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Internalization of resveratrol nanoparticles in yeast and bioactivity

Abstract

Resveratrol (RSV) is a phenolic compound, belonging to a class of chemical compounds derived from
phenylalanine with a reactive hydroxyl group (-OH) attached to an aromatic hydrocarbon ring. Several
pharmacological effects were attributed to RSV, including antioxidant properties. Different studies have also
shown that RSV has a very low bioavailability, which has led to the suspicion that many of the observed
health benefits may not be attainable in humans due to its rapid metabolism. To improve bioavailability and
pharmacokinetic profile some attempts have been made to encapsulate RSV into a lipid based nanocarrier
system, such as liposomes, which are clinically established for drug delivery. The therapeutic efficiency of
liposomes systems is highly dependent on the characteristics of lipid molecules, which influence the
structure and stability of this type of nanocarriers under physiological conditions. Previous work by our group
has shown that liposomes prepared with DODAB:MO (1:2) are promising nanocarriers for delivery of nucleic
acids and proteins. Also, these nanocarriers were exploited to load with RSV and important parameters
critical for their efficient biological application were assessed. In the scope of the previous research work
developed by Inés Ferreira (Master thesis in Biophysics and Bionanosystems, University of Minho, 2015)
the DODAB:MO (1:2) liposomal system loaded with RSV revealed adequate characteristics for drug release
purposes, high stability and homogeneity, high positive surface charge, and a good as well as a good
encapsulation efficiency i.e. the percentage of RSV which is incorporated by liposomal system, (EE%), and
the percentage of RSV which is incorporated by total lipid concentration (RL%). In the context of the present
study the yeast Saccharomyces cerevisiae W303-1A was then used as a cell model to evaluate the biological
activity of RSV loaded DODAB:MO (1:2) liposomes. Internalization studies of RSV-loaded liposomes were
then performed using fluorescent probes and fluorescence microscopy, and their biological activity was
compared with free RSV using ROS-sensitive probes coupled to flow cytometry analysis. After 5 h incubation
yeast cells readily internalized liposomes, that appeared as bright blue spots in the periphery of the central
vacuole. Moreover, when yeast cells were incubated with DPH alone no fluorescence was detected in the
cytosol. When yeast cells were incubated with the lipophilic fluorescent probe FM1-43, results showed that
its green fluorescence co-localized with the blue fluorescence of DPH, suggesting that liposomes are
efficiently internalized by cells and follow the endocytic pathway. To study the effect of RSV in yeast
mitochondrial morphology, the strain S. cerevisiae W303-1A Pyx232-mtGFP, which expresses a
mitochondrial matrix-targeted GFP was used. Results showed that cells displaying non-fragmented/tubular
mitochondrial networks predominate up to 5 h mostly in control conditions, while a the vacuolar/diffuse
cytosolic fluorescence predominate after 40 h of incubation either with free or encapsulated RSV. Moreover,
the incubation with liposomes containing 200 uM RSV during 45 h was the experimental condition where

cells exhibiting the latter phenotype were more abundant.
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Internalizacdo e bioatividade do resveratrol em nanoparticulas em células de

levedura

Resumo
O resveratrol (RSV) ¢ um composto fendlico, pertencente a uma classe de compostos quimicos derivados
de fenilalanina com um grupo hidroxilo reativo (-OH) ligado a um anel de hidrocarboneto aromatico. Varios
efeitos farmacologicos tém sido atribuidos a este composto, incluindo propriedades antioxidantes. Varios
outros estudos demonstraram que o RSV tem uma biodisponibilidade muito baixa, o que levou a suspeitar
que muitos dos potenciais efeitos benéficos para a saude, poderiam nao ser atingiveis em seres humanos
devido ao seu rapido metabolismo. Como forma de melhorar a biodisponibilidade e o perfil farmacocinético,
foram executadas varias tentativas para encapsular RSV em lipossomas, nanossistemas clinicamente
estabelecidos para a administracdo de farmacos. As eficiéncias terapéuticas dos lipossomas sao
dependentes das caracteristicas das moléculas lipidicas, que influenciam a sua estrutura e a estabilidade
em condicdes fisiologicas. Trabalhos anteriores do nosso grupo mostraram que os lipossomas preparados
com o DODAB:MO, sao nanossistemas promissores para transporte de acidos nucleicos e proteinas. No
ambito do trabalho desenvolvido por Inés Ferreira (Tese de Mestrado em Biofisica e Bionanossistemas,
Universidade do Minho, 2015), o sistema lipossomal DODAB:MO carregado com RSV, revelou-se com
caracteristicas adequadas para a libertacao controlada do RSV, mostrando estabilidade e homogeneidade,
carga superficial positiva, bem como uma boa eficiéncia de encapsulacéo isto ¢ a percentagem de RSV que
¢ incorporado no sistema lipossomal (EE%) e a percentagem de RSV incorporada relativamente a
concentracao total de lipido (RL%). No presente estudo, para avaliar a atividade bioldgica dos nanossistemas
foi usada a levedura Saccharomyces cerevisiae W303-1A como modelo celular. Para os estudos de
internalizacdo dos lipossomas carregados com RSV foram realizados ensaios de microscopia de
fluorescéncia e de citometria de fluxo com sondas fluorescentes apropriadas, e a sua atividade bioldgica foi
comparada com a do RSV livre. Apds 5 h de incubacao as células de levedura internalizaram eficazmente
0s lipossomas, que se localizam na periferia do vactolo central como esferas azuis brilhantes. Quando as
células de levedura foram incubadas com a sonda lipofilica fluorescente FM1-43, a fluorescéncia verde co-
localizou com a fluorescéncia azul do DPH, sugerindo que os lipossomas sao internalizados eficientemente
pelas células e seguem a via endocitica. Para estudar o efeito do RSV na morfologia mitocondrial de
levedura, utilizou-se a estirpe S. cerevisiae W303-1A Pyx232-mtGFP a expressar uma GFP na matriz
mitocondrial. Nos tempos iniciais de incubacdo predominaram células com redes mitocondriais nao-
fragmentadas/tubulares, principalmente nas condicdes controlo, enquanto quer na presenca de RSV livre

ou encapsulado durante 40 h, células com fluorescéncia citosolica/vacuolar difusa eram muito abundantes.

Vil



Vil



Table of contentes:

ACKNOWLEDGIMENTS:.......cttiiiiiirriisiiitirisssssssssssssasesssssssessssssssesssassasesssssssessesssnsssssnnnnsssnns [
INTERNALIZATION OF RESVERATROL NANOPARTICLES IN YEAST AND BIOACTIVITY .....ccooveene v
A2 S 1372 O ST v
{21 Vil
ABBREVIATIONS .......utiiiiiiirieiiiiisreessisssres s ssssssssssssessssaessssssssssssssssanessnssnsessssssnssssssnnnnsssnns Xl
FIGURES INDEX.....cciiiiiitteiiiiisteessiissnesssssssssssssssesssssssssssssssssssssssssesssssnsssesssssssssnssnssssssnnenn Xl
722 X Xl
EQUATION INDEX: ...cciiivteiiiiirneessisssssssssssssssssssssssssssssssssssssessssssssssssssnssssssssanesssssssnssssssnns XV
1. INTRODUCTION.....ceeiiirriiiiiitiris s srresssssae e s ssasss s s sanae s s s nae s ss b anae e sasnaees s ananes s snnnnes 3
1.1  NATURAL PHENOLIC COMPOUNDS AND THE FRENCH PARADOX....ceceiiurseesssssseessssssssssssssnseensnnns 3
1.2 BENEFICIAL EFFECTS OF RESVERATROL AND BIOAVAILABILITY ...uvvreeesssurseesssssseessssssssssssssnsnessnnns 3
1.3 LIPOSOMES IN DRUG DELIVERY 1eeuuuvseessssssessssssssseesssssseesssssssssssssssssesssssssesssssssssssssssssessnnns 4
1.4 YEAST AS MODEL ORGANISM ...veeiiurueessssssrsssssssssesssssseesssssssssssssssssesssssssessssssssssssssssnsssnnns 5
1.5  WORKING HYPOTHESIS AND OBJECTIVES .uuveeesssurseesssssseesssssssssssssssssesssssssessssssssssssssssssssnnns 5
2. MATERIALS AND METHODS ......coi ittt sciie s ssse s s nns s s ssasss s sassasssssnnnsssesnnnnns 7
2.1 PREPARATION OF LIPID FORMULATIONS.....uueeeesssurseesssssssesssssssesssssssssssssssssessssssnssssssssssessnnns 7
2.2 PREPARATION OF LIPID FORMULATIONS LOADED WITH RESVERATROL ...vvvveesissseessssssensssssssseessnns 8
2.3 PREPARATION OF LABELLED LIPID FORMULATIONS ..eeeiiuvseesssssseesssssssssesssssssesssssssnsssssssssessnnns 8
2.4 SEPARATION OF FREE AND INCORPORATED RSV, DETERMINATION OF ENCAPSULATION EFFICIENCY AND
LOADING CONTENT ...t uvveessusseesssssssssesssssssesssssssesssssssssssssssssesssssssssssssssssssssssssessasssnnssssssssessnnns 8
2.5  PHYSICOCHEMICAL CHARACTERIZATION OF RSV LOADED NANOFORMULATIONS......cvveeeessssnseessnns 9
2.5.1 Evaluation of size 9
2.5.2 Surface charge 9
2.5.3 Analysis of the morphology 10
2.5.4 Shelf stability 10
2.6 BIOPHYSICAL CHARACTERIZATION OF THE FORMULATIONS......uuveeesssssseesssssseesssssnnsssssssssnessnns 10
2.6.1 Biophysical and thermodynamic effects of loaded RSV 10
2.7 SERUM PROTEIN BINDING teveeeerssssssssssresesesssssssssssseesessssssssssssssssssssesssssssnsssssssssssssssnsnnns 12
2.8  INVITRO RSV RELEASE .uvutriiiiriiiissssnnsnnsessssssssssssnssesessssssssssnsssssnsssessssssssssssssssssssnssnsnns 13
2.9  EFFECT OF RSV IN YEAST CELL GROWTH.eeieviisessurussnseesessssssssssnsnnssnsssssssssssnsssssssssssssssnsnns 13
2.9.1 Analysis of the internalization of RSV-loaded liposomes by yeast cells 13
2.9.2 Effect of RSV on cell viability 14
2.9.3 Effect of RSV on endogenous ROS production 14
3. 10 I TS 16
3.1  CHARACTERIZATION OF RSV-LOADED NANOFORMULATIONS .....uuurrrereeeresssssssssnsessssssssssnssnnnns 16
3.2 INTERNALIZATION OF RSV-LOADED LIPOSOMES BY YEAST CELLS .uvureeeeeressessssssnsessssssssssnssnnnns 19
3.3 EFFECT OF FREE AND RSV-LOADED NANOFORMULATIONS ON OXIDATIVE STRESS AND MITOCHONDRIAL
DYNAMICS N YEAST CELLS 1 uuuvursrssesessssssssssnsnssesesssssssssssssessssssssssssssssssssssessssssssssssssssssssnssnsnnns 20
4, DISCUSSION ...oiiiiiiiiii i s ssssssnssssss s s sssssss s s s sssssssssssssss s snsssnassssnsssesnnnns 25
4.1 DODAB:MO LIPOSOMES ARE ADEQUATE DELIVERY SYSTEMS FOR RSV .....cccciinmimiin i siiinnnnnen, 25
4.1 S. CEREVISIAE PROLIFERATION AND VIABILITY ARE NOT AFFECTED BY 100 - 200 uM FREE RSV AND
RESVERATROL-LOADED LIPOSOMES 11eetevissusssssssssesssssssssssssssesessssssssssssssssssssssssssssssssssssssssssssnsnnns 27



