glass microscope slide~ (3 <1”xImm) were sonicated for one hour in a piranha
solution (3:1 solutior ot H,SO,4 and 30% H,0,) followed by rinsing three times in
molecular biology gra.'e water then once in HPLC grade Acetone. A polyvinyl alcohol
(PVA) polymer film was formed atop the glass slides by spreading 100 pL of a 5%
(w/w) PVA solution in molecular biology grade water in a 1 cm x 2.5 cm rectangular
shape. The PVA film was left to dry at 50°C for one hour. Next, a chloroform solution
(< 20 pL) containing 1.96 x 10" mol DOPC, 4.0 x 10" mol DPPE-biotin, and 2.0 x 107
mol H,;BPMHC (redox-sensitive fluorogenic probe) [38] was spread over the dry PVA
film. The film was then put under vacuum for 30 minutes to remove all traces of
chloroform. A chamber was formed on top of the glass slide by fixing an O-ring around
the PVA film. The chamber was then filled with 600 puL of a 0.1 M sucrose solution.
GUVs were left to swell for 10 minutes and then added to an Eppendorf. The chamber

was then washed with an additional 100 pL of the sucrose solution which was also
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added to the Eppendorf. To image the GUVs, 100 uL of the GUV solution in sucrose
was diluted with 400 uL of a 0.1 M solution of glucose inside the microscope imaging
chamber, and the GUVs were left to sink to the bottom of the imaging chamber in the
dark for 10 minutes. Photosensitizers were added externally from concentrated stocks
either in H,O (Rf) or MeOH (decyl-Rf).

Image acquisition. GUVs were imaged under a widefield microscopy setup using an
inverted Nikon Eclipse Ti microscope equipped with a Perfect Focus System (PFS) and
an oil-immersion objective (Nikon CFI SR Apochromat TIRF 100x, numerical aperture
(NA) = 1.49). Samples were excited with the 488 nm and 405 nm output lasers (Agilent
MLC400B Monolithic laser combiner), where the former ex.:ted the fluorogenic probe
H,BPMHC and the latter the photosensitizer. A muliband excitation filter
(ZET405/488/561/647x, Chroma Technology) was us>d t. clean up the laser beams,
which were then coupled into the microscope objertive using a multiband beam splitter
(ZT405/488/561/647rpc, Chroma Technology). ,* ZET405/488/561/647m emission
filter (Chroma Technology) was used to swe trally filter the fluorescence emission
collected through the objective. An ac‘litional 540/80x bandpass filter (Chroma
Technology) was used when mo:itoring emission from H;BPMHC. Collected
fluorescence emission was capture™ onto a 512 x 512 pixel (16 um pixel size) region of
a back-illuminated electron-multi sy iry charge-coupled device (EMCCD) camera (iXon
X3 DU-897-CS0-#BV, Andor 1c~hiology). Resulting fluorescence movies consisted of
16-bit, 512 x 512 pixel imz:'es with an acquisition frequency of 10 frames per second.
The camera and microsc~ne were controlled using the Micro-Manager Software (Micro-
Manager 1.4.13, San -=rar.zisco, CA, USA) and the NIS element software from Nikon,
respectively. Image u. ta analysis was conducted as recently reported [43]. Briefly,
H,BPMHC fluorescence intensity was extracted on a frame-by frame basis in order to
extract fluorescence enhancement kinetics. To achieve this, GUV drifting over the
acquisition period was first corrected using the “Align Stacks” tool from the Imagel
software (version 1.50e). Four lines were next drawn along four axes (vertical,
horizontal, diagonal, and antidiagonal) over the GUV 2D-ring projection (such as the
ones shown in Figure 6b), with the four lines intersecting at the center of the latter. The
intensity profile along each of these four lines and over the entire image stack (i.e., for
every frame) was extracted using the macro “StackProfileData”. H4BPMHC
fluorescence intensity was determined by averaging the intensities of the two maxima
along each of the four lines (8 points total, 2 from each line extracted from ring-line

11



intersections). The resulting intensity-time trajectory was then corrected for background
fluorescence using an intensity-time profile extracted from a 4x4-pixel background
region. Data collected with Rf as a photosensitizer could not be corrected for
background scattering due to the hydrophilic nature of the photosensitizer, and the data

was instead only corrected for the intrinsic camera offset.

