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Purpose: We aimed to develop mitochondriotropic liposomes (TPP3-liposomes) formulated with a phospholipid (PC) and the
triphenylphosphonium bolaamphiphile TPP3, and encapsulate two antioxidants, trans-resveratrol (hydrophobic) and Trolox (hydro-
philic), for mitochondrial therapy of neurodegeneration and drug-resistant tumors.

Methods: The influence of the PC (saturated or unsaturated) and TPP3/PC ratio on liposome physico-chemical properties (diameter,
polydispersity, charge, transition temperature, and stability over time) were investigated by Dynamic and Dielectrophoretic Light
Scattering measurements. Evaluation of cytotoxicity, mitochondrial targeting and effect on mitochondrial membrane potential of
TPP3-liposomes were conducted utilizing an MTT assay, laser scanning confocal microscopy and flow cytometry on drug-resistant
human breast cancer cells (MDA-MB231) and murine skeletal muscle cells (C2C12): MDA-MB231 cells have been selected as
a model for studying multiple drug resistance (MDR) in cancer; C2C12 cells have been chosen to investigate the oxidative stress
associated with the ageing process and neurodegenerative muscle diseases. Two different strategies were explored for antioxidant
loading: active loading into the liposome aqueous cavity (resveratrol, Trolox) and passive loading inside the lipid bilayer membrane
(resveratrol).

Results: The amount of TPP3 bolaamphiphile and lipid composition affect liposomes’ physicochemical properties, liposome bilayer
organization, and antioxidant loading efficiency. TPP3 confers the ability to reach mitochondria even in low amounts (2.5%);
liposomes with 2.5% of TPP3 are non-toxic and capable of encapsulating the antioxidants. TPP3-liposomes encapsulating trans-
resveratrol in the lipid bilayer membrane or in the aqueous cavity were developed, with high entrapment efficiency in both cases.
Trolox was encapsulated in the aqueous cavity of liposomes, without precedents in literature, with very high entrapment efficiency and
enhanced stability following encapsulation. TPP3-liposomes can deliver resveratrol to the mitochondria in the MDA-MB231 cells,
exerting a protective activity on the mitochondrial structure.

Conclusion: Our findings support the potential of antioxidant-loaded liposomes as adjuvants in neurodegenerative diseases or
sensitizing agents in cancer therapy.
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Introduction
Mitochondria play a crucial role in eukaryotic cell life, not only for their energy producing ability but also for their
involvement in several vital processes that are essential for maintaining homeostasis and, thus, for cell and whole
organism survival. Among the impressive variety of mitochondrial functions, the modulation of ROS levels and the
critical role in propagating signals that mediate apoptosis, autophagy, and necrosis are particularly noteworthy in the
context of the present work.! Given the significant role of mitochondria in the cell cycle, it is not surprising that
mitochondrial dysfunction is implicated in many pathologies, such as neurodegenerative and muscle diseases, ischemia-
reperfusion injury, diabetes, obesity, cancer, and physiological disorders related to aging. Therefore, with the advent of
subcellular targeting, mitochondria have been recognized as promising therapeutic targets for the treatment of several
human diseases. Targeting mitochondria is challenging because of the cellular barriers that a drug must cross before
reaching the matrix, namely the cell membrane and the two mitochondrial membranes. In particular, the inner membrane
is highly convoluted, densely packed, and characterized by a strong negative potential that significantly hinders drug
delivery.

Over the years, strategies for targeting mitochondria have been categorized into two main approaches: drug
conjugation with mitochondrial-targeting moieties® and drug encapsulation in mitochondriotropic nanocarriers, such as
liposomes, polymers, and metal particles. Several types of inorganic and organic materials have been investigated for the
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development of mitochondria-targeting nanocarriers,” > many of which are liposomes or liposome-like vesicles,’ whose
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mitochondriotropic character is bestowed by the presence of octaarginine moieties at high density (MITO-Porter, DF-
MITO-Porter), mitochondriotropic peptides’ or highly delocalized cationic amphiphilic structures, such as the bolaam-
phiphile dequalinium chloride (DQA) and a variety of triphenylphosphonium (TPP) derivatives. Cationic DQA and TPP-
derivatives are driven to mitochondria by the strong negative potential of the inner mitochondrial membrane and can
cross the two mitochondrial membranes due to the “soft” nature of their cationic headgroups that are planar structures
with highly delocalized cationic charge. Although DQA and TPP derivatives share the same mechanism of action, their
mitochondrial targeting efficiency and toxicity can vary significantly depending on the lipid molecular structure,
concentration in liposome formulations, and specific cell type.

TPP derivatives have primarily been used in formulation with natural lipids to produce mitochondriotropic

nanocarriers® 2

which, in most cases, show good cell biocompatibility, except for stearyl-TPP based formulations
which always show high toxicity.® The toxicity of stearyl-TPP derivatives has been mainly attributed to their ability to
disrupt the membrane rather than to the depolarization effect resulting from the accumulation of cationic molecules inside
the mitochondria.® Such results highlight a correlation between the colloidal properties of TPP derivatives and their
biological effects.

Some years ago, some of us synthesized a single-chain TPP-bolaamphiphiles, never described in the literature,
characterized by two TPP moieties connected by chains of 20 or 30 methylene units, with optimal features for inclusion
in liposome formulations.'*'* These TPP-bolaamphiphiles spontaneously self-assemble into vesicles, which display high
stability to dilution and exhibit a coexistence of monomers in an extended and U-shaped conformation within the vesicle
layer. The ability to form vesicles, combined with their low detergent character, makes TPP bolaamphiphiles particularly
suitable for inclusion in liposomes. Moreover, the extended conformation of the bola can be maintained in liposomes
formulated with conventional lipids, resulting in a patchwork membrane composed of monolayer regions formed by the
bola and bilayer regions predominantly formed by conventional lipids. This type of membrane organization has two
advantages. First, the monolayer region may enhance the capacity of the membrane to retain hydrophilic drugs in the
internal aqueous phase. Secondly, the presence of gaps or vacancies at the boundary between the bilayer and monolayer
zones may facilitate the hosting and retention of hydrophobic drugs. Most importantly, the TPP moiety should endow
liposomes with high specificity for the mitochondria.

Based on the above results, we aimed to develop mitochondriotropic liposomes (TPP3-liposomes) never reported in
the literature, formulated with natural phosphocholine (1,2-dipalmitoyl-sn-glycero-3-phosphocholine, DPPC; 1,2-dio-
leoyl-sn-glycero-3-phosphocholine, DOPC), cholesterol, and the TPP-bolaamphiphile TPP3 which presents a single
chain of 20 methylene units (eicosane-1,20-diylbis(triphenylphosphonium) bromide) (Figure 1). We studied the influence
of PC (saturated or unsaturated) and the TPP3/PC ratio on the physicochemical properties of the vesicles. We then
investigated the ability of selected formulations to target mitochondria in the murine skeletal muscle cell line C2C12 and
in the human breast cancer cell line MDA-MB231. Both cell lines represent useful models for investigating different
pathological situations, oxidative stress associated with aging and neurodegenerative muscle diseases (C2C12), and
multi-drug resistance (MDR) in cancer (MDA-MB231). C2C12 are myoblast cells with excellent ability for growth and
differentiation.”> MDA-MB231 cell line is representative of triple negative breast cancer (TNBC) by showing lack of
estrogen and progesterone receptors, absence of HER-2 overexpression/amplification, high heterogeneity and aggressive
nature. Furthermore, TNBC is usually poorly differentiated and is often characterized by an MDR phenotype that can be
responsible for the high recurrence rates and lack of treatment options.'® For both the selected cell models (C2C12 and
MDA-MB231), mitochondrial delivery could be a good therapeutic strategy, as antioxidants could potentially counteract
ROS overproduction and promote cell recovery in neurodegenerative cell models.® In addition, selective mitochondrial
delivery of anticancer drugs combined with antioxidant molecules could represent a promising strategy to eliminate
cancer cells, mainly those displaying a multidrug resistant phenotype, by promoting cell apoptosis from mitochondria.'”