4.2 RSV LOADED LIPOSOMES ARE EFFICIENTLY INTERNALIZED BY YEAST CELLS AND PROTECT FROM

OXIDATIVE STRESS vt teeesusssersssssserssssssesssssssessssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssnnsnns 28

4.3 RSV LOADED LIPOSOMES ENHANCE MITOCHONDRIAL FRAGMENTATION AND VACUOLAR

INTERNALIZATION 11eevtuusseresussseressssserssssssesssssssesssssssesssssssesssssssssssssssssssssssssssssssssssssssssssnsssennns 29
5. CONGCLUSIONS. . .....oiiiceieeeees s e s esserr s ssssesseesssasssssssssesrssasssssssssesssssnsnsssssssesssnnnnnnn 30
6. FUTURE PRESPECTIVES ....cceeveuiiiiiiieetesesissssssesssssssssssssssssssssssssssssssssssssssnssssssssssenes 30
7. REFERENGES ......oueuiiiiiieiietesteeissseseeersssssssssesssssssasssssssssssssssnnnssssssssnnsnsnnnssnsssssnnns 31



Abbreviations
cvC
DNA
DODAB
DPH
DLS
EE
GFP
HDL
HEPES
has
Kp
LDL
LUVs
MLVs
MO
Pdl
RL
ROS
RSV
SIRT1
SC
SD
Tx
uv
VIS
YPD

Critical vesicle concentration
Deoxyribonucleic Acid
Dioctadecyldimethylammonium Bromide
1,6-diphenyl-1,3,5-hexatriene

Dynamic Light Scattering

Encapsulation efficiency

Geen fluorescent protein

High density lipoproteins

4-(2-hydroxyethyl) -1-piperazineethanesulfonic acid

Human Serum Albumin
Partition Coefficient
Low-density lipoproteins

Large Unilamellar Vesicles
Multilamellar Vesicles
Monoolein (1-oleoyl-rac-glycerol)
Polydispersity Index

Loading Content

Reactive Oxygen Species
Resveratrol

Sirtuina 1

Synthetic complete medium
Standard Deviation

Main Phase Transition Temperature
Ultraviolet

Visible

Yeast extract peptone dextrose

Xl



Figures Index

Figure 1. Chemical structure of resveratrol.. ........ccccovveiiiiiiciicce e 3
Figure 2. Chemical structures of (A) DODAB and (B) MO ........ccovvviiiiiciie e 7
Figure 3. Characterization of RSV-loaded nanoformulations.............ccccoevveiiiiiiiiicie e 16
Figure 4. Shelf Stability. ........coiiiiiiicc e 17
Figure 5. Biophysical properties of the lipid membranes.........ccccoeeiiieciii i, 18
Figure 6. Internalization of resveratrol-oaded liposomes by yeast cells..........cccccveeiiiiiiciiennen, 20

Figure 7. Viability of S. cerevisiae W303 cells evaluated by flow cytometry with the FDA probe. 21
Figure 8. Flow cytometry analysis of S. cerevisiae W303 yeast cell populations to study the effect
of resveratrol against endogenous ROS with the DHE probe. ........ccovveiveieeiicciee e 22
Figure 9. Flow cytometry analysis of intracellular reactive oxygen species (ROS) levels of S.
cerevisiae W303 cells stained with 2'7'-dichlorofluroescein diacetate (H.DCFDA)...................... 23
Figure 10. Mitochondrial network morphology in S. cerevisiae W303-1A Pyx232-mtGFP........... 24

Xl



Table

Table 1. Biophysical parameters (B and T.) of DODAB:MO (1:2) liposomes in the absence and presence of
FESVEIATION (201M). «.veeeieieee ettt ettt e e ettt e e s s te e e sbbe e e e s be e e s e aate e e saabeeeeaabteeeeataeeeaaneeeennbreeennns 19

Xl



Equation Index:

Equation 1 .Encapsulation effiCienCy .........ooueiiiiiiiii e 8
Equation 2. Loading CONTENT ........ooiiiiiii et e 8
Equation 3. Average COUNE rate. .....ccoeiiiiiiii e 10
Equation 4. Derivation of the partition voeficiente. ..........ccocoveiiiiiiiiiii e, 11
Equation 5. Van't Hoff eqUation. ...........couoiiiiiiiii e 11
Equation 6. Gibbs free energy equation. ..........cccooiiiiiii i, 11

XIv



Introduction to the thesis format

The content of this thesis is written in a form of a manuscript

Title: Internalization of resveratrol nanoparticles in yeast and bioactivity, Célia
Barbosa, Inés Ferreira, Viviana Martins, Catia Pereira, Marlene Lucio, Manuela Corte-

Real, M. Elisabete C.D. Real Oliveira and Hernani Geros (manuscript in preparation)

Author contributions: HG, MECDRO, MCR and ML raised the hypothesis underlying this work.
CB, IF, VM, CP and ML performed the experiments. IF and CB prepared and characterized
RSV-loaded nanoformulations. CB and IF studied the internalization of RSV-loaded liposomes
by yeast cells and the effect of free and RSV-loaded nanoformulations on oxidative stress, and
CB studied the effect of RSV on mitochondrial dynamics in yeast cells. CB, IF, VM, CP and ML
analysed the data. CB and IF prepared the first draft of the manuscript. HG, MECDRO and ML
revised the paper. HG and MECDRO directed the study.






1. Introduction
1.1 Natural phenolic compounds and the French paradox

Natural phenolic compounds represent the major group of phytochemicals with antioxidative
properties found in plants, particularly in fruits, seeds and leaves, and its derivative foods and
drinks, including chocolate, tea and wine!2. These are a class of phenylalanine-derived chemical
compounds with a reactive hydroxyl group (-OH) bonded directly to an aromatic hydrocarbon ring.
They are classified as simple phenols or polyphenols according to the number of phenol unitss«.

The consumption of red wine has been associated to the so-called ‘French paradox’ a term
coined to describe the observation that the French population has a very low incidence of
cardiovascular disease, despite a diet high in saturated fats¢’. The polyphenol resveratrol (RSV;
Figure 1) has been pointed out as the main contributor to the cardiovascular protectionss. The
benefic cardiovascular effect of RSV can, in turn, be related with its proved capacity to act as a
modulator of the metabolism of lipoproteins®s inhibiting the oxidation of low-density lipoproteins
(LDL), and inhibiting either platelet aggregation or proatherogenic eicosanoids production by
human platelets and neutrophilss. Consequently, RSV is responsible for increasing high density
lipoproteins (HDL) that take part on the cholesterol removal from atheroma preventing the

obstruction of the arteriest.