RESULTS

Synthesis and structural characterization of decyl-ribofla.:n

To prepare the desired alkylated riboflavin derivative we reacted Rf with 1-
iododecane in an Sy2 reaction carried out in DMA undc r baic conditions and heating at
70 °C for 24 h, providing a product with spectral fea.'res similar to Rf in 12 % vyield.
This product was isolated from the reaction mix:r< by column chromatography of
silica gel using a mixture of DCM and MeQ'1 6 - 8 %) and then purified by P-HPLC
using MeOH as the mobile phase. Its chemr::cal siructure was elucidated by means of 1D
and 2D NMR spectroscopy and det rm’ned to be 3-decyl-riboflavin or 3-decyl-7,8-
dimethyl-10-ribitylisoalloxazine (¢~cyl-Rt, Scheme 1).

o) <' o)
j@[Nj\)LNH ) K;CO5, DVA D:NYLN/\/\/\/\/\
+ F o
N \N/J*o ) N \N’J*o

70°C,24h
.‘\OH _‘\OH
HO ‘\\OH HO .\\OH
HO HO
Rf 1-iododecane decyl-Rf

Scheme 1. Synthesis of 3-decyl-riboflavin (decyl-Rf).

The *H NMR spectrum of decyl-Rf recorded in chloroform-d clearly shows the
characteristic signals of the a, B, bulk and ® protons of the decyl chain attached to the
riboflavin moiety at 4.04, 1.71 — 1.64, 1.38 — 1.19 and 0.85 ppm, respectively (Figure
S1). Likewise, the chemical shifts of the carbon atoms of the decyl chain were also
observed in the 3 C NMR spectra ranging from 42.2 to 14.9 ppm which are typical
values of aliphatic carbons (Figure S2). COSY and HSQC 2D NMR spectra of decyl-Rf
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were also recorded, allowing the unambiguous characterization of the chemical
structure (Figure S3 and S4). The position where the decyl chain was linked to the
riboflavin moiety comes out from the accurate analysis of the HMBC experiment in the
2D NMR spectra (Figure S5). Indeed, Figure 1 shows the partial contour spectra of
decyl-Rf where good correlations were observed between the signal of the o proton of
the decyl chain at 4.04 ppm and the signals of the carbonyl groups, C? and C* at 156.6
ppm and 160.1 ppm, respectively. This result confirms that the decyl chain is connected
to the riboflavin moiety through the nitrogen atom N*® as can be seen through the
chemical structure of decyl-Rf depicted in Figure 3, where cyan arrows point to the
spectroscopic correlation. The NMR spectroscopic analys:s confirms the alkylation
position of Rf at the nitrogen atom N* which belongs to e i nide group, a noticeable
acid group that provides the imide anion under basi: coditions and behaves as an

excellent nucleophile in the Sy2 reaction between RP* a1,2 1-iododecane.
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Figure 1. Partial 2D NMR HMBC (500 MHz) of decyl-Rf recorded in chloroform-d.

Then, the molecular weight and structure of decyl-Rf were also confirmed by
HRMS. A main signal at m/z 517.3031 was obtained in the mass spectrum for this new
product. The m/z value found corresponds to the protonated molecular ion, [M+H]", of a
compound M bearing both Rf and the decyl moieties bonded by a sigma covalent bond
(M=[Rf-CyoH,1]). Also, the peak corresponding to the [M+Na]" species was observed at
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m/z 539.2838. Moreover, tandem mass spectrometry (MS/MS experiments, CID mode)
selecting [M+H]" as precursor ion showed two diagnostic fragments; first that
corresponding to the loss of the ribitol chain CsH100,4 ([M+H]"-CsH1004) with a peak at
m/z 383.2437 and secondly, the one corresponding to the further loss of the decyl chain
C1oH20, (IM+H]"-CsH1004)- C1oH20) with a signal at m/z 243.0877 (Figures S6 and S7).