To evaluate the ability of TPP3-liposome to deliver therapeutics to the mitochondria, we encapsulated two biologi-
cally active compounds, trans-resveratrol (RSV) and Trolox. Both RSV and Trolox are good candidates for mitochondrial
therapy because of their biological features and antioxidant activity.

Trans-resveratrol is a secondary metabolite produced by a large variety of plants that exerts many therapeutic effects,
mostly connected to its ability to modulate three important classes of proteins, ie DNA methyltransferase, histone
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Figure | Chemical structures of liposome components and antioxidants.

deacetylase, and lysine-specific demethylase-1."® Concerning the chosen cell models, a previous investigation on C2C12
cells reported that RSV can ameliorate muscular dysfunction in-vitro by stimulating myogenesis.'® Moreover, RSV has
been extensively studied for cancer treatment owing to its ability to inhibit three important stages of carcinogenesis:
initiation,”® promotion, and progression.’! RSV has also been shown to stimulate apoptosis via the mitochondrial

222 . . .. . ..
23 and is an efficient chemosensitizer with limited adverse

apoptotic pathway in retinoblastoma, lung and breast cancer,
effects.**
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) is a soluble synthetic analog of vitamin E that lacks

25-27

the hydrophobic chain. Trolox is characterized by a very high antioxidant activity and is able to: 1) inhibit protein and

enzyme oxidation;?* >? ii) prevent the loss of serotonin and dopamine receptors in animal cerebral membranes;*>>* and iii)
protect against different types of cellular damage caused by ROS.***

In the present study, to develop TPP3-liposomes with high entrapment efficiency and good physicochemical stability,
we explored two different loading strategies for antioxidants: active loading into the liposome aqueous cavity and passive
loading inside the hydrophobic bilayer membrane. Each strategy involves the use of a tailored lipid matrix for liposome
preparation and exploits the specific physicochemical properties of the cargo to be loaded. Indeed, in the active loading
protocol, we used liposomes constituted mainly of DPPC and Cholesterol in order to have an impermeable and compact
bilayer membrane, and we loaded the antioxidants thanks to the acidic properties of RSV and Trolox; in the passive
loading protocol, we exploited the low water solubility of RSV and investigated DPPC and DOPC-based liposomes to

evaluate the effect of the different membrane fluidity on the organization of the liposome bilayer membrane and on the
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Figure 2 Schematic diagram of the overall content of the investigation, pointing out the content, the objectives, the developed systems and the pathological target.

entrapment efficiency of RSV in the presence of TPP3. Furthermore, we evaluated the ability of TPP3-liposomes to
deliver RSV to the mitochondria in MDA-MB231 cells. RSV prevented mitochondrial collapse. The overall strategy of
this work is summed up in Figure 2. Our findings highlight the possibility of using liposomal-RSV for the treatment of
different diseases, ranging from neurodegeneration to drug-resistant tumors, and to properly modulate its dose.

Materials and Methods

Materials

Phospholipids  1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt)
(16:0 Liss Rhod PE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium
salt) (18:1 Liss Rhod PE) were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and used without further
purification (purity > 99%). Bolamphiphile TPP3 was prepared and purified, as previously described.'*'* Trans-
resveratol, Trolox, 8-hydroxypyrene-1,3,6-trisulfonic acid (pyranine), PBS (tablets, final concentration in MilliQ water:
0.01 M phosphate buffer, 0.0027 M KCIl, 0.137 M NaCl, pH 7.4, at 25°C), calcium acetate, Sephadex G-50, sodium
sulfate, dialysis cellulose membrane (molecular weight cut-off = 14 kDa), MitoTracker probe, 3-(4,5-dimethylthiazol2-
yl)-2,5-diphenyltetrazolium bromide (MTT M2128), and solvents were purchased from Sigma-Aldrich. p-xylene-bis-
pyridinium bromide (DPX) was purchased from Invitrogen (Carlsbad, CA). Dulbecco’s Modified Eagle’s medium
(DMEM), penicillin, streptomycin, L-glutamine, non-essential amino acids, and Fetal Bovine Serum (FBS) were
purchased from Euroclone (Pero, MI, Italy).

Preparation of Liposomes

All aqueous solutions were prepared using ultrapure MILLIQ water produced using a Direct-Q3 Millipore apparatus.
Aqueous dispersions of the liposomes were prepared according to a previously reported procedure.*® A lipid film was
prepared on the inside wall of a round-bottomed flask by evaporating chloroform solutions containing an appropriate
amount of lipids. The film was stored overnight under reduced pressure (0.4 mbar), then hydrated with an appropriate
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volume of buffer (PBS 150 mM, or calcium acetate 150 mM or 170 mM calcium acetate) and gently warmed above Ty,
to obtain the desired final lipid concentration. Vigorous lipid shaking using a vortex mixer allowed for the formation of
a dispersion of MLVs. MLVs were first freeze-thawed (six times) from liquid nitrogen to a temperature 10°C above the
Ty of the liposome formulation and then extruded (10 times) through a 100 nm polycarbonate membrane (Whatman
Nucleopore). Extrusions were carried out above the melting temperature using a 2.5 mL or 10 mL extruder (Lipex
Biomembranes, Vancouver, Canada).

Liposomes labelled with a fluorescent probe for co-localization experiments with mitochondria were prepared by
adding an appropriate volume of the fluorescent probe in chloroform to the lipid mixture, in the step of lipid film
preparation (16:0 Rhod-PE for DPPC liposomes and 18:1 Rhod-PE for DOPC liposomes, 0.1% in moles of total lipids).

Characterization of Liposomes: Dynamic and Dielectrophoretic Light Scattering Measurements

Liposome suspensions were investigated using Dynamic and Dielectrophoretic Light Scattering (DLS, DELS) soon after
preparation and over 14 days to determine their average diameter, and polydispersity index, {-potential and their stability
over time and in the presence of Fetal Bovine Serum (FBS). A Malvern Nano-ZetaSizer apparatus equipped with a 5 mW
HeNe laser (4 = 632.8 nm) and a backscattering configuration (173°) were used. DLS and DELS measurements were
performed at 25°C in triplicate; results represent the average value and the standard deviation.

The cumulant method*' was used to determine the average hydrodynamic size and the polydispersity index (PDI). For
samples with PDI > 0.3, size distribution analysis using the NNLS algorithm®* was used to ascertain the presence of
different populations in the suspension. PALS analysis has been used to measure the electrophoretic mobility and
determine the {-potential of liposomes.**

The thermal phase transition of DPPC/TPP3-liposomes was determined by monitoring the changes in scattered light
as a function of temperature,** which reflect the modifications of the optical properties of the material, ie the refractive
index of the double layer, connected to the phase transition. To obtain the transition temperature Ty, the scattering
intensity I (DLS mean count rate) versus the temperature T was fitted using a Boltzmann sigmoid curve.