Figure 1. Chemical structure of resveratrol. The chemical structure was drawn using MarvinSketch® software from
Chemaxon®. Gray spheres are carbons, white spheres are hydrogens and red spheres are oxygens.

1.2 Beneficial effects of resveratrol and bioavailability

In addition to the above mentioned cardiovascular benefic actions, RSV may protect diabetic
patients from meal-induced oxidative stress!, and several other pharmacological effects have been

attributed to this compound, including antibiotic and chemopreventive propertieses211, Different



studies on the resveratrol bioavailability after oral ingestion and clinical trials have been conducted
both in rodents and humans’. Results indicate that the benefic use of RSV as an additive to
increase nutritional value is limited by its intrinsic features that lead to low bioavailability and
formulation challenges; the most problematic one being the low water-solubility and instability.
Indeed, several studies have demonstrated that RSV and other polyphenols have a very low
bioavailability, which led to the suspect that many of the beneficial health effects observed in either

cells or biochemical assays, may not be achievable in humans due to its rapid metabolism’.

1.3 Liposomes in drug delivery

In order to improve RSV bioavailability and pharmacokinetic profile, several atempts have been
made to encapsulate RSV in lipid nanocarrier systemss:, Liposomes are the most clinically
established nanocarrier systems for drug delivery=#=. They are composed by amphiphilic molecules
that, when in aqueous solution and above the critical vesicle concentration (CVC), spontaneously
self-assemble into closed lipid bilayers. The control of the structure of the liposomes, namely size
and size distribution, membrane morphology and supramolecular organization, is important so
they can be applied as drug delivery systemsz 2192 The therapeutic efficiency of the nanocarrier
systems is highly dependent on the characteristics of the lipid molecules forming the
nanoaggregate, which strongly influence structure and stability of liposomes in physiological
conditions. The charge of the polar headgroups determines if liposomes are anionic, cationic,
zwitterionic, or non-ionic. Previous work from our group has shown that liposomes prepared with
the cationic dioctadecyldimethylammonium bromide (DODAB) and a neutral helper lipid monoolein
(MO) at several molar ratios, are promising nanocarriers for nucleic acids deliveryz»aszz2 The
presence of MO on the formulation, at low molar ratio, increases fluidification of the nanocarrier
and stabilization of the liposomal structures 2.2,

In our laboratory, we have developed an efficient encapsulation nanosystem for RSV and some
important parameters have been studied to assure a future efficient biological application of the
nanosystem=. In this regard, a thorough biophysical characterization of the nanosystems was
made, namely: (i) size, surface charge and morphology of the nanosystem; (ii) microviscosity and
thermodynamic parameters of RSV distribution in the nanosystem; (iii) binding of the nanosystem
to plasma proteins, and (iv) predicted RSV release at relevant physiological condition. In this project
yeast cells were used as a simple eukaryotic model system to understand the internalization of

RSV and its cellular effects=.



1.4 Yeast as model organism

Saccharomyces cerevisiae is one of the most intensively studied eukaryotic model organism in
molecular and cell biology. Basic cellular mechanisms of DNA replication and recombination, cell
division and death, metabolism as well as cell response to stress and autophagy are well conserved
between yeast and higher eukaryotes, including mammals. For instance, sirtuins which are a class
of evolutionary conserved histone deacetylases, were originally identified in yeast, and since then
their pathogenetic roles in cancer, diabetes, muscle differentiation, heart failure,
neurodegeneration and aging have emerged®. Autophagy-related genes were also firstly identified
in yeast®'. Moreover, the complete sequence of S. cerevisiae genome has proved to be extremely
useful as a reference towards the sequences of human and other higher eukaryotic genes=.
Furthermore, this budding yeast grows well in culture, is stable as either a diploid or haploid cell
type, and is amenable to both classical genetic as well as molecular genetic manipulations. The
interest of the yeast model in the study of resveratrol bioactivity emerged from the pioneering work
of Howitz and colleagues® who identified RSV as a potent SIRT1 activator regulating the longevity
of this microorganism. RSV also decreased acetylation-dependent p53 activation and protected
human cells from p53-dependent apoptosis. Subsequent studies have shown that RSV is also able
to regulate the longevity of worms, flies and in short-lived fish, but the exact role of resveratrol and
SIRT1 in longevity is still under debate. Similar to most other polyphenols, RSV is suggested to
possess intrinsic anti-oxidant capacity, but it is also able to induce the expression of a number of
antioxidant enzymes, which probably contribute to an overall reduction in oxidative stress. RSV
further interacts with a large number of receptors, kinases, and other enzymes that could plausibly
make a major contribution to its biological effects 7. More recently, it was shown that RSV can
inhibit the proliferation of the fission yeast Schizosaccharomyces pombe by regulating gene

expression and trigger an extensive metabolomic reprogramming?.

1.5 Working hypothesis and objectives

Although during the last few decades diferent reports have addressed the biological activities of
resveratrol and its metabolization in humans, important gaps of knowledge still persist regarding
its mode of action at the cellular level. Also, our understanding on how resveratrol is incorporated

into the cells is still puzzling. In the present study we aimed to address the following questions:

(i) are DODAB:MO liposomes adequate and stable delivery systems for RSV?



(ii) are RSV loaded liposomes internalized by yeast cells?
(iii) are RSV-loaded liposomes more efficient in protecting cells from oxidative stress than free
RSV by slowing RSV degradation and promoting RSV uptake?

(iv) do RSV-loaded liposomes change mitochondrial dynamics?

To answer the scientific questions above we thoroughly characterized the DODAB:MO
formulation with different biophysical methods and studied the internalization of RSV-loaded
liposomes by yeast cells with fluorescent probes and fluorescence. We then compared the
biological activity of free RSV and RSV-loaded liposomes using the yeast as eukaryotic cell model
through the use of ROS-sensitive probe coupled to flow-cytometry analysis. The effect of free RSV
and RSV-loaded liposomes on mitochondral dynamics was assessed by fluorescence microscopy
in a yeast strain expressing a mitochondrial GFP. Overall, we aimed to fill a gap in the knowledge
regarding the improvement of RSV bioavailability and bioactivity through the use of an efficient
nanoencapsulation system. To this end a set of biophysical, biochemical and analytical strategies
were combined taking advantage of the complementary know-how of the team involved in this

work.



2. Materials and Methods

Dioctadecyldimethylammonium bromide (DODAB) (purity > 98.0%), 1-monooleoyl-rac-glycerol
(MO) (purity > 99.0%) and resveratrol (RSV) were purchased from Sigma-Aldrich (Bornem,

Belgium), and used without further purification. Figure 2 shows the chemical structure of the lipids.

A

Figure 2.Chemical structures of (A) DODAB and (B) MO lipids. The chemical structures were drawn using
MarvinSketch® software from Chemaxon®. Gray spheres are carbons, white spheres are hydrogens, red spheres are
oxygens, orange sphere is nitrogen and green sphere is bromide counter-ion. For sake of simplicity the hydrogens on

DODAB were omitted.

2.1 Preparation of lipid formulations

Lipid formulations were prepared with DODAB and the neutral lipid MO by the lipid film
hydration method=. Briefly, defined volumes of DODAB and MO (20 mM in ethanol) were added to
glass tube and the solvent evaporated under nitrogen gas stream until the lipid film was completely
dried. Afterwards, the lipid film was hydrated with 10 mL of ultrapure water and the suspension
was incubated above the lipids’ transition temperature T. (60° C), alternating with vigorous vortex
stirring, in order to remove all the lipid film adsorbed in the glass tube walls. This process lasted
for approximately 30 min and resulted in a suspension of large multilamellar vesicles (MLVs) of
DODAB:MO (1:2) with a 1 mM final concentration. The MLVs suspension was then repeatedly

passed through a Lipex extruder heated to a 60°C temperature and under pressures of 6 bar. The



suspension was passed through Nuclepore Track-Etched polycarbonate membrane filters with
different pore diameters (400, 200 and 100 nm) to obtain small and homogeneous large
unilamellar vesicles (LUVs). The lipid formulations obtained were then stored at 4°C for further

shelf stability studies.

2.2 Preparation of lipid formulations loaded with resveratrol

Lipid formulations were loaded with RSV by the incubation method to obtain final RSV
concentrations of 100 or 200 uM and final lipid formulation concentration of 1 mM. An appropriate
amount of an ethanolic solution of RSV was added to a glass tube and the solvent evaporated under
nitrogen gas stream. LUVs prepared by the above described method where added to the flask
containing the dried film of RSV. Finally, the mixture of lipid formulation and resveratrol was
incubated above the lipids transition temperature T. (60° C), alternating with vigorous vortex
stirring, in order to remove all the bioactive compound adsorbed in the glass tube walls. This
incubation procedure lasted approximately 30 minutes to assure the maximum loading of the lipid
formulation. Before any experiment, RSV-loaded formulations were separated from unloaded free

RSV (see below).