Lipophilicity, absorption and emission

Consistent with the addition of the lipophilic tail, decyl-Rf, in contrast to its
hydrophilic precursor, was found to have high solubility in organic solvents (ca. 0.516
mg mL™* in MeOH). LogP, the logarithmic form of t.> octanol/water partition
coefficient, was theoretically estimated for Rf and decyl-R* anc values of -2 £ 1 and 2.5
+ 1.0 were obtained, respectively (ACD/ChemSketch F eew are).

The absorption spectrum of decyl-Rf was rec~rded in MeOH (Figure 2) and
resulted in a very similar spectrum to that of Rt in 4,0, with four absorption bands
(Table 1). Notably, spectra of solutions of c'c./1-Rf in H,O showed a shoulder in the
lowest energy absorption band; this effect “einy less pronounced at low concentrations
(Figures S8 and S9). This phenomen n vias explained in terms of higher hydrophobic
interaction in solution, where aggroaation of Rf molecules has been previously reported
in concentrated aqueous solutiors .20 in binary mixtures of organic solvents [51,52].
Here, the inclusion of long anwi chains increases aggregation, giving rise to an
excitonic band [53,54].

Similar emissior spev..rum, fluorescence quantum yield (®g) and fluorescence
lifetimes (t¢) were al. o fcund for decyl-Rf in MeOH compared to those of Rf in H,O,
(Figure 2 and Table 1). Accordingly, the alkylation of the Rf moiety does not
significantly affect the electronic distribution of the isoalloxazine ring system of Rf,
which is reasonable considering the structure proposed (Scheme 1). Interestingly, in
aqueous solution, the ®¢ value we determined for decyl-Rf was significantly lower than
in MeOH, even though the t¢ were very similar. These findings are consistent with two
fractions present in aqueous solution for decyl-Rf, an emissive one where the compound
is free and a second one where decyl-Rf becomes aggregated or associated, undergoing
self-quenching [53,54].
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Figure 2. Absorption (blue line) and r.orn alized emission (red line) spectra of (a) Rf in
H,O (hexe= 450 nm), (b) decyl-Rf in [1eOH (hee= 450 nm). Insets: Corresponding
fluorescence decays (hexe= 461 nm, A= 520 nm). In fluorescence measurements the
concentrations was 6 uM.

Table 1. Spectroscopic prope tic: of Rf and decyl-Rf.

Amax/NM
compound solvent —Abt—arption Emission @ 16/ns”
Rf H,O ] 2_1_?/266/370/445 522 0.27+0.02 4.8%0.2

H,O  226/275/359/453 527 0.04+0.01 4.240.2

MeOH 223/271/356/446 517  0.29+0.02 5.0+0.2

decyl-Rf

 hexc= 450 NM; ° Aoye= 461 NM, A= 520 NM.

Membrane binding

To investigate the interaction of Rf and decyl-Rf with phospholipid bilayers,
DOPC LUVs prepared in Tris buffer and containing either compound were passed
through a molecular exclusion chromatography column, using Tris as elution buffer.
Fractions of 1 mL were collected and the corresponding absorption and fluorescence

spectra were recorded. Relative concentrations of the photosensitizers in each fraction
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were determined by integrating the emission spectra, obtained by exciting at 450 nm.
LUVs were detected through their light scattering signal at 600 nm, where Rf and decyl-
Rf do not absorb. The absorbance elution profiles registered for both compounds show
peaks between fractions 3 and 5, associated with the elution of LUVs (Figure 3). The
fluorescence elution profile obtained for Rf shows a peak between fractions 8 and 14,
equal to that observed in a control performed with a solution of Rf without LUVs
(Figure 3a). No fluorescence of Rf was detected at fractions where LUVs were
collected, which indicates that Rf is not associated to the lipid bilayer. In contrast,
decyl-Rf eluted in the same fractions where LUVs were detected (Figure 3b), which