L -1
I(T) =
(T) 1 + exp\T=T) /AT

+ 5 (D

where I; and I, are the scattered intensities before and after the observed change, AT is the temperature interval at which
the transition occurs, and Ty, is the temperature at which the intensity, I(Ty), is halfway between the two limiting values,
I; and I,. Ty was used as the transition temperature.

Loading of RSV in Liposomes

Lipid composition of liposomal formulations used for loading RSV is indicated in Table 1.

Stability of RSV as a Function of pH and Determination of the First Dissociation Constant

RSV stability as a function of pH was investigated by recording the UV—Vis absorption spectra of a 220 uM solution of
RSV in 170 mM calcium acetate at different pH values. Absorption spectra were recorded in the range 250-450 nm in
a 1.0 cm path length quartz cuvette on a Cary 300 UV—Vis double-beam spectrophotometer. Except for the measure-
ments, all the samples were kept in the dark.

Potentiometric titrations were performed to assess the first dissociation constant of RSV (Ka;) for different H,O/
EtOH mixtures using an automatic titrator equipped with a combined microglass pH electrode. The electrode was
calibrated for different H,O/EtOH mixtures (70/30, 60/40, 50/50 v/v) using standard HCIO, and Me4,NOH solutions at
different concentrations following the method employed in a previous study for electrode calibration in H,O/DMSO
mixtures.***” The time required to obtain a stable pH reading increased from 1 min in acidic medium to 6 min at a pH
above 8.

Potentiometric titrations were performed under a nitrogen atmosphere and in a dark environment using 25 mL of 25
mM RSV solution at 25°C. A 1050 mM NaOH solution in the same solvent mixture was added to the titration vessel in
small increments. Accurate concentrations of the NaOH solutions were determined by titration with a NORMEX
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Table 1 RSV Active and Passive Loading in Liposome Formulations 10 mM Total Lipids (0.25 mM TPP3)

Lipid Composition Loading EE% [TPP3] (mM) RSV/Lipids A2R (nm) APDI
Technique (Mole Ratio)
DPPC/Chol (2:1) Active 71 - I:11 104 0.23 £ 0.05
DPPC/TPP3/Chol (1.925:0.075:1) Active 72 0.075 1:11 -16 3 —0.09 £ 0.04
DPPC Passive 89 - 1:9 -3%3 0.2 £ 0.02
DPPC/TPP3 (1.95:0.05) Passive 69 0.23 1:12 -5+3 ~0
DOPC Passive 93 - 1:9 22 %3 ~0
DOPC/TPP3 (1.95:0.05) Passive 62 0.20 1:13 I +£2 0.08 + 0.02

Notes: RSV/total lipids molar ratio for passive and active loading is 1:8. A2R and APDI represent the variation of hydrodynamic size and PDI, with respect to the ones of the
corresponding liposome formulation in the absence of RSV. Error associated with the determination of EE% is 5%.

Hydrochloric acid 0.1 mol/L (0.1 N) RPE standard solution (Supelco). The first part of the titration plot (up to 0.6 molar
equivalents) was fitted using HYPERQUAD 2000.*

RSV Active Loading by pH Gradient Method

Generation and Determination of Transmembrane pH Gradient in Liposomes

Empty liposome formulations (15 mM total lipids) were prepared in 170 mM calcium acetate at pH 6, as described in the
paragraph ‘“Preparation of liposomes.” The transmembrane pH gradient was generated by a dry filtration protocol; the
acetate salt was removed from the bulk by gel-exclusion chromatography on Sephadex G50 mini-columns, pre-
equilibrated with 150 mM PBS (pH = 7.4).*> About 400 uL of the liposome dispersion was loaded onto a 5 mL mini-
column and centrifuged at 1000 g for 10 min. About 450 pL of PBS was added to the top of the column, and another
centrifugation cycle of 10 min was performed. Eluates from the two centrifugation cycles containing liposomes with pH
gradient were collected.

The pH of the internal aqueous compartment of liposomes was measured using the water-soluble and pH-
sensitive fluorescent probe pyranine, which was enclosed in the internal aqueous core, as described below.
Pyranine-loaded liposomes (15 mM total lipids) were prepared as described in “Preparation of liposomes”,
hydrating the film with 0.5 mM pyranine in 170 mM calcium acetate (adjusted at pH = 6 by HCl 0.1 M).
Filtration on Sephadex G-50 minicolumns (equilibrated in PBS) was used to generate the transmembrane pH
gradient and to remove unentrapped pyranine. After filtration, the liposome suspension was diluted with PBS to
a final lipid concentration of 4 uM, and p-xylene-bis-pyridinium bromide (DPX) was added (2 mM final
concentration) to quench the fluorescence of any residual unentrapped pyranine. The fluorescence emission
intensity of pyranine was measured at 507 nm by exciting the sample at 460 and 415 nm. The fluorescence
emission spectra were recorded in a quartz cuvette of 1.0 cm path length on a Fluoromax-4 Horiba-Jobin Yvon
spectrofluorimeter.

The ratio of fluorescence intensities, R = Irag0/Ira;5 is related to internal pH, as described by Barenholz and Clerc™”

R —R,
2pH = pk, +1 2
P pa+0gRb_R 2

where pK, is the apparent pK, value of the fluorescent probe (pK, = 7.268 + 0.003) and R, and Ry, refer to the ratios of
the fluorescence intensities of the protonated and unprotonated forms of the probe, respectively (R, = 0.0122 + 0.0007;
Ry, = 2.515 + 0.006). The internal pH value was monitored for three days after the establishment of the transmembrane
gradient.

Loading of RSV
An appropriate volume of RSV solution in absolute ethanol was added to empty liposomes with a transmembrane pH
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gradient (internal pH 8.2, external pH 7.4) to obtain a final 1:8 RSV/lipid molar ratio. In a typical loading experiment,
25 uL of 0.1 M RSV solution was added to 2 mL of empty liposomes dispersion (10 mM in total lipid). Liposomes were
incubated in the presence of RSV for 1 h at 45°C, a temperature above the Ty, to increase the permeability of the lipid
membrane and promote RSV inclusion. The volume of ethanol added to the aqueous dispersion of liposomes was kept
below 2% of the total volume to have a negligible effect on the liposome structure.

Unentrapped RSV was removed by dialysis against PBS (membrane: 254.3 mm?, cut-off: 14 kDa). Dialysis
conditions (500 pL RSV-liposomes, 25-fold PBS volume, 30 min changes over 2.5 h) were fixed in preliminary
experiments using RSV as the retentate solution (1.25 mM in PBS/absolute ethanol). The samples were protected from
light during the process.

RSV Passive Loading

An appropriate volume of RSV solution in absolute ethanol (0.1 M) was added to the lipid mixture before film formation
to obtain a 1:8 RSV/lipid ratio. In a typical experiment, 25 pL of 0.1 M RSV solution was added to the lipid mixture to
obtain, after hydration, 2 mL of liposomes dispersion, 10 mM in lipids and 1.25 mM in RSV. Before freeze-thaw cycles,
sonication at 40 W was carried out (10 cycles of 10 s, Sonics Vibra Cell sonicator) to break the RSV aggregates that
usually form in aqueous solutions and improve RSV inclusion in the lipid bilayer.”" Unentrapped RSV was removed by
dialysis, as described in paragraph “RSV active loading using the pH gradient method”. Empty liposomes were used for
the comparison.