2.3 Preparation of labelled lipid formulations

Labelled lipid formulations were prepared by evaporation to dryness of the lipids’ ethanolic
solutions of DODAB and MO, mixed with the ethanolic solution of the fluorescent probe 1,6-
diphenyl-1,3,5-hexatriene (DPH). The lipid:probe ratio was kept as 100:1 to prevent changes in the
structure of the lipid formulation. Labelled liposomal suspensions were protected from light in every
steps of their use. The resultant dried lipid film was dispersed with ultrapure water and the

subsequent steps followed the lipid film hydration method already described.

2.4 Separation of free and incorporated RSV, determination of encapsulation efficiency and
loading content

The lipid nanocarriers previously obtained were centrifuged (Jouan BR4i, Multifunction
centrifuge) through centrifugal filter units (Amicon Ultra-4, PLGC Ultracel-PL Membrane, 10 kDa,
Milipore) at 3000 rpm at 25° C for 10 min or until complete separation between the
nanosuspensions (pellet retained in the filter unit) and the aqueous phase (supernatant). The
supernatant containing the dissolved free resveratrol was analyzed in the PerkinElmer Lambda 45

UV/VIS Spectrometer. Spectra were taken in the range of 220-500 nm. Considering the initial



concentration of RSV used in the formulation ([Resveratrol]l..) and subtracting the free RSV
concentration present in the supernatant (concentration of RSV that was not incorporated in the
formulation), it is possible to obtain the concentration of RSV that was incorporated in the

formulation ([Resveratrol]««s) and thus determine the encapsulation efficiency (EE (%)) by Equation

(1):

) _ [Resveratrol],gaqeq

EE (%) = %100 (1)

[Resveratrol] 1otq
The RSV loading content (RL (%)) was also calculated by the following Equation (2):

RL (%): [Resveratrol],,geq x100 (2)

[Lipid formulation]

Where [lipid formulation] was the concentration of DODAB:MO (1:2) formulation.
Both EE (%) and RL (%) were calculated for different initial concentrations of RSV: 5, 40, 60, 100
and 200 uM.

2.5 Physicochemical characterization of RSV loaded nanoformulations
2.5.1 Evaluation of size

Nanocarriers’ size and distribution was determined by dynamic light scattering (DLS) with a
Zetasizer Nano ZS laser scattering device (Malvern Instruments Ltd., Malvern, UK). This technique
measures the size of particles dispersed in a medium by the scattering pattern of a laser (4mW
He-Ne, 633 nm) passing through the medium. The size calculations assume the presence of
spherical particles. Therefore, percent volume distributions assume the volumes of spheres. The
samples were analyzed in a water medium and the available software was used to correlate the
intensity of scattered light (at a backscattering angle of 173° C) with the hydrodynamic radius of
the spherical particle. For each sample, the mean diameter + SD of three determinations was
calculated applying multimodal analysis. Values reported are the mean diameter + SD for three

replicate samples.

2.5.2 Surface charge

The electrophoretic mobility of the nanocarriers, and ultimately their surface charge were
evaluated in a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) and related with the zeta
potential. The samples, diluted with double-deionised water (condutivity less than 0.1uS cmy),

were placed in polystyrene cuvettes with platinum electrodes and then an electric field across the



lipid formulation dispersion was applied. Surface charged nanocarriers within the dispersion
migrated toward the electrode of opposite charge and the velocity of particles migration was
converted in zeta potential values by using the Smoluchowski's equation. The zeta potential results

reported are the mean of three runs from three independent determinations.

2.5.3 Analysis of the morphology

Morphological evaluation of the nanocarriers was performed using Scanning Electron
Microscopy (SEM). For SEM analysis, the samples were mounted on conductive carbon adhesive
attached to aluminum stubs. The samples were then coated with platinum under vacuum in a
sputter coater after which they were visualized with a FEI Quanta 400 FEG scanning electron

microscope at CEMUP facilities.

2.5.4 Shelf stability

The long-term stability of a drug product containing lipids can be highly affected by the lipid
species used in the formulation. In a general way, the more unsaturated a compound, the easier
the product is oxidized, and thus the shorter the shelf life of the product. On the other hand,
saturated lipids, such as DODAB, and monounsaturated lipids, such as MO, offer the greatest
stability in terms oxidation. With the purpose of assessing the different lipid formulations in terms
of shelf stability, parameters such as surface charge and polidispersity were measured up to 84
days. These measurements were performed mainly to assess if the lipid nanocarriers were
suffering from membrane rupture, aggregation or sedimentation, and how the resveratrol
encapsulation was influencing the stability of the lipid formulation. The surface charge of the lipid

nanocarriers and RSV loaded lipid nanocarriers was assessed by zeta potential measurements.

2.6 Biophysical characterization of the formulations

2.6.1 Biophysical and thermodynamic effects of loaded RSV

With the purpose of understanding how RSV impacts membrane biophysical properties such as
the transition temperature (T.) and phase transition cooperativity (B), a lipid formulation of
DODAB:MO (1:2) with a 6 mM unloaded and loaded with RSV (0.7%) was prepared as previously
described. An 1 mL aliquot of the formulation DODAB:MO (1:2) with and without RSV was placed
in a disposable polystyrene cell and the measurements were performed in a Zetasizer Nano ZS

(Malvern Instruments) employing the DLS technique. The position of the detector was at 173° C
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relative to the laser source (backscatter detection). A first optimization stage was performed, where
cell position and attenuator settings for the cell, sample, and measurement type were determined
by the default software that adjusts these values based on the sample optical properties, such as
turbidity. This step was repeated five times in order to achieve accurate reproducibility in the
intensity of the scattered light. These parameters were then introduced and locked manually for
the second stage of the experiment. In this second stage, software was used in trend mode which
allows multiple measurements to be made over a range of temperatures, being the initial
temperature defined to 25° C and the final temperature defined to 60° C, since the phase transition
temperatures of both lipids composing the formulation are contained within this range of
temperatures. The temperature interval was defined to 1° C and the number of measurements
made at each step after equilibration time was 3. Data were collected as “mean count rate versus
temperature” and treated with a modified Boltzmann regression curve (Equation 3), presented

below:

bro-bry+mppT-m T

CR =b|_]_+m|_]_T+ (3)

11
1410577

where CR represents the average count rate, bu and b represent the y intercept of the straight
lines before (bu) and after (b.) the phase transition, mu and me. represent the slope of the straight
lines before (mu) and after (me) the phase transition, T represents the absolute temperature within
the cell, B represents the phase transition cooperativity of the system and T. represents the main
phase transition temperature of the system (transition from the gel phase to the liquid-crystalline
phase).

The partition coefficient (K:) of RSV between lipid formulation and aqueous phase (ultrapure
water) was determined by derivative spectroscopy in a previous work of the research group®.
Briefly, samples of LUVs of DODAB:MO (1:2) with increasing concentrations (up to 2000 uM) and
a fixed concentration of RSV (40 uM) were prepared. The respective reference of lipid suspensions
was prepared in the same conditions, but in the absence of RSV. All samples were incubated at
37° C during 30 min. A SpectraMax Plus 383 ultraviolet-visible plate reader (Molecular Devices)
was used to obtain the absorbance spectra of samples and references in the range of 220 nm to
500 nm at physiological temperature (37° C). The references’ absorption spectra were subtracted
from the samples’ absorption spectra and derivation was applied to eliminate the light scattering
caused by the presence of lipid formulations. Derivative spectra were calculated using the Savitzky—
Golay method in which a second-order polynomial convolution of 13 points was employed. The

determination of the partition coefficient from the derivative spectra at the wavelength where the
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scattering was eliminated, was made by fitting equation 4 to the experimental data (D versus [L])
using a nonlinear least-squares regression method, where the adjustable parameter is the partition

constant, K.

- M
D= Dw + (DM—Dw)KP [L]V® whete, D:é‘ ABS
1+Kp|[L]V® ANy,

In this equation, D is the derivative intensity obtained from the absorbance values of the total
amount of RSV; DM is RSV distributed on the lipid membrane phase and DW is RSV distributed in
the aqueous phase. [L] represents the lipid concentration (in Molar) and V@ is the lipid molar
volume.