means that the alkylated compound can intercalate into the li,. membranes.
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Figure 3. Elution profiles of molecular exclusion chromatography. Suspension containing
DOPC LUVs (1.2 mM) and a) Rf (15 uM) or b) decyl-Rf (6 uM). Insets: controls
performed with a) Rf and b) decyl-Rf in the absence of LUVSs. In each fraction of 1 mL the
absorbance at 600 nm (e) and the integrated fluorescence intensity by excitation at 450 nm
(m) was registered to detect the LUVs and Rf/decyl-Rf, respectively.

To investigate the interaction of the photosensitizer with the lipid membranes we
further conducted fluorescence imaging of single GUVs in the presence of either decyl-
Rf or Rf, added to the GUVs dispersion to a final concentration of 7.5 uM. GUVs were
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imaged under a widefield microscopy setup, exciting the samples at 405 nm (~12
W/cm?). Emission was recorded between 500-580 nm, where both Rf and decyl-Rf
compounds fluoresce (Figure 2). In the images registered with decyl-Rf, the membrane
ring arising from the 2D projection of the 3D GUV can be seen clearly in the emission
channel (Figure 4a). This result, in agreement with molecular exclusion chromatography
experiments, indicates that the alkylated compound intercalates into the lipid bilayer
where it emits. In contrast, images recorded under the same conditions, but using Rf
instead of decyl-Rf, show no significant emission arising from the membrane (Figure

4b), thus indicating that, as expected, the hydrophilic precursor does not significantly

bind to the vesicles.
a) b)

11000

8000

250

Figure 4. Fluorescence images of DOP * G'JVs in suspensions containing 7.5 uM of decyl-
Rf (a) or 7.5 pM of Rf (b, c). The samples *ere excited at 405nm (1mW) and the emission
collected between 500-580 nm. Image. a) and b) are displayed in the same dynamic range,
while image c¢) corresponds to imac: ) depicted in a different dynamic range to better
display the contrast between th- ‘ni,z. and outer GUV emissions. The dynamic range bar
is shown to the right in each ¢as~ and the scale bar is 5 pm.

Choosing a reducad dynamic range, the Rf emission was observed as an
increased intensitv su.vou'iding the GUV which otherwise appeared dark in its interior
(Figure 4c). This obser vation confirms that Rf does not bind to the GUVs, while it also
illustrates that the photosensitizer does not cross the lipid membranes, that is, once
added to the suspension in the water phase, Rf cannot reach the inside of the vesicles.

To quantify the interaction of decyl-Rf with lipid membranes, we carried out
titration curves at a constant concentration of the compound and increasing
concentration of phospholipids, using EggPC LUVs. Measurements were recorded
following 15 min incubation times after each addition, to ensure equilibration (no
changes in intensity were recorded after 10 min). As lipid concentration increased, the
emission of decyl-Rf increased to a value ~3-fold larger than the initial intensity in

water (Figure 5a) and a hypochromic shift of the maximum emission wavelength was
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observed (inset Figure 5a). By fitting the fluorescence intensity as a function of the
concentration of EggPC, the binding constant of decyl-Rf to LUVs (K;) was determined
to be 1.4 (+0.7) x 10* M* (Figure 5b). Similar experiments performed with Rf did not
show a significant change in the emission spectrum with the concentration of

phospholipid, as expected (data not shown).
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Figure 5. a) Fluorescence emission spectra of decyl-Rf (2 uM) as function of EggPC
concentration (added as LUVSs, arrow indicate increase in intensity with increasing EggPC
concentration). Inset: Normalized fluorescence emission spectra of decyl-Rf in aqueous
media (black line), lipid membranes (red line) and MeOH (green line) (A 450 nm). b)
Titration curves: Fluorescence intensity of decyl-Rf (2 pM) (o) and Rf (2 pM) (e) as a
function of the concentration of EggPC. The binding constant of decyl-Rf to EggPC LUVs
was obtained by fitting the data (red line) (see Experimental Section).