RSV Encapsulation Efficiency and in-vitro Release

The concentration of RSV loaded into the liposomes was evaluated by HPLC using a Waters Alliance 2695 instrument
(Waters Associates, Milford, MA, USA) coupled with a photodiode array detector (PDA Waters 996). Data were
collected and analyzed using Empower 2 software (Waters, Milford, MA, USA). Trans-stilbene (TSB) was used as
internal standard (concentration 1 x 10”* M). In the case of RSV-liposomes prepared by the passive loading technique, to
break liposomal aggregates, samples were diluted (1:2) prior to injection with a methanol solution containing TSB at
a concentration properly set to obtain a final concentration of TSB of 1 x 10~ M. After the addition of MeOH, RSV-
liposomes prepared by the active loading technique were further diluted (1:1) with MilliQ water before injection
(injection volume 15 pL). The employed HPLC column was a C18-SunFire 150 x 4.6 mm ID, 3.5 um (dp), and the
mobile phases were water/acetonitrile 95/5 + 0.1% TFA (solvent A) and methanol + 0.1% TFA (solvent B). The elution
gradient started with (A/B (80/20, v/v) in 7 minutes reached 100% B and maintains 100% B for 20 min. All solvents
were filtered through 0.45 pm filters before use. The analysis was performed at 30°C with a flow rate of 1 mL/min. Each
sample was injected in triplicate, and the average areca was used to determine RSV concentration.

The entrapment efficiency (EE %) was then calculated using the following equation:

[RSV],,

EE(%) = sy

100 3)

o

where [RSV],; indicates the RSV concentration after dialysis and [RSV], indicates the concentration immediately after
extrusion or at the beginning of the incubation process (in the case of active loading), as indicated in the corresponding
paragraphs describing the loading protocols.

In-vitro RSV release from liposomes was evaluated using the dialysis method. RSV-loaded liposomes (3 mL)
were placed in a 15 mL dialysis chamber with a dialysis membrane (cut-off of 14 kDa) of area 176.6 mm?. The
membrane was then placed in contact with 50-fold volume of 150 mM PBS. The system was maintained at 37°C and
the diffusate solution was kept under gentle stirring for 48 h. About 0.25 mL of the liposome dispersion was
withdrawn at regular intervals and the proper amount of diffusate dialysis buffer was discarded to maintain
a constant ratio between the retentate and diffusate solutions. Samples were immediately analyzed by HPLC to

assess RSV content.
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Table 2 Trolox Active Loading in Liposome Formulations 10 mM in Total Lipids (0.25 mM TPP3)

Lipid Composition Loading Incubation EE Trolox/Lipids A2R (nm) APDI
Technique Time (h) % (Mole Ratio)

DPPC/Chol (2:1) pH 1.5 78 15:1 505 0.34 £ 0.08

DPPC/TPP3/Chol pH 1.5 66 13:1 85+ 9 0.38 + 0.09

(1.925:0.075:1)

Notes: Incubation is carried out at 20:| Trolox/total lipids molar ratio. A2R (nm) and APDI represent the variation of hydrodynamic size and PDI with
respect to the corresponding liposome formulation, in the absence of Trolox. Error associated with the determination of EE% is 5%.

Loading of Trolox in Liposomes
Lipid composition of liposomal formulations used for loading Trolox is indicated in Table 2. Empty liposomes featuring
a transmembrane pH gradient were prepared in 150 mM calcium acetate.

Trolox Stability in Calcium Acetate

Trolox stability in the internal aqueous cavity of liposomes was evaluated by registering upon time (24 h) UV absorption
spectra of a 200 uM solution of Trolox in calcium acetate 150 mM at pH 8.2. Absorption spectra were recorded in the
range 240-330 nm, in a 1.0 cm path length quartz cuvette on a Cary 300 UV—Vis double-beam spectrophotometer.
Except for the measurements, all the samples were stored in the dark.

Trolox Active Loading by pH Gradient Method

To an appropriate volume of empty liposomes dispersion (0.25 mM in total lipid) featuring a transmembrane pH gradient
(internal pH = 8.2, external pH 7.4), a proper amount of Trolox powder was added to obtain a 5 mM final Trolox
concentration and 20:1 Trolox/lipid molar ratio. In a typical experiment, to 12.5 mg of Trolox, (9.99 x 10> mmol) 2 mL
of liposomes dispersion (0.25 mM in total lipid) featuring a transmembrane pH gradient were added. After 1 h of
incubation at 45°C, the unentrapped Trolox was removed by dialysis against a 25-fold external PBS volume, changing
the external medium every 30 min for 2 h and maintaining the diffusate solution under stirring. These conditions were
established through preliminary experiments using a 5 mM Trolox solution as the retentate. Both the incubation and
dialysis were performed in the dark.

For comparison, Trolox loading based on a concentration gradient was considered. Empty liposomes (DPPC/Chol and
DPPC/Chol/TPP3) without a transmembrane pH gradient were prepared in PBS 150 mM as described in “Liposome
preparation”. In a typical experiment, 2 mL of liposomes dispersion (0.25 mM in total lipid) were added to 12.5 mg of
Trolox (9.99 x 10~ mmol). The mixture was incubated for 1 h at 45°C, and unentrapped Trolox was removed by
dialysis, as described above.

Trolox Encapsulation Efficiency and in-vitro Release

The encapsulation efficiency of Trolox in liposomes was evaluated by UV—Vis spectroscopy using a Cary 300 double-
beam spectrophotometer. Before the measurements, the Trolox-loaded liposomes were disrupted by the addition of
2-propanol in a 1:1 volume ratio. Trolox concentration was then assessed using the absorbance maximum (290 nm) of the
resulting solution. The EE % was calculated as for RSV (Eq. 3).

In-vitro Trolox release from liposomes was evaluated using the dialysis method. Trolox-loaded liposomes (10 mL)
were placed in a 50 mL dialysis chamber with a dialysis membrane (cut-off of 14 kDa) of 615.4 mm?”. The membrane
was then placed in contact with 50-fold volume of 150 mM PBS. The system was maintained at 37°C and the diffusate
solution was kept under gentle stirring for the whole duration of the experiment. About 0.5 mL of liposome dispersion
was withdrawn at regular intervals and the proper volume of diffuse dialysis buffer was discarded to maintain a constant
ratio between the retentate and diffusate solutions. After collection, each sample was diluted 1:1 with 2-propanol to break
liposomal aggregates and then analyzed to assess Trolox content by UV—Vis measurements, as described in the paragraph
“Trolox stability in calcium acetate.”

International Journal of Nanomedicine 2026:21 https: 9



Ceccacci et al

Evaluation of TPP3 Concentration in Liposome Dispersions

The concentration of TPP3 in dialyzed RSV-liposomes prepared by passive loading was evaluated by HPLC measure-
ments following the same HPLC protocol used for the determination of RSV concentration (described in the paragraph
“RSV Encapsulation Efficiency and in vitro release”).