Kp of RSV in the biphasic system lipid formulation/aqueous media was evaluated at different
temperatures (21° C, 24° C, 29° C, 36° C and 41° C). The Van't Hoff analysis of the temperature
dependence of Kp values are used to calculate the variation of enthalpy (AH) and entropy (AS)
involved in RSV partition which were determined from the slope and interception of the Van't Hoff

linear plot described by the following equation:

AH AS

n(Kp) =-=+= 5
(Kp) =-—+— (5)

Where R is the ideal gas constant (8.314 Jmol K) and T is the temperature in kelvin (K). The

Gibbs free energy of partition was calculated by the well-known relation:

AG = AH-TAS (6)

2.7 Serum protein binding

After preparation of lipid formulations as described different sets of samples were prepared: (i)
20 uM RSV loaded lipid formulations with increasing lipid concentrations (10, 50, 100, 500, 1000
and 1500 uM) with 9 uM HSA; (ii) Unloaded lipid formulations with increasing lipid concentrations
(10, 50, 100, 500, 1000 and 1500 puM) with 9 uM HSA. The samples were incubated at 37° C
and the surface charge of the resultant lipid-HAS aggregates were made by electrophoretic light
scaterring in the Zetasizer Nano ZS with an equilibration time of 60 s. The data were treated using

the Zetasizer software and GraphPad prism 5.
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2.8 InvitroRSV release

To assess the RSV release from the DODAB:MO (1:2) lipid formulations in physiological
conditions, RSV loaded nanocarriers (20%, i.e. 200 uM) were prepared as described. The lipid
formulations were maintained in a 50 ml Falcon tube, with either HEPES buffer, pH of 7.4, or
acetate buffer, pH 5.0, at 37° C. The lipid formulations were produced with a lipid concentration
of 2 mM and then diluted in buffer in a 1:1 ratio. The time points selected to assess the drug
release were 0, 1, 2, 3, 4, 5, 22, 24, 28, 45 and 46 h. At each time point 1.5 mL aliquot was
placed in an amicon centrifugal filter unit (10 kDa) and the protocol followed was the same as the

one described in 2.4.

2.9 Effect of RSV in yeast cell growth

Saccharomyces cerevisiae W303-1A was used to compare the biological effect of free and
encapsulated RSV. This strain possesses an ybpl-1 mutation which abolishes Ybplp function,
increasing the yeast sensitivity to oxidative stress=. Yeast growth was tested in YPD medium (1%
yeast extract, 1% peptone and 2% glucose) in the absence of either RSV or liposomes (control), and
in the presence of free RSV (100 and 200 uM), empty liposomes (DODAB:MO; 1:2), or RSV-loaded
liposomes (with 100 and 200 uM RSV). The optical density O.D. e« Was recorded at specific time

points, during 28 hours to monitor yeast growth.

2.9.1 Analysis of the internalization of RSV-loaded liposomes by yeast cells

To assess if RSV-loaded liposomes were internalized by yeast cells, liposomes were labelled
with the fluorescent dye DPH which is used for structural and dynamic studies of hydrophobic
regions in biological membranes¥=. Liposomes were prepared as described previously in the
presence of DPH (3 uM), and the suspension was protected from exposure to light to prevent the
probe degradation. When S. cerevisiae W303-1A cells reached, the exponential grow phase the
liposomes were added at 1:1 liposome/cell suspension ratio. The resulting mixture was incubated
at 30° C with shaking (200 rpm) for 4 h. All cultures were protected from light. The following
samples were analysed: yeast cells + free DPH; yeast cells + DPH-labelled DODAB:MO (1:2)
liposomes; yeast cells + DPH-labelled DODAB:MO (1:2) liposomes and 100 uM RSV; yeast cells +
DPH-labelled DODAB:MO (1:2) liposomes and 200 uM RSV. Fluorescence microscopy analysis of

the samples was performed at time points 0, 5, 18, 23, 40 and 45 h with a Leica Microsystems
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DM-5000B epifluorescence microscope with appropriate filter configurations for DPH. The images
were acquired with a Leica DCF350FX digital camera and processed with LAS LEICA Microsystems
software. To further confirm that DPH was indeed loaded within the liposomes inside the cells, 50
ul of sample were co-incubated with 1 mM of fluorescent probe FM1-43, which is widely used to
label cell membranes and lipid bodies, and the mixture was incubated for 15 min and observed at

the fluorescence microscope.

2.9.2 Effect of RSV on cell viability

Fluorescein diacetate (FDA) is an acetoxymethyl ester derivative of fluorescein that has been
extensively used as a cell viability and metabolic activity probe. This cell-permeant esterase
substrate is a non-polar compound that is taken up by cells by passive diffusion, and once within
the cell, it is hydrolyzed to fluorescein by non-specific esterases®. Fluorescein, due to its a polar
nature, is not eliminated from the cell as quickly as its ester form, which results in intracellular
fluorescein accumulation, and so the viable cells appear fluorescent. Therefore, this viability probe
measures both enzymatic activity and cell-membrane integrity, which are required to produce and
retain the fluorescent product inside the cell, respectively. In order to evaluate the cell viability of
yeast cells by flow cytometry, the following mixtures were prepared: yeast cells alone (control);
yeast cells + 200 uM free RSV; yeast cells + DODAB:MO (1:2) liposomes with 200 pyM RSV
(encapsulated RSV). After incubation at 30° C during 12-16 h, samples were centrifuged at 5000
rpm during 2 min and the resulting pellet was resuspended in 1 mL of PBS buffer (pH 7.4, NaCl
137 mM, KCI 2.7 mM, phosphate 10 mM) containing 4 pug/mL of the FDA probe. Flow cytometry

analysis of each sample was performed 20 min after incubation with the probe.

2.9.3 Effect of RSV on endogenous ROS production

Dihydroethidium (DHE) is a reduced form of the commonly used DNA dye ethidium bromide.
DHE itself exhibits blue fluorescence in the cytoplasm and it has been widely used to evaluate ROS
production, since it has the ability to freely permeate cell membranes and, upon reaction with
superoxide anions, forms a red fluorescent product (2-hydroxyethidium) that intercalates with DNA.
This fluorescent probe detects essentially superoxide anion, is retained well by cells, and may even
tolerate mild fixation”. ROS production was analysed in the following samples: yeast cells alone
(control); yeast cells + 200 uM free RSV; yeast cells + DODAB:MO (1:2) liposomes with 200 uM
RSV (encapsulated RSV). Briefly, after incubation at 30° C during 12-16 h, samples were
centrifuged at 5000 rpm during 2 min and the resulting pellet was resuspended in 1 mL of PBS
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containing 5 ug/mL of the ROS-sensitive probe DHE. Flow cytometry analysis of each sample was

performed 30 min after incubation with the probe=.

2.9.3.1 Effect of RSV in H:0-induced intracellular ROS accumulation

In order to analyse the effect of free or encapsulated RSV in H.0~induced ROS accumulation,
mid-exponential phase yeast cells were grown in the absence or presence of 7 mM H.0: and then
stained with the 2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA) probe. This probe is cell-
permeable, is hydrolysed by cellular esterases to H.DCF and, in the presence of intracellular ROS,
is oxidised resulting in the formation of a fluorescence product — dichlorofluorescein (DCF). An
increase in the green fluorescence of this probe indicates an increment in the levels of ROS
production®. The following samples were prepared: yeast cells (control); yeast cells + 200 uM RSV;
yeast cells + DOBAB:MO (1:2) liposomes; yeast cells + DODAB:MO (1:2) liposomes with 200 uM
RSV. When cultures reached mid-exponential phase, 5 mL aliquots were transferred to glass tubes
in the absence or presence of 7 mM H.0.. H.DCFDA probe was added at a final concentration of
0.05 mM to 500uL culture sample with an optical density O.D. of 0.1 and incubated for 1 h.

Samples were analysed by flow cytometry immediately after H.O. addition and after 24 h.

2.9.3.2 Effect of resveratrol on mitochondrial dynamics

To study the effect of RSV in yeast mitochondrial morphology, the strain S. cerevisiae W303-1A
Pyx232-mtGFP was used. This strain expresses a mitochondrial matrix-targeted GFP “. Cells were
grown in synthetic-complete medium (0.67% YNB, 0.14% Drop-out Medium Supplement, 0.008%
Histidine, 0.4% Leucine and 0.008% Uracil, 2% glucose and 0.5% ammonium sulphate), in the
absence or presence of 100 pM and 200 pM either free or encapsulated, as follows: yeast cells
(control); yeast cells + 100 uM RSV; yeast cells + 200 uM RSV; yeast cells + DODAB:MO (1:2)
liposomes; yeast cells + DODAB:MO (1:2) liposomes with 100 uM RSV; yeast cells + DODAB:MO
(1:2) liposomes with 200 uM RSV. Culture samples were observed at specific time points in Leica
Microsystems DM-500B fluorescence microscope with the appropriate filter configurations for GFP.
The images were acquired with a Leica DCF350FX digital camera and processed with LAS LEICA

Microsystems software.
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3. Results

3.1 Characterization of RSV-loaded nanoformulations

DODAB:MO (1:2) nanoparticles are sphere-like with an average diameter size of 130 nm and
smooth surface (Figure 3A, B), while RSV loaded nanoformulations are 30-50 nm larger (Figure
3A). The small values of polydispersity of the nanoparticles (0.12-0.18) suggest a fairly narrow and

monomodal nanocarrier size distribution for all formulations (Figure 3A).
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Figure 3.Characterization of RSV-loaded nanoformulations (A) Size distribution (in intensity) of DODAB:MO (1:2)
formulations (bars) unloaded and loaded with resveratrol (RSV); and its polydispersity (blue dots). (B) Cryo-SEM images
of DODAB:MO (1:2) formulations. (C) {-potential values of DODAB:MO (1:2) formulations unloaded and loaded with
resveratrol (RSV). The dashed blue line represents the threshold of +30 mV, as minimal value for formulation stability.
(D) Encapsulation efficiency (EE%) (bars) and Loading efficiency (RL%) (blue dots) of increasing concentrations of
resveratrol (5, 20, 40, 60, 100 and 200 uM) to a 1 mM lipid concentration. Values reported are the mean diameter +
standard deviation for three replicate samples. Results from Inés Ferreira (29) complemented by Célia Barbosa

in the present study (A, C and D).