Photosensitized lipid oxidation and membrane damage

To explore the oxidative damage to lipid membranes, DOPC GUVs were
prepared using the fluorogenic probe H;BPMHC [38] at a probe:lipid mole ratio of
1:100. This probe bears the chromanol moiety of a-tocopherol (trap) and a lipophilic

BODIPY tail (reporter) where intramolecular photoinduced electron transfer renders the
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probe non-emissive. Oxidation of the chromanol moiety (yielding HsBPMHC,) by
either lipid peroxyl radicals [55], produced via e.g. type | photoprocesses, or by singlet
oxygen [43], via a type Il photoprocess, restores the BODIPY emission (Figure 6c¢),
thus providing a sensitive method to detect oxidation processes in the lipid membrane
[38-43,55-57].
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Figure 6. a) Intensity-time trajectory of H,BPMHC embedded within GUVs and
irradiated in the presence of decyl-Rf (dark green), Rf (light green), or in the absence of a
photosensitizer (black). b) Film strip depicting evolution of GUV-embedded H,BPMHC
emission upon its oxidation in the presence of decyl-Rf. Film strip corresponds to data
shown in a). H,BPMHC was first excited with a 488 nm laser (5 pW) in order to determine
GUV parameters prior to the start of photosensitization, which was initiated by exciting
decyl-Rf or Rf with a 405 nm laser (50 pW). Ensuing generation of reactive intermediates
was recorded through H,BPMHC emission enhancement. Scale bar = 10 pm. ¢) Structure
of H,BPMHC and proposed oxidation product upon reaction with singlet oxygen (*O.) or
other reactive oxygen species. H,BPMHC:DOPC = 1:100. [decyl-Rf]=[Rf]=7.5 pM. t=0s
corresponds to start of photosensitizer irradiation.
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GUVs were imaged under a widefield microscopy setup, exciting the samples at
405 nm in the presence of decyl-Rf. The emission of H,BPMHC was observed
following its direct excitation at 488 nm and collecting its emission using a 540/80x
bandpass emission filter. H;BPMHC was monitored prior to and during the 405 nm
excitation of the photosensitizers (Figure 6b). Upon 405 nm excitation in the presence
of decyl-Rf, an increase in fluorescence intensity was recorded over time consistent
with oxidation of membrane embedded HsBPMHC into its emissive form HsBPMHC,y
via zero order kinetics (Figure 6a-b, where we note that the first jump (within one
frame) recorded at t = 0 s in the emission channel upon init:.*ing irradiation at 405 nm
Is consistent with the intrinsic excitation and emission of ('ecy -Rf, where this emission
is partly transmitted through the emission filter). No su~h e hancement was recorded in
control experiments using either Rf as a photosensitize - or bearing no photosensitizer at
all (Figure 6a). These results indicate that decyl-r* i much more efficient than Rf in
inducing lipid photo-oxidation and suggest thuu .ssociation to the membrane plays a key
role in the photosensitizing efficiency.

The photostability of decyl-Rf -vas next evaluated both when free in solution and
associated to lipid membranes whcre a suspension containing SoyPC LUVs (0.24 mM)
and decyl-Rf (5 uM) in aqueous o1..*ered pH 8 solution (Tris 10 mM) was exposed to
UVA radiation. Sample irradiatic was discontinued at different times, at which point
the sample was diluted i, MeOH to disaggregate the lipid membrane. Then the
concentration of decyl-Nf was determined by chromatography. HPLC studies showed
the rapid consumption Of the photosensitizer upon irradiation, when membrane
embedded. In turn when free in buffer solution, the half-life of decyl-Rf is observed to
be ~5-fold longer under otherwise identical conditions (Figure 7).