For liposomes prepared by the active loading technique, TPP3 concentration was evaluated by 'HNMR, adopting the
following protocol: 1) 2 mL of 10 mM dialyzed liposomes were dried using a rotary evaporator and then under high
vacuum (0.4 mbar) for at least 68 h; 2) the residue was taken up with chloroform, transferred (including the precipitate)
to a centrifuge tube, and centrifuged at 1000 % g for 10 min. The supernatant was placed in an NMR tube, and the organic
solvent was gently removed under nitrogen flux; 3) 600 4L deuterated methanol, containing 3 mM dimethoxy(dimethyl)
silane as an internal standard, was added to the dried sample. The following NMR signals were chosen to assess liposome
composition: 5.26 ppm (m, 1 H, DPPC), 5.37 ppm (d, 1H, Chol), 7.80 ppm (m, 30H, TPP3), 0.11 ppm (s, 6 H, DDSi).

Biological Evaluation on Cell Cultures

Cell Lines

The immortalized murine skeletal muscle cell line C2C12 was seeded in a 96 multi-well dish at 400 cells/cm?, cultured
until confluence in 100 Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 1% L-glutamine, 2% HEPES,
0.5% gentamicin, and 20% FBS.

The human breast adenocarcinoma cancer cell line MDA-MB231 was cultured in high glucose Dulbecco’s Modified
Eagle’s medium (DMEM) supplemented with 100 IU/mL penicillin, 100 IU/mL streptomycin, 1% L-glutamine, 1% non-
essential amino acids, and Fetal Bovine Serum (FBS). Cell cultures were incubated in a humidified atmosphere (95% air/
5% CO,) at 37°C.

Cytotoxicity Evaluation
The MTT assay was used to determine the cytotoxicity of the liposome formulations in C2C12 and MDA-MB231 cells.
This test is based on the quantification of a tetrazolium salt (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium
bromide), which is converted into formazan salt by mitochondrial dehydrogenases, thus providing an indirect measure
of both cell viability and mitochondrial metabolic functionality. Cells were treated with liposome formulations at
different concentrations (0.005-0.04 mM for C2C12 and 0.005-0.1 mM for MDA-MB231) and incubated for 24, 48
and 72 hours, then 10 uL of MTT solution (5 mg/mL in PBS) was added and incubated for 3 hours at 37°C. Finally, the
medium was removed and 200 uL. of DMSO was added to each well and incubated for 20 min at 37°C. Cell viability was
determined by quantifying cell metabolic activity.”> Absorbance was measured at 570 nm using a plate reader.

The results are expressed as mean + SD and are representative of three independent experiments performed in
triplicate. Statistical significance was assessed using Student’s ¢-test, calculated with Microsoft Excel, with significance
thresholds set at p < 0.05, p < 0.005, and p < 0.001.

Mitochondrial Co-Localization by Confocal Microscopy
Laser scanning confocal microscopy (LSCM) was used to study the intracellular distribution of liposomes. Cells grown
for 24 h on 12 mm glass coverslips were incubated for 4 and 18 h with 0.025 mM and 0.1 mM fluorescent liposome
formulations, tagged with Rhod-PE. At the end of the treatment, cells were incubated with MitoTracker probe (400 nM)
for 15 min and then fixed with 1% paraformaldehyde in PBS for 10 min at room temperature. Observations were
performed using a Leica TCS 4D confocal laser scanning microscope (Leica Microsystems, Mannheim, Germany)
equipped with an Ar/Kr laser. After excitation of MitoTracker (at 488 nm) or Rhod-PE included in liposomes (at 568
nm), fluorescence signals were collected using a 590 nm band-pass filter.

Semi-quantitative analysis of mitochondrial colocalization was performed by calculating Manders’ coefficient (M)
using ImageJ, following the procedure described by Dunn et al.”?
Flow Cytometry Analysis of Mitochondrial Membrane Potential
The analysis of mitochondrial membrane potential was performed by using the cationic fluorescent probe tetramethyl-
Rhodamine methyl ester (TMRM, Thermo Fisher Scientific, Waltham, MA). MDA-MB231 cells were seeded in MW6
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(1.5 x 10° cells/well); after 24 hours they were treated with different concentrations of DPPC, DPPC/TPP3, DPPC/Chol/
TPP3, DOPC/TPP3 liposomal formulations (0.005-0.01-0.02—0.04-0.1 mM).

At the end of treatment, cells were detached with EDTA and trypsin, resuspended in PBS and labelled with TMRM
(5 pg/mL, 15 min at 37°C). Samples were then immediately analyzed with a FACSCalibur flow cytometer (Becton,
Dickinson and Company, Franklin Lakes, New Jersey, USA). Fluorescence emission (FL2) was collected through a 575
nm band-pass filter to analyze TMRM signal. At least 10,000 cells per sample were acquired in log mode. Median values
of FL2 channel were calculated through the CellQuest software (Becton, Dickinson and Company). The results are
expressed as mean + SD from two independent experiments. Statistical analysis was performed using Student’s ¢-test by
Microsoft Excel (significance thresholds set at p < 0.05; p < 0.005; p < 0.001).

Results and Discussion
Characterization of TPP3-Liposomes: Effect of TPP3 Bolaamphiphile and Cholesterol

on Saturated and Unsaturated PC Liposomes
DPPC- or DOPC-based liposomes containing different amounts of TPP3 were investigated to understand the effect of
TPP3 on vesicles. The influence of the preparation protocol was also studied by comparing the same formulation
prepared by simple extrusion or extrusion preceded by sonication, which is a step required in the passive loading protocol
to increase RSV entrapment. The hydrodynamic diameter and polydispersity (PDI) of the mixed vesicles determined
using DLS are shown in Figure 3.

The presence of TPP3 affects the organization of the phospholipid bilayer membrane and the formation of liposomes as
a function of the nature of the PC hydrophobic chains, while the sonication step seems to be irrelevant to liposome size and
polydispersity for both DOPC- and DPPC-based liposomes, as no difference was observed with respect to the non-sonicated
liposomes (data not shown). The diameter and PDI of DOPC-based aggregates were characteristic of liposomal vesicles, with
size around 100 nm, as expected using a 100-nm extrusion filter, in all the explored TPP3 concentration range (0—20%). On the
contrary, for DPPC-based liposomes above 10% TPP3, DLS correlation functions deviated from a single exponential decay,
providing evidence of a more complex behavior. The observed behavior of TPP3 in a mixture with saturated or unsaturated
phospholipids is in line with experimental evidence previously reported in the literature for vesicle including bolaamphiphiles.
In these studies, the maximum percentage of bolas in the formulation varied depending on both the chemical nature of the
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Figure 3 Hydrodynamic size 2R and PDI for DOPC (A and B) or DPPC (C and D) based liposomes with increasing amount of TPP3. In the case of DPPC, liposome
formation is not observed beyond 10% TPP3. Errors are the SD calculated on three series of measurements on at least three different samples.
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bolaamphiphile and the molecular structure of the PC.>*>> For example, a bolaamphiphile with a bulky aromatic head, similar
to TPP3, can form stable vesicles with the saturated phospholipid DPPC only up to 3.2%* whereas an anionic C30
bolaamphiphile can form stable vesicles with the partially unsaturated egg-PC up to 10%.>

The absolute scattering intensity and vesicle size vs temperature were investigated by DLS to evaluate the lipid melting
transition temperature (Tyy) as a function of TPP3 amount in the lipid bilayer membrane. This investigation also provides
information on the preferential conformation (hairpin or extended) that TPP3 adopts inside the liposome membrane. In Figure 4,
the plot of the absolute scattering intensity shows that the Ty value does not change with increasing TPP3 amount. However at
the highest TPP3, the jump at Ty, spans over a wider range of approximately 10°C. This indicates the low cooperativity of the
transition, associated with lower DPPC-TPP3 miscibility,”® suggesting a relationship between the formation of TPP3 domains
and bilayer membrane stabilization. It also suggests that TPP3 could adopt a predominantly extended conformation within the
lipid bilayer membrane, which is more favorable for long-chain molecules, and excludes a hairpin arrangement as well as its
subsequent detergent effect, which is usually accompanied by a decrease in Ty;>* Assuming the extended conformation for
TPP3, the formation of domains is also favored by the hydrophobic mismatch due to the different length of the hydrophobic
portion of the phospholipid and the bola, as it has already been reported for other bolas with C20 chains.”’