As anticipated, all lipid formulations present a highly positive surface charge owing to the
presence of the positively charged lipid DODAB. The C-potential of the unloaded formulations (+
49.7 £ 5.6 mV) is higher than the value of RSV loaded formulations (Figure 3C), most likely because
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the neutral RSV molecule is located near the positive DODAB polar headgroups, which decreases
the density of positive charges, thus reducing the surface charge of the nanoparticle.

The encapsulation (EE%) and loading (RL%) efficiencies of RSV in the lipid formulations are show
in Figure 3D. EE % was above 70% for incubation with 200 uM RSV. Furthermore, up to 200 uM
RSV, RL increases with increasing RSV concentration, concentration reaching 14%.

The shelf stability of the nanosystems was evaluated during 84 days at 4.0° C. Only after the

first month of storage the (-potential decreased to values below the desired +30 mV (Figure 4)
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Figure 4. Shelf stabilityl-potential measurements of DODAB:MO (1:2) formulations unloaded and loaded with 2% (20

UM) resveratrol during the three months following formulation production. Results from Inés Ferreira (29).

In order to calculate the thermodynamic parameters associated with the partition of RSV in a
biphasic system DODAB:MO (1:2)/water, the value of partition coefficient (Kp) was determined
from 30° C to 60° C. The nonlinear regression fittings of the third derivative values at different
temperatures, obtained according Equation 4, are presented in Figure 5A.

RSV shows a high partition coefficient into the biphasic system DODAB:MO (1:2)/water (LogKp
= 3.37 £ 0.10). The application of the Van't Hoff linear fitting (Equation 5) to the experimental data
and of equation 6 allowed the determination of the enthalpy (AH) and entropy (AS) variation and
free Gibb's energy (AG) of RSV partitioning. RSV partitioning in DODAB:MO (1:2) vesicles/water
biphasic system at 37° C is associated with AH>0 (6.00 + 0.68 KJ.mol*) and a AS>0 (0.20 +
0.005 KJ.mol)=.

The effect of RSV on the biophysical properties of the lipid membranes was evaluated by
DLS assays. The results of the average count rate obtained with lipid nanosystems empty or loaded
with RSV are shown in Figure 5B. The data were fitted by Equation 3 to determine the values of
phase transition temperature (T.) and the cooperativity (B) of the transition of the lipid bilayers

from the gel phase to the fluid phase (Table 1).
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Figure 5. Biophysical properties of the lipid membranes (A) Normalized third derivative absorbance spectra at A= 256
nm with increasing DODAB:MO (1:2) concentration for the determination of Kp of resveratrol in the biphasic system
lipid/water at several temperatures: 30° C (®); 37° C (A); 50° C (V¥); 55° C (®) and 60° C (). Continuous lines
are the best fitted curves according to eq 4. (B) Normalized average count rate of DODAB:MO (1:2) lipid vesicles
unloaded (®) and loaded with resveratrol 20 uM (0)(RSV) as a function of temperature. Continuous lines are the best
fitted curves according to eq 3. (C) C-potential variation of unloaded and resveratrol 20 uM (RSV) loaded lipid
formulations DODAB:MO (1:2) with increasing lipid concentrations in the presence of human serum albumin (HSA). *
In (A), (C) and (D), Values reported are the mean diameter + standard deviation for three replicate samples. Results

from Inés Ferreira (29).

As can be seen in Figure 5C, both unloaded and RSV loaded formulations suffer an inversion
of its ¢-potential in the presence of human serum albumin (HSA). However the (-potential inversion
occurs at higher DODAB:MO (1:2) concentrations, when the nanosystems are loaded with RSV. As
shown in Figure 5D the lipid formulations allow a controlled release of RSV over a period of almost

50 h, which is not substantially affected by the pH value, from pH 5 - 7.4.
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Table 1. Biophysical parameters (B and T.) of DODAB:MO (1:2) liposomes in the absence and presence of resveratrol

(20uM)=.

B (cooperativity) Tn (°C)
DODAB:MO (1:2) 217 + 58 41.7+1.0
DODAB:MO (1:2) + 20 uM RSV 169 + 12 36.7 +0.3

3.2 Internalization of RSV-loaded liposomes by yeast cells

As reported to in Material and Methods section, RSV- loaded liposomes were labeled with the
fluorescent probe DPH to evaluate by fluorescence microscopy the capacity of yeast cells to
internalize these nanoparticles. Different studies have shown that DPH permeates into the
membrane and this probe, besides being located in the centre of the lipid bilayer, is also capable
of entering the cell and of being incorporated into the membranes of the cellular organelles, and
into the intracellular lipid droplets. Moreover, the intercalation of DPH into membranes is
accompanied by strong fluorescence enhancement because its fluorescence is practically
negligible in water==. As shown in Figure 6A, after 5 h incubation yeast cells readily internalized
liposomes, that appeared as bright blue spots in the periphery of the central vacuole. Moreover,
when yeast cells were incubated with DPH alone no fluorescence was detected in the cytosol.

When yeast cells were incubated with the lipophilic fluorescent probe FM1-43, results showed
that its green fluorescence co-localized with the blue fluorescence of DPH, suggesting that

liposomes are efficiently internalized by cells and follow the endocytic pathway.
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Figure 6. Internalization of resveratrol-loaded liposomes by yeast cells (A) S. cerevisiae W303 cells were incubated for
4 h with liposomes loaded with resveratrol and with 3 pM free DPH (upper panel), or with liposomes loaded with
resveratrol and DPH (encapsulated DPH; lower panel). Images show bright field, blue fluorescence from DPH and the
overlay of these two micrographs. (B) Yeast cells internalizing DPH-loaded liposomes were incubated with the
fluorescent probe FM1-43. Images show green fluorescence (FM1-43), blue fluorescence (DODAB:MO (1:2) + RSV +
DPH) and the overlay of these two signals (overlay, zoom in). Results from Inés Ferreira (29) complemented by

Célia Barbosa in the present study (A).

3.3 Effect of free and RSV-loaded nanoformulations on oxidative stress and mitochondrial
dynamics in yeast cells

Results showed that the growth of S. cerevisiae W303 cells in batch cultures in YPD medium
up to 28 h was not significantly affected by the presence of 100 and 200 uM free RSV, RSV-loaded
liposomes or liposomes alone. Moreover, neither free RSV nor RSV loaded nanoformulations
affected cell viability as evaluated by flow cytometry with the fluorescent probe FDA (Figure 7).

To evaluate if the intracellular redox state could be affected, even if transiently, by free RSV or
RSV-loaded liposomes, S. cerevisiae W303 cells were labeled with the ROS-sensitive probe DHE
and the population was analyzed by flow cytometry. A representative result is presented in Figure
8. The acquisition protocol was defined to measure forward scatter (FS), side scatter (SS), orange
fluorescence (FL3) and red fluorescence (FL4) on a logarithmic scale. The scattergram of Figure 8

shows a well-defined population of yeast cells (gated region W). The same gate was defined for all
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subsequent experiments and the number of yeast cells was set to 20000. The overlay of the
histograms corresponding to the autofluorescence of the yeast cells and the fluorescence of yeast
cells labeled with DHE clearly shows a positive staining (Figure 8), suggesting that the probe
reacted with intracellular superoxide anion. Results also show that free resveratrol (200 uM RSV)
or encapsulated (DODAB:MO (1:2) + 200 uM RSV) promoted a decrease of the fluorescence

intensity, and the effect was more pronounced in the latter case (Figure 8).
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Figure 7. Viability of S. cerevisiae W303 cells evaluated by flow cytometry with the FDA probe. The scattergram of the
population of yeast cells in the absence of resveratrol is first shown. The overlay histogram of autofluorescence (black
line) and FDA fluorescence (grey line) in the absence of resveratrol (Control) and upon treatment of yeast cells with
200 pM of free resveratrol (200 uM RSV) and resveratrol loaded liposomes (DODAB:MO (1:2) + 200 uM RSV) is also.

Results from Inés Ferreira (29) reproduced by Célia Barbosa in the present study.
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Figure 8. Flow cytometry analysis of S. cerevisiae W303 yeast cell populations to study the effect of resveratrol against
endogenous ROS with the DHE probe. Scattergram of a population of yeast cells in the absence of resveratrol; overlay
histogram of autofluorescence (black line) and DHE induced fluorescence (grey line) in the absence of resveratrol and
upon treatment of yeast cells with 200 uM of free resveratrol and resveratrol loaded liposomes. Results from Inés

Ferreira (29).