Type | photosensitization of phospholipids is complex and involves many
reactions, but the first step is always the abstraction of an allylic hydrogen from the
unsaturated fatty acyl group [7]. This reaction in PUFAs leads to a lipid radical (L") that
reacts with O, to give a lipid peroxyl radical (LOO"), an effective chain reaction
transporter [9]. In the propagation phase, the subsequent reaction of LOO" with other
PUFAs ultimately generates lipid hydroperoxides as a final product, that bear
conjugated dienes. The same products are formed in the reaction of O, with PUFAs.
This process is an “ene” reaction and with no intervention of free radical intermediates

[9]. Therefore, a useful tool for an initial assessment of lipid oxidation is to investigate
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the formation of hydroperoxides with conjugated dienes in vesicles rich in PUFAs.

100 ¢ —@— decyl-Rf/ SoyPC LUVs
decyl-Rf

concentration/a.u.

0 1 2 3 4 5
Irradiation time/min

Figure 7. Time evolution of decyl-Rf concentration in aqueo 's so utions and in suspensions
containing SoyPC LUVs under UVA irradiation. [decyl =1, = 5 uM, [SoyPC]= 0.24 mM,
[Tris] = 10 mM, pH=8.0.

In order to determine the extent of lipid per. -idation, the absorbance difference
at 234 nm (AAzs4), Where conjugated dien:s ahsorb, was monitored (Figure 8a) in
experiments performed under the same cunditions as those used for determining the
photodegradation of decyl-Rf (Figure ™) In the time window analyzed, the appearance
of the typical absorption band oi the conjugated dienes, centered at 234 nm, was
observed and its intensity increesea .vith irradiation time. In this spectral region, the
photosensitizer also absorbs an. its absorbance is expected to change since its
concentration decreases dur.~a the experiment (Figure 7). However, this fact did not
interfere with the spectr.' aralysis of the determination of conjugated dienes because
the initial absorbar~e ~ont ibution of decyl-Rf at 234 nm is very low (< 0.06) compared
to the spectral change'. registered (Figure 8a). It is worth mentioning that the rate of
diene formation evaluated as the slope of the plot of AA34 vs. irradiation time,
decreased as a function of time, which is expected taking into account the consumption
of the photosensitizer. A similar experiment carried out under the same conditions as
above but using Rf as a photosensitizer showed smaller amounts of conjugated dienes
formed (Figure 8a). A similar result was obtained in the determination of lipid
hydroperoxides using the FOX 2 assay (see Experimental Section) (Figure 8b).
However, in this case the difference observed between decyl-Rf and Rf was not so
important as in the case of conjugated dienes.

Due to the low oxidation potential of PUFAs (E(L/LH)), in the presence of O,
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and in the dark the oxidation takes place through thermal pathways and this process is
faster if radicals have previously been generated, for example, photochemically [3,7,8].
To evaluate the contribution of the thermal oxidation in our reaction system two
separate control experiments were performed with SoyPC LUVs suspensions containing
decyl-Rf (same conditions of experiment of Figure 8) either in complete dark or
irradiating only 7.5 min (Figure S10). While no formation of conjugated dienes was
observed in the dark, a moderate increase of these products was detected after the brief
irradiation time. Therefore, two assumptions can be made: (i) the contribution of the
thermal oxidation is negligible in the time windows analyzed in Figure 8 (c.a. 5 min),
and (i) a modest light-independent lipid peroxidation cor..nued thanks to a radical

chain reaction, but only after it was photochemically trigge ed.
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Figure 8. UVA irradiation of SoyPC LUVs suspensions ([SoyPC]= 0.24 mM) containing Rf
(5 pM) or decyl-Rf (5 pM). a) Formation of conjugated dienes; b) formation of lipid
peroxides determined by the FOX 2 assay.