Cholesterol was added to the liposomes to obtain a lipid bilayer membrane with optimal features for RSV and Trolox
entrapment in the preparation by the active gradient method. Indeed, drug loading using the gradient method typically
involves the use of liposomes with membranes composed of cholesterol and lipids with high transition temperatures.
Thus, they are very dense and compact, such that the pH gradient is maintained and trapped solutes are retained.’® Based
on literature and data previously collected by some of us which evidenced low gradient stability for DOPC-based
formulations,”® we considered only DPPC-based liposomes, where Chol was added at a fixed amount to maintain
a constant molar ratio with respect to the sum of DPPC and TPP3, whereas the total concentration of the components was
fixed at 15 mM. The effect of increasing TPP3 content (up to 10%) on liposome size was studied.

The internal pH of liposomes containing TPP3 up to 5% was monitored for 72 h by fluorescence spectroscopy, as
described in the Materials and Methods section. Soon after preparation, the internal pH was 8.2 and it remains stable at
approximately 8.0 + 0.2 for the subsequent 72 h for all formulations.

Liposome dispersions formulated with TPP3 up to 5% feature a monomodal distribution of vesicles (Figure 5), with diameters
consistent with the extrusion membrane. When TPP3 was added at 10% to the formulation, both the average size and the PDI
increased. Size distribution analysis indicated that two populations of aggregates were formed, one with a diameter of
approximately 130 nm and the other with a larger size (approximately 600 nm). Any attempt to purify this dispersion by filtration
on PTFE filters of 450 nm was ineffective, suggesting that the largest aggregates were in equilibrium with the smallest ones.

Stability of liposomal formulations has been evaluated on liposomal formulation with the lowest TPP3 content
(2.5%). The size of all the formulations was stable over a period of 14 days (see Supplementary Material Figure S1). As

expected, the presence of TPP imparts a positive charge to liposome, as evidenced by the positive values of (-potential
(see Supplementary Material Figure S2). After one week, in DPPC/Chol/TPP3 and DOPC/TPP3 liposomes the C-
potential switches to negative values, which is indicative of a reorganization of TPP3 molecules in liposomes with

a fluid bilayer membrane (see Supplementary Material Figure S2). To evaluate the behavior of the formulations in the

biological media used for cell cultures, stability of the samples has been studied also in the presence of Fetal Bovine
Serum (FBS), which has been added in a volume ratio of 20% to 1 mM liposomes. Negative values of {-potential in all
formulations indicate that serum proteins always adsorb on liposomes, independently on lipid composition and surface
charge. Time stability in FBS is strictly dependent on liposome composition (see Supplementary Material Figure S2). It is

interesting to note that the presence of TPP3 is able to counteract or limit the tendency of liposomes to aggregate, which
is more rapid and marked for DPPC/Chol and DOPC-liposomes.

All these findings indicate that: (i) the influence of TPP3 on the organization of phospholipid bilayer membrane
depends on the nature of the PC hydrophobic chains as well as on the presence of cholesterol, in particular higher
percentage of TPP3 in DPPC liposomes results in non-monomodal distribution of size, both in presence and absence of
Cholesterol; (ii) TPP3 seems to adopt in the bilayer membrane an extended conformation and very likely is organized in
domains; (iii) DPPC/Chol TPP3-liposomes with TPP3 up to 5% proved to be stable in dimensions and internal pH,
resulting suitable for the loading of RSV and Trolox by the active gradient method.

12 https: International Journal of Nanomedicine 2026:21


https://www.dovepress.com/article/supplementary_file/539303/539303%20supplementary.pdf
https://www.dovepress.com/article/supplementary_file/539303/539303%20supplementary.pdf
https://www.dovepress.com/article/supplementary_file/539303/539303%20supplementary.pdf
https://www.dovepress.com/article/supplementary_file/539303/539303%20supplementary.pdf

Ceccacci et al

1.0 oo DPPC | '] 1.0 o0006cn0.  %TPP3=275
A'_| 8098 °ge T,= 4071£005°C B — o8 60@9809@006 T= 40.74+006°C
S 8 & - o = IS 3 .
= 909 AT 0.55+0.04 °C a o) AT=  0.79+0.05°C
> 05 L 2051
£ i
..GC_-,’ 0q é 68009
j= 0.0 0006900956099000060600— = 50l 0800690950000900060_
130 :II T T T T T . r 1.0 : . . . : T . . — 1.0
= lI . 08 1254 Ill.|l|i|-=lllllll:l!lll 0.8
L [ ] T2 sy v
125 L ll:.l|:|llnl!- .:I..llll. [m} 120+ 1" -
= . = " "0 YEetE", 106 — ™ N 10.6 0
[ CL] . = B q15] -l|lll'I -z
) N T o ~ . M H =
— b CL {04 O T 110 H1LLH loa @
€ 120 1 ’
[
k= 10.2 E‘ 1054 40.2
% e EIQEBEIaE!BQEE'EigEEQBBBEaaggaagggﬁguggaaaaggé - N - HBEQQEBEQBBQEQDBEBQBEBEEQBEBBQBEQDQDEEDEB -
25 35 45 55 65 25 30 35 40 45 50 55 60 65
T(°C) T(°C)
C o %TPP3=5 | 10{s00080..  w%Teps=10
—_ @gggcpoggﬁ%e T,= 40.76+0.07°C D - |° 66599@@ T,= 4060.1°C
e Bog AT=  0.58+0.06°C = Se AT=  34201°C
S, S 8g
— 0.5 > 051 %
2 = o
@ 2 o5
E N 80839880089 pc_), “OP8odagg, 9oq
£ 50/ goggty | = 0.0 89808 1000
145 ) ) ) : ) ) : —1.0 120 ; y . : : i ; —1.0
n "N LT L
P " 1% = -='=| LT os
140" . u"a o <115 we "HRmgffa E @
—~ -4 L L 106 = ] 1 H III 1 10.6 —
L) LY R . 5 = ([] bl =
LI Ll T '-Il 104 o — '.Ill " 10.4 E
— 1 [T Sy mgueg " au® "l 8 L} B
135 " » n [T [ € 1104
5 R L e I e Holl o 0.2 = ) 0.2
—_ =Rl L] 1 0. = 410.
% " EagﬁEuggaEafﬂ“ED“ﬁEgﬂj 0.0 % B98R00BH008608608RBABEREaEo000008Ea8A0
. . . . ; T T T — 0. 1051 . : : : : T T — 0.0
25 30 35 40 45 50 55 60 65 25 30 35 40 45 50 55 60 65
T(°C) T(°C)

Figure 4 Normalized intensity as a function of temperature for DPPC (A); DPPC/TPP3 97.5:2.5 (B); DPPC/TPP3 95:5 (C); DPPC/TPP3 95:10 (D). Ty is determined by
a Boltzmann sigmoidal fit (red line) and is marked by a vertical arrow. For each temperature, the three different measurements of the intensity data have been reported and

used for curve fitting.