We next investigated the role RSV in response to exposure to the pro-oxidant compound H:0.
and determined the accumulation of ROS by staining with dichlodihidrofuorescein diacetate
(H.DCFDA) and flow cytometry analysis (Figure 9) ©. When yeast cells were incubated with 7 mM
H:0., a ca. 4-fold increase in the levels of ROS was observed after 24 h after treatment, which was
prevented by 200 uM free RSV. Moreover, unloaded liposomes completely eliminated basal
endogenous ROS and protected cells from the ROS induced by H:0.. However, RSV loaded
liposomes exhibited a strong pro-oxidant effect, leading to a 6-fold increase in the levels of ROS in

comparison with unloaded liposomes.

22



A DODAB:MO (1:2) +
Control 200 pM RSV DODAB:MO (1:2) 200 pM RSV

| \ / ‘\ )/ l\\ / "\
_

0 o ] 3 N
L 0 100 1 100 10° 10° 10" 10?0 10°  10°

oh
e
==
(_/
-
|~

Al N\
55 | |l f f A
s o \ A f
© E [ / f \
28 |/ \ /
< QO
J
0 - ,L 0 : ‘ 0 \ 0 A
£ 100 100 102 100 10° 100 10" 10 100 10° 10° 10" 102 100 10° 10° 10" 10*  10° 107
3
DCF
B 50+
) mm H,0, 0mM
< 40, = H,0,7mM
» 22
3 304
2 201
7
8_ 104
S o
[m]
-10 T T T T
& & P &
® N Y N
S A S
Vv 0? ¥
) N
& 8
S}O
‘9
W)
(@)
Q

Figure 9. Flow cytometry analysis of intracellular reactive oxygen species (ROS) levels of S. cerevisiae W303 cells
stained with 2'7'-dichlorofluroescein diacetate (H.DCFDA). (A) Representative histograms of yeast cells incubated in
the absence and in the presence of 200 uM resveratrol (200 uM RSV), liposomes (DODAB:MO (1:2)) and liposomes
loaded with 200 uM resveratrol (DODAB:MO (1:2) + 200 uM RSV) in the absence (black) or presence (grey) of 7 mM
H.0.. Histograms from timepoint zero and 24 h after treatment are shown. (B) Quantification of the percentage of cells
exhibiting positive DCF fluorescence in relation to timepoint zero. The positive fluorescence gate was settled from the
autofluorescence of each sample in each timepoint. Results represent the percentage of positive DCF cells at timepoint

24 h subtracted for the positive percentage already present in timepoint zero.

As reported to in the Material and Methods section, to study the effect of RSV in yeast
mitochondrial morphology, the strain S. cerevisiae W303-1A Pyx232-mtGFP, which expresses a
mitochondrial matrix-targeted GFP was used. Representative fluorescence microscopy images of

cells in the absence or presence of free or RSV-loaded liposomes are shown in Figure 10. For each
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treatment and time point at least 100 cells were analyzed and classified as containing non-
fragmented/tubular mitochondrial networks, fragmented mitochondria, or vacuolar/diffuse
cytosolic fluorescence indicative of mitochondria internalization and degradation, respectively

(Figure 10).

A
Control
100 uM RSV
200 M RSV
DODAB:MO (1:2)
DODAB:MO (1:2)
+100 uM RSV
DODAB:MO (1:2)
+200 uM RSV
B Control 100 uM RSV 200 UM RSV

9
@
<<
o
2
o]
< 0 5 18 40 45 18 40 45 18 40 45 . Tubular
©
© DODAB:MO (1:2) DODAB:MO (1:2) DODAB:MO (12) I Fragmented
S + 100 uM RSV +200 pM RSV [] Diffuse fluorescence
S
=

0 5 18 40 45 18 40 45 18 40 45

Time (h)

Figure 10. Mitochondrial network morphology in S. cerevisiae W303-1A Pyx232-mtGFP cells throughout growth in
medium with or without supplementation of free (100 uM RSV, 200 uM RSV) or encapsulated resveratrol (DODAB:MO
(1:2) + 100 uM RSV, DODAB:MO (1:2) + 200 uM RSV). The effect of liposomes without RSV was also assessed
(DODAB:MO (1:2)). Samples were observed for each condition at specific time points. (A) Representative images of
mitochondrial networks displaying green fluorescence of Pyx232-mtGFP. (B) Proportion of mitochondrial morphologies

in 100 cells per condition.



Results clearly show that cells displaying non-fragmented/tubular mitochondrial networks
predominate up to 5 h mostly in control conditions, while a the vacuolar/diffuse cytosolic
fluorescence predominate after 40 h of incubation either with free or encapsulated RSV. Moreover,
the incubation with liposomes containing 200 uM RSV during 45 h was the experimental condition

where cells exhibiting the latter phenotype were more abundant.

4. Discussion
4.1 DODAB:MO liposomes are adequate delivery systems for RSV

The liposomal formulations used in this work were composed of DODAB and MO at (1:2) molar
ratio. This type of vesicular structure presents simultaneously a structural rigidity of the lipid bilayer
caused by DODAB molecules, required for the retention of the encapsulated compound, and also
a fluid content, as a consequence of MO which promotes inverted non-lamellar phases at the inner
core of the vesicular structure, important for increasing the encapsulation efficiency, as
demonstrated for different proteins#+. The MO content also provides the nanosystem with
fusogenic properties®, which might be relevant for an antioxidant therapeutic application*. It has
been reported that the optimal size of a nano-sized agent to induce efficient therapeutic effect
ranges between 100 and 200 nm in diameter, thus above the kidney clearance and below the
mononuclear phagocytic system thresholds, which allows the nanocarriers to circulate for
prolonged periods of time®. Our results, supported previous work® suggesting that RSV-loaded
liposomes are suitable for resveratrol delivery purposes because the average diameter size of
DODAB:MO (1:2) liposomes, either empty or loaded with RSV, is below 200 nm.

Zeta potential values are not quantitatively identical to the surface charge values of the
nanocarriers, but are very helpful in the qualitative prediction of the surface charge. The unloaded
formulations present a {-potential value consistent with the previously obtained values for the same
systems,

RSV loaded formulations show lower {-potential values than unloaded formulations most likely
because the neutral resveratrol molecule is located near the positive DODAB polar headgroups,
which decreases the density of positive charges, thus reducing the surface charge of the
nanoparticle.

The common dividing line between stable and unstable particles is usually taken at either +30
mV or -30 mV. Nanoparticles with a large negative or positive surface charge tend to repel each

other, which prevents the formation of aggregates. Thus, the observed high surface charge of
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DODAB:MO (1:2) liposomes may explain the observed stability, at least until the first month of
storage.

The measured high partition coefficient of RSV in the binary system DODAB:MO (1.2)/water
suggests that this bioactive compound has a lipophilic character, which facilitates its efficient
encapsulation in the lipid formulation, in agreement with the observed high values of encapsulation
and loading efficiencies indicative that the system can incorporate high amounts of RSV.

RSV partitioning in DODAB:MO (1:2) vesicles/water biphasic system at 37° C is characterized
by a positive AH and a positive AS, typical of hydrophobic interactions established between RSV
and the lipids and AG<O0 reflecting the spontaneity of the partition process.

From DLS assays it was possible to evaluate the influence of RSV in the microvicosity of the
nanosystems. The plain DODAB:MO (1:2) system presents a high cooperativity, which means that
all the lipid molecules transit to a different phase practically at the same time. However, when RSV
is encapsulated in the same system, its cooperativity is diminished. This decay in the phase
transition cooperativity supports that RSV was successfully encapsulated. Also, it indicates that the
RSV molecules are somewhat not evenly distributed in the lipid formulation, since the compound
is only influencing certain molecules to change their phase transition temperature.

It was also possible to verify a decrease in the phase transition temperature of the system of 5°
C in the presence of RSV, when compared to the unloaded lipid formulation. This T. decrease is a
result of a weaker interaction of the headgroup moieties, paralleled by a lateral expansion of the
interface region, which indicates that the RSV molecules are located in the most organized portion
of the lipid membrane system, within the DODAB polar headgroups and interacting at C1 - C8 level
of the lipid acyl chains®. Despite being a lipophilic drug, RSV has three hydroxyl (-OH) groups,
which need to be embedded in a polar zone. Therefore, RSV decreases lipid nanosystem’s
microviscosity by insertion at a rigid portion of the vesicle. The interaction of RSV with the lipid
membrane of its nanocarrier formulation impacts its ability to protect the body from harmful free
radicals in several ways.

The localization of RSV in the lipid formulation affects the availability of this bioactive compound
to oxidation radicals. Also, the rate of lipid peroxidation is influenced to a strong degree by the
physical state of the membrane in a way that is not completely understood. RSV is shown here to
decrease the microviscosity of the lipid acyl chain, which is likely to have the effect of increasing
lateral diffusion within the membrane. The increased rates of diffusion will simultaneously increase
the rate of propagation of free radicals and cellular membrane peroxidation products that can in
this way be accessible to RSV. RSV has a disordering effect on the lipid formulation and binds to

the lipids suggesting a mechanism for the enhanced clinical efficiency of loaded RSV formulations®.
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Both unloaded and RSV loaded formulations suffer an inversion of its (-potential in the presence
of human serum albumin (HSA). When HSA is present in surplus, the C-potential is negative
because HSA has anionic residues exposed at the surface and there are less positively charged
nanosystems. However, as the concentration of nanosystems increases, so does the (-potential.
Interestingly, RSV loaded nanosystems present a slower inversion of the C-potential compared to
unloaded nanosystems, which might be caused by the localisation of RSV molecules at the
superficial part of the lipid headgroups, thereby reducing the positive surface charge of the vesicles
and thus hindering the binding of HSA.