To investigate the membrane damage generated by photosensitization in terms
of membrane integrity, the CF release assay was carried out using both decyl-Rf and Rf.
Here, SoyPC LUVs containing the fluorescent probe CF encapsulated under high
loadings to ensure self-fluorescence quenching, were next irradiated over 30 min in the

presence of either Rf or decyl-Rf photosensitizers. As shown in Figure 9, Rf produced
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almost no variation in CF fluorescence during irradiation, very similar to the control
without any photosensitizer. On the contrary, the emission of CF at 517 nm rapidly
increased when decyl-Rf was present in LUVSs, indicating that CF leakage through the
membrane bilayer occurred. After 20 min of irradiation, decyl-Rf triggered leakage
reached 100%, based on the fluorescence detected after the complete disruption of
SoyPC LUVs by the addition of Triton X-100 (see Equation 5). At this time, controls
studies with no photosensitizer or with Rf showed less than 10 % CF released.
Moreover, control experiments to detect light-independent lipid peroxidation were
performed stopping the irradiation after 7.5 min. As shown in the inset of Figure 9, only
a slight increase in the CF fluorescence was observed w:ion decyl-Rf is present in

SoyPC LUVs, with less than 30 % CF released.
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Figure 9. % CF release 1 as a function of irradiation time using SoyPC LUVs with decyl-
Rf (o), Rf (¢) and without any photosensitizer (e). Error bars correspond to SD from 3
different experiments. Inset: SoyPC LUVs with decyl-Rf (o) and without any
photosensitizer (e). Irradiation was stopped after 7.5 min.

DISCUSION

A new decyl chain [-(CH2)9CHjs] riboflavin conjugate has been synthesized and
investigated. A nucleophilic substitution (Sy2) reaction was used for coupling a decyl

chain to Rf, a model natural photosensitizer, to obtain the highly lipophilic
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photosensitizer decyl-Rf (Scheme 1). It is interesting to compare the alkylation of Rf
with that of related compounds. In previous studies it has been reported that decylation
of Ptr and Lum only takes place on ionizable nitrogen atoms of the aromatic system or
on attached phenolic groups [19,23]. In the case of Rf the two oxygen atoms at positions
2 and 4 and N are suitable sites for a nucleophilic attack. However, in the case of Lum,
nitrogen atoms are preferred over oxygen atoms [23]. In consequence, considering this
previous information N* position of Rf moiety should be the most favored for reacting
with 1-iododecane, which is in agreement with the assigned chemical structure of the
obtained product (Figure 1).

Decyl-Rf is highly lipophilic, but it preserves thc. electronic structure and
photophysical behavior of Rf, the hydrophilic precursor. Cor sequently, in contrast to
Rf, decyl-Rf efficiently intercalates within phospholipi ! bil.iyers and the increase of the
photosensitizer emission as a function of lipid concentration is consistent with
membrane insertion and deaggregation. A ~3-fold v ™i.sion enhancement was registered
when decyl-Rf bound to the LUVs memb.a.e (Figure 5), behavior that was also
observed for the photosensitizer in moving froin polar (H20) to nonpolar (hydrophobic
membrane core) media. Furthermore, the hypochromic shift of the maximum emission
wavelength recorded upon interaciion with the lipids (inset Figure 5a) is consistent with
the location of decyl-Rf in a nor.pr.iar surrounding. Finally, the value obtained for K,
(1.4 (£0.7) x 10* M™) is of t'ie ~aine order of magnitude as those obtained for other
lipophilic dyes such as xanti>=nes [58], porphyrins [46], and decylpterins [19].

Regarding the phatoscnsitization studies, experiments performed using DOPC
GUVs and the fluoro¢ enic probe H4BPMHC demonstrated that, in contrast to Rf, decyl-
Rf photoinduces oxiac‘ive damage in lipid membranes (Figure 6). However, this study
does not provide any information on the type of the predominant mechanism, since the
probe is activated by reaction with both radicals and ‘O, (Figure 6¢). At this point, some
experiment using a selective scavenger of ‘0, might have been performed to evaluate
the contribution of type Il mechanism [59]. Nevertheless, we prefer to avoid this type of
studies since wrong conclusions could be drawn. In fact, several scavengers are
frequently used, but most of them are partial or completely hydrophilic, such as sodium
azide (NaN3), DABCO (triethylenediamine) and furfuryl alcohol, and will react with
0, mainly present in the aqueous phase. Since in our reaction system ‘O, is generated
inside the lipid membrane in very close proximity to the target (double bonds of fatty
acids chains), we do not trust the use of selective scavengers of O,. In addition, the
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quenching of the triplet excited state of the photosensitizer by the scavengers must also
be evaluated to ensure that it reacts only with ‘O, which is very challenging due to the
interaction of the photosensitizer with the membrane.