Biological Evaluation of TPP3-PC and TPP3-PC/Chol Liposomes

Cytotoxicity by MTT Assay
The biocompatibility of empty TPP3-liposomes was evaluated by MTT assay on both the murine skeletal muscle cell line

C2C12 and the human breast cancer cell line MDA-MB231, because toxicity depends not only on the specific liposome
formulation but also on the characteristics of the cell type. Liposomal formulations with TPP3 below 5% in moles
relative to total lipid were used for toxicity assessment, based on data reported in the literature indicating that TPP
derivatives are typically used in concentrations between 1 and 8%.%'2

C2C12 cells were treated with liposomes formulated with 2.5 and 5% of TPP3 at various total lipid concentrations. It
was immediately evident that only liposomes formulated with 2.5% of TPP3 show acceptable toxicity while toxicity
becomes too high at 5% TPP3 percentage (data not shown). The DPPC/TPP3 and DOPC/TPP3 liposomes showed the
same dose-dependent reduction in cell viability. In Figure 6A, we report as an example the analysis of cell viability at 24,
48, and 72 h after the treatment with DPPC-liposomes formulated with 2.5% of TPP3. DPPC/Chol based liposomes were
less toxic and better tolerated than DPPC based liposomes at all the tested concentrations (Figure 6B).

The MTT assay was also performed on MDA-MB231 cells (Figure 7). The analysis of cell viability was analyzed
after the treatment with DPPC/TPP3, DOPC/TPP3, DPPC/Chol/TPP3 (TPP3 2.5%) liposomes for 24, 48, and 72 h. All
formulations induced a dose-dependent decrease in cell viability, the DPPC/Chol liposomes being less toxic and well
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Figure 7 MTT assay performed on MDA-MB231 cells to test cell viability over time. Cells were treated with increasing concentration of: DPPC/TPP3 liposomes (A); DPPC/
Chol/TPP3 liposomes (B); DOPC/TPP3 liposomes (C). TPP3 is 2.5% with respect to all the lipidic components. Data are expressed as % of cell viability with respect to
control (set at 100% value). All experiments were conducted in triplicate in at least three independent experiments. Results are expressed as mean * SD values. *p < 0.05;
**p < 0.005; ***p < 0.001 vs control by Student’s t test.

tolerated at the lowest concentration, similarly to what observed in C2C12 cells. Conversely, both the formulations
without cholesterol were more toxic, with DOPC-based formulations being more toxic than DPPC-based formulations at
all explored concentrations.

The results reported in this section and the ICsq values, summarized in Table 3, show that: (i) DOPC/TPP3 and
DPPC/TPP3 (TPP3 2.5%) in the presence and in the absence of cholesterol, both show a good biocompatibility with
skeletal muscle cells C2C12; (ii) tumor cells MDA-MB231 are more sensitive to the composition of liposome formula-
tions, probably because of the strong dependence of tumor cells on energy metabolism and/or different interactions of
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Table 3 IG5y (mM) of Different Liposome
Formulation on C2CI2 and MDA-MB231 Cells

Liposome Formulation 1C5o (MM)

C2Cl2 | MDA-MB23I

DPPC/TPP3 0.04 0.005
DPPC/Chol/TPP3 >0.04 0.017
DOPC/TPP3 - <0.005

Notes: Values represent the concentration required to inhibit 50% of
cellular activity; “~” indicates undetermined data.

vesicles with tumor cell membranes; (iii) for both cell lines DOPC-based liposomes resulted more toxic than DPPC-
based ones; (iv) the presence of cholesterol in DPPC/Chol liposomes seems to protect both skeletal and tumor cells.

Mitochondrial Targeting

The ability of TPP3-liposomes to target mitochondria was explored in two cell lines, C2C12 and MDA-MB231.
Mitochondrial co-localization was investigated for the formulations containing the 2.5% of TPP3 since biocompatibility
studies showed that at higher ratios of the bolaamphiphile liposomes significantly altered the structure of mitochondria
and had a marked toxic effect on both cell lines. After incubation with rhodamine-fluorescent liposomes, cells were
labelled with MitoTracker, a probe widely used to reveal mitochondria.

LSCM images of C2C12 cells treated with TPP3-liposomes, shown in Figure 8, clearly indicate that TPP3-liposomes
(red signal) interacted with the target mitochondria (green signal) and fused with them (yellow signal). Notably, the
interaction with liposomes modifies the morphology of the mitochondria, whose structure appears less defined; however,
as indicated by biocompatibility studies, cells are still viable.

LSCM images of MDA-MB231 cells treated with TPP3-liposomes are shown in Figures 9 and 10, with PC and PC-
Chol liposomes used as a negative control (Figure 9A and C, respectively). DPPC-liposomes (TPP3 0%) scarcely entered
human breast adenocarcinoma MDA-MB231 cells after 4 h of interaction with cultures (Figure 9A). The inclusion of
TPP3 in the formulations noticeably increased their targeting capability, as shown in Figure 9B, where DPPC/TPP3-
liposomes showed a marked ability to interact with tumor cells and appeared clusterized on the cell membrane (red
signal) and co-localized with mitochondria into the cytoplasm (yellow signal). The presence of cholesterol in DPPC/
Chol/TPP3-liposomes did not affect the interaction of liposomes with cells, although in this case, penetration into the
cytoplasm and mitochondria was less effective (Figure 9D).

In addition, in the case of DOPC-based liposomes, TPP3 was crucial for targeting the mitochondria of MDA-MB231
cells (Figure 10A and B). DOPC/TPP3-liposomes entered cells more quickly than DPPC/TPP3-liposomes after 4 h of
incubation with MDA-MB231 cells (Figure 10A). Indeed, no red signal was detected on the cell membrane, whereas
a strong yellow signal came from the colocalization regions inside the cytoplasm (Figure 10A). The collapse of
mitochondria and an evident reorganization of cytoplasmic structures were revealed when the incubation lasted
18 h (Figure 10C). These results could account for the large decrease in viability observed in cultures treated with the
DOPC/TPP3-liposomes (Figure 7).