The RSV release profiles from the formulation in two different physiological conditions, namely
that which mimics the pH of the bloodstream (pH = 7.4) and the cancerous tissue (pH = 5) are
very similar, it was observed that the ionization of resveratrol is not significantly different at the two
pH values. According to these profiles it is possible to conclude that the lipid formulation allows a

RSV controlled release over periods of almost 50 h.

4.2 S. cerevisiae proliferation and viability are not affected by 100 - 200 uM free RSV and
resveratrol-loaded liposomes

The effect of RSV on the inhibition of cancer cell growth is relatively well documentedses,
RSV (up to 438 uM) also demonstrated a sustained antibacterial activity against Propionibacterium
acnes, and a combination of both resveratrol and benzoyl peroxide, the latter commonly used in
the treatment of acne, showed high initial antibacterial activity and sustained bacterial growth
inhibitions:. RSV also inhibited the proliferation of the yeast Schizosaccharomyces pombe in a dose
dependent manner (11- 88 uM) and induced significant changes in the transcriptome and
metabolome of this fission yeast2. Moreover, as reported to in Introduction, the budding yeast
Saccharomyces cerevisiae has been used as an eukaryotic model to study the effect of RSV, after
the pioneering discovery that RSV is a potent SIRT1 activator regulating the longevity of the
microorganism=. More recently, it was shown that in S. cerevisiae, the effects of RSV are dependent
on the cellular energy status and linked to respiration since the resveratrol inhibits cell proliferation,
as does when antimycin A (a specific inhibitor of electron transport chain complex Ill) occurred
during the respiratory phases. Accordingly, 1000 uM RSV significantly inhibited cell growth when
cells were cultivated in respiratory substrates, like ethanol or glycerol. In a previous study, the same
group observed that much lower doses of RSV (30 uM) stimulate glycolysis via the “sucrose non-
fermenting 1” gene (SNF1, S. cerevisiae orthologous of AMPK) in cells growing in fermenting
conditions®. The results of the present study are in accordance to those reported before. We

observed that 100 — 200 uM free RSV did not change significantly the specific growth rate of S.
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cerevisiae cultivated in fermenting conditions, and that the slight reduction of the proliferation rates
observed in the presence liposomal formulations with distinct RSV content seemed to be due to
DODAB:MO formulation per se. Accordingly, our flow cytometry results with the fluorescent probe
FDA, suggested that neither 100 — 200 uM RSV alone nor resveratrol loaded liposomes induce
loss of cell viability. Thus, a robust effect of RSV on the growth and viability of S. cerevisiae is only
observable in the milimolar range in cells growing under energy-deprivation or respiratory
substrates, and its main intracellular target seems to be the mitochondria, as suggested by

Madrigal-Perez et al., (2016) when 10 — 1000 uM RSV completely inhibited cell respiration.

4.3 RSV loaded liposomes are efficiently internalized by yeast cells and protect from
oxidative stress

Since RSV has a low water solubility and labile properties and is rapidly metabolised and
eliminated in human organism, we exploited herein its encapsulation in DODAB:MO liposomes as
a strategy to improve the preservation of its biological properties and enhance its bioavailability. A
limited number of studies regarding the interaction of liposomes and yeast cells are available so
far. In one of these studies S. cerevisiae protoplasts were transfected with liposome-encapsulated
plasmid DNA=, however, the details of these interactions remain obscure. More recently, droplets
of essential oils were efficiently encapsulated by yeast cells, but the resolution of the images did
not allow further conclusions regarding the mechanisms of encapsulations. Moreover, it was
suggested that the loading process of free RSV into yeast cells might occur by passive diffusion
boosted by the hydrophobic interactions and H bonds established between the RSV -OH groups
and the - NH2, -OH and —-COOH groups of the polar headgroups of the phospholipids in the yeast
membranes. In the present study, when cells were incubated with RSV loaded liposomes labelled
with DPH, the blue fluorescence was very abundant in the cytosol, corroborating previous work=.
In addition DPH fluorescence clearly co-localized with the green fluorescence of the endocytosis
marker FM1-43. Altogether, these observations strongly suggest that a mechanism of endocytosis
is involved on the internalization of DODAB:MO liposomes.

Oxidative stress occurs when ROS levels overwhelm the antioxidant capacity of the cells,
due to an increase in ROS production, a weakening of the antioxidant systems or both. A previous
study has already shown that resveratrol at low doses (5 uM) increase total ROS levels in yeast
cells, but 50 uM resveratrol promotes a decrease in total ROS, acting as an antioxidant agents.
The same authors showed that ROS accumulation at low RSV levels (5 uM) involves transcriptional
changes of the oxidative transcription factor Yaplp gene targets. Many studies also suggest that

RSV may act as a prooxidant agent depending on its concentration, time of exposure, and cell
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type==. This dualistic behaviour characterises RSV as an active redox molecule® . Indeed, in
different cell types, such as a fibroblast cell line and tumour human cells, RSV was found to exert
its cytotoxic action at higher dosese. Likewise, it was already discussed that RSV induces cell cycle
arresteis2 and stimulates the reactive oxygen species (ROS)-activated mitochondrial pathway leading
to apoptosis®. Herein, flow cytometry studies with the ROS-sensitive probe DHE confirmed that
200 uM RSV reduced the intracellular levels of superoxide anion, and the effect was enhanced
when RSV was encapsulated into the liposomal formulation. Moreover, when cells were treated
with H:0., 200 uM of free RSV showed antioxidant properties, but a pro-oxidant effect of RSV
became apparent when 200 uM RSV-loaded liposomes were tested in comparison with unloaded
liposomes which exhibited. Nevertheless 200 uM RSV-loaded liposomes seem to protect cells

against where exposed to H:0..

4.4 RSV loaded liposomes enhance mitochondrial fragmentation and vacuolar
internalization

Autophagy protects organelles, cells, and organisms against several stress conditions. Although
autophagy has widely been conceived as a self-destructive mechanism that causes cell death,
accumulating evidence suggests that autophagy usually mediates cytoprotection, thereby avoiding
the apoptotic or necrotic demise of stressed cells, and could mediate lifespan extension by RSV,
As reported elsewhere, sirtuin 1 was the first protein demonstrated to prolong lifespan in yeast
(and then in animals including Caenorhabditis elegans and flies)® =and has also been shown to
trigger autophagy in human and murine cultured cells®. Interestingly, RSV induces autophagy in
yeast, which was shown to require the nicotinamide adenine dinucleotide—dependent deacetylase
sirtuin 1 (SIRT1)=#¢5, In accordance, we found that after 45 h of incubation, both free and
encapsulated RSV (100-200 uM) induce mitochondrial fragmentation and increase the number of
yeast cells with mitochondrial vacuolar internalization, though more prominently with the loaded
formulations. This same trend was observed when yeast cells incubated with empty DODAB:MO
liposomes were compared with control cells. The effect of loaded RSV seems therefore to reflect
the sum of the effect of free RSV and of empty DODAB:MO liposomes and suggest an enhancement
of autophagy through a ROS independent mechanism. Indeed, though a previous study supports a
role of mitochondrial oxidation events in the activation of autophagy, the DHE staining assays

performed with both free and encapsulated RSV demonstrate an anti-oxidant activity.
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5. Conclusions

RSV loaded DODAB:MO (1:2) liposomal system reveals characteristics suitable for possible drug
administration, since the particles are stable and homogeneous, have dimensions below 200 nm,
and a large positive surface charge, thus preventing liposome aggregation and a good EE% and
RL%. The partition coefficient of RSV in the lipid system indicates that it has a preferential partition
for the lipid matrix rather than remaining in the aqueous medium. In addition, RSV is located at
the DODAB polar head levels, which decreases the microviscosity of the system. This may have an
impact on the antioxidant effect of RSV, since the predisposed location of the RSV surface will make
its hydroxyl groups accessible to eliminate free radicals. The developed lipid formulation also
exhibits a controlled release of RSV for approximately 50 h, which demonstrates a great
improvement over the pharmacokinetics.

RSV loaded liposomes are successfully internalized by yeast cells most likely by endocytosis.
RSV does not affect yeast growth and cell viability in the concentration range tested but protected

the cell against oxidative stress much likely through the enhancement of and perturbed autophagy.

6. Future perspectives

Ongoing studies in our lab include a deeper evaluation of the mechanisms involved in the
internalization of the RSV-loaded liposomes by yeast cells. In this regard, yeast mutants defective
in endocytosis will be tested, and the effect of endocytic inhibitors, like wortmannin, evaluated.
Moreover, other markers of autophagy such as cleavage of ATG8-GFP or the assessment of alkaline
phosphatase activity will be monitored to further confirm the involvement of resveratrol on the

activation of autophagy.
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