However, some interesting speculations can be made on the mechanisms
involved. Upon irradiation the concentration of decyl-Rf decreased faster when the
compound is involved in the photosensitized process when compared to its own
photochemistry (Figure 7). This is consistent with the aggregated form of decyl-Rf
being self-quenched and inert to photochemical reactions. In addition, the fast
photobleaching of decyl-Rf suggests the involvement of type | mechanism since the
photosensitizer is usually consumed in photoinduced hydrog. abstraction reactions in
lipids [60]. Finally, the predominance of type | mechanizm ran be inferred from the
photoinduced membrane leakage studies (Figure 9). T unc.ted lipid- aldehydes lead to
the generation of pores and consequently to the neimeabilization of the membranes
[3,15,21] and are formed via the B-scission reaction.~ f.om alkoxyl radicals, generated in
processes initiated by hydrogen abstraction [7,.7].

It is interesting to consider an overall analysis of all the comparative
experiments presented in the photoscasit.zation studies. It is remarkable that whereas
the photosensitizing reactivity of ¢~cyl-R1, assessed with the fluorogenic probe (Figure
6), is strikingly higher than that cr »3* 1ne difference in reactivity is not so important in
terms of the rate of formatior. v vnotoproducts (Figure 8). This behavior, apparently
contradictory, can be expla:»ed vonsidering that hydroperoxides and conjugated dienes
are reactive functional g-oup: that can easily undergo subsequent oxidations. Therefore,
although a more detelea investigation of the products formed is necessary, it can be
hypothesized that u>cyl-Rf photoinduces the fast oxidation of the primary
photoproducts, avoiding their accumulation. This hypothesis is supported by the fact
that decyl-Rf affects the membrane integrity leading to leakage and permeabilization
(Figure 9), while Rf does not.

CONCLUSIONS

Alkylation of the otherwise water-soluble riboflavin at position 3 rendered a
highly lipophilic photosensitizer decyl-Rf that while preserving the electronic structure
and photophysical/photochemical behavior of Rf, readily embeds within lipid
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membranes exhibiting enhanced lipid photooxidation properties. Considering previous
works with related heterocyclic compounds, such as pterins and lumazines, and the
overall assessment of the results presented in this study, it can be concluded that
alkylation of hydrophilic photosensitizers does not affect considerably the spectroscopic
properties and the photosensitizing capability of the precursors, but it provides
lipophilicity, which allows the binding of the photosensitizer to phospholipid
membranes. The intercalation of the photosensitizer to the lipid bilayer increases
drastically the efficiency of photosensitized oxidation processes affecting the membrane
integrity and eventually leading to an increase in the permeability. The experimental
data point out that alkylation of hydrophilic photosensitizc,~ might be a simple and
general synthetic tool to obtain efficient photosensitizers of t iomembranes, which, in
turn, might contribute to the development of new apg.'icai ons in photoinactivation of

microorganisms and photodynamic therapy.
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Highlights

A nucleophilic substitution was used for coupling a decyl chain to riboflavin (Rf).

The alkylated compound (decyl-Rf) is lipophilic and binds to phospholipid bilayers.

Decyl-Rf photoinduces the lipid oxidation in large and giant unilamellar vesicles.

Membrane leakage in vesicles rich in poly-unsaturated fatty acids .'as demonstrated.

The association to lipid membranes is key to trigger fast phcspi.nlipid oxidation.
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