Effect of TPP3-Liposomes on Mitochondrial Function and Membrane Potential

The mitochondrial targeting ability shown by TPP3 liposomes could induce alterations of mitochondrial functionality. MTT
results clearly indicated a dose-dependent cell viability reduction induced by all TPP3 formulations, mostly in MDA-
MB231 cells. Then, we evaluated in this cell line the mitochondrial function through a membrane potential assay by using
TMRM, a cationic red-fluorescent probe tetramethyl-Rhodamine methyl ester.”” TMRM localizes in mitochondria where
its fluorescent intensity directly correlates with mitochondrial membrane potential. Flow cytometry analysis revealed that
a dose-dependent hyperpolarization effect could be detected even at 4 hours of cell incubation with liposomal formulations,
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Figure 8 LSCM images of C2CI2 cells labelled with MitoTracker probe (green signal), for 24 (A and B) and 48h (C and D), untreated (A and C) or treated with DOPC/
TPP3-liposomes (red signal), (B and D). The arrow in (D) indicates the co-localization area.

as shown by the increase of fluorescent signal as compared to untreated samples (Figure 11 and Supplementary Material

Figure S3). As expected, no alterations were observed in cells treated with DPPC liposomes (0% TPP3), confirming that
this effect was closely dependent on TPP3 presence and on the concentration. As the cationic nature of TPP-

bolaamphiphiles is strongly responsible for mitochondrial targeting,'®"’

we could hypothesize that the consequent
mitochondrial membrane structure alterations due to new lipid incorporation could be correlated with a membrane
hyperpolarization effect. Recently, it was demonstrated that a genetic model of increased mitochondrial membrane potential
showed a phospholipid remodeling pattern which was able to induce nuclear DNA hypermethylation and regulation of
mitochondrial, carbohydrate and lipid gene transcription.’’ Therefore, it can be hypothesized that in our model the
employment of mitochondriotropic liposome formulations could affect lipid composition of mitochondrial membrane,
thus inducing an increase of its potential. Moreover, a number of literature data correlate the mitochondrial membrane
hyperpolarization with the increase of reactive oxygen species production and induction of cell death mechanisms.®*¢
Accordingly, the dose-dependent decrease of cell viability detected by MTT assay in TPP3 formulation-treated MDA-
MB231 cells could be related to mitochondrial membrane structure alteration and its consequent hyperpolarization. In
addition, the reduced toxic effect induced by the lower concentrations of TPP3 in DPPC/Chol/TPP3-liposomes (see the
paragraph d “Cytotoxicity by MTT assay”) is in agreement with their reduced effect on mitochondrial membrane as
detected by TMRM labelling both at 4 and 24 hours. Conversely, DOPC-based formulations showed a stronger mitochon-
drial hyperpolarization effect than the other formulations even at 4 hours and with the lower concentrations (0.005, 0.01,

0.02 mM), probably explaining their higher toxicity observed in MDA-MB231 cells by MTT assays.
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Figure 9 LSCM images of MDA-MB231 cells labelled with MitoTracker probe (green signal), treated with DPPC-based liposomes, in the absence (A) and in the presence (B)
of TPP3 or DPPC/Chol-based-liposomes, in the absence (C) and in the presence (D) of TPP3. In the circular inset in (D), showing a magnification of the cell marked by the
arrow, yellow spots indicating co-localization are visible.

Figure 10 LSCM images of MDA-MB23| cells labelled with MitoTracker probe (green signal), treated with DOPC-based liposomes, in the presence (A and B) or in the
absence (C) of TPP3, for 4 (A and C) and 18 h (B).
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Figure Il Flow cytometry analysis of mitochondrial membrane potential performed on MDA-MB23| cells labelled with the cationic fluorescent probe tetramethyl-
Rhodamine methyl ester (TMRM). Cells were treated for 4 (A) and 24 hours (B) with increasing concentration of DPPC, DPPC/TPP3, DPPC/Chol/TPP3 and DOPC/TPP3
liposomes. Histograms show the median values of FL2 channel (MFC), corresponding to TMRM fluorescent signal, from control (Ctr) and treated samples. Results are
expressed as mean * SD values from two independent experiments. *p < 0.05; *¥p < 0.005; ***p < 0.001 vs Ctr (Student’s t-test).

Summarizing, results from biological characterizations point out that the TPP3 bolaamphiphile allows obtaining
mitochondriotropic liposomes even if present in small amounts in the formulation, as observed for other triphenylpho-
sphonium derivatives, such as STPP or more complex lipid derivatives.®'%'? With regard to toxicity, comparison with
other TPP derivatives reported in the literature is tricky, due from one side to the different experimental conditions used
(cell types, toxicity test and assessment times) and from the other to the different lipid formulation that affects targeting
efficiency and toxicity, as demonstrated by the results reported in this work. In any case, while the toxicity of DPPC/
Chol/TPP3 liposomes on C2C12 is comparable to that of the less toxic derivatives reported in the literature,*'*'* the
toxicity of all formulations detected in MDA-MB231 cells is higher and more similar to STPP-formulations. However,
interestingly for TPP3-formulations, toxicity is triggered by a mechanism different from that of STPP; in fact, it is known
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that STPP induces depolarization of the mitochondrial membrane,® while in our breast cell model TPP3-containing
liposomal formulations induce hyperpolarization.

Loading of Antioxidants in Mitochondriotropic Liposomes

RSV-Loaded Liposomes

It has been demonstrated that inclusion in liposomes greatly enhances RSV solubility and reduces its degradation and
isomerization to the less biologically effective cis form.***> Moreover, several studies have reported better biological
activity of liposomal RSV compared to free compounds.®® In particular, as far as MDR reversal, liposomal RSV,
combined with or co-delivered with anticancer drugs, has been shown to be effective against resistant tumors and to
improve the efficacy of drugs in drug-sensitive tumors.®”*® To the best of our knowledge, only a few studies have

reported mitochondriotropic RSV-loaded liposomes®”>-"°

(only two concerning resistant tumors), whereas other RSV-
loaded liposomes have been described as being cell- or tissue-specific.”'’* For the preparation of mitochondriotropic
RSV-loaded liposomes, we chose only 2.5% TPP3 formulations as they were non-toxic or had low toxicity, and explored
two different methods: i) the active loading into the liposome aqueous core, exploiting the acidic properties of RSV
phenolic functions, ii) the passive loading inside the lipid bilayer membrane, exploiting the low solubility of RSV in

aqueous solution.

RSV Stability as a Function of pH and Determination of pK,

To consider the active loading method, it is necessary to determine the acidity constant of RSV and assess RSV stability
as a function of pH to select suitable conditions for obtaining stable RSV-loaded liposomes with a high encapsulation
efficiency. A preliminary investigation was carried out to evaluate the transmembrane pH gradient of liposomes required
to achieve RSV loading and to determine whether RSV was stable under such pH conditions.

As already reported in the literature for other buffer solutions,”> RSV stability changes as a function of pH; in fact,
under weakly acidic and neutral conditions (pH 5.5-7.5) the molecule is stable over time, and degradation is observed
under basic conditions, being slight at pH 8 and more pronounced at pH 9 (Figure 12).

Although a large number of studies have reported the pK, of RSV, these results are hampered by the low solubility (<
1 mg/mL) of RSV in water, which often affects the reliability of the results.”® Because of this limitation, different
techniques have been used to carry out these measurements, such as gel electrophoresis,’’ fluorescence spectroscopy’>
and UV—Vis spectrophotometry.”®

In the present work, we report the measurement of the first acid dissociation constant of RSV (pK,,) based on
extrapolation of pK,; by a series of potentiometric measurements in EtOH/H,O mixtures with decreasing ethanol
concentration. Such an approach is sometimes used in the literature for the determination of pK, whenever measurement
in pure water is not feasible.”” Given the high solubility of the compound in ethanol, homogeneous aqueous solutions can
be prepared with this cosolvent at millimolar concentrations (2—5 mM). Titration was performed by adding a standard
NaOH solution to the solvent mixture. In the experiments, the titrant was added up to 0.5-0.6 molar equivalents to avoid
RSV decomposition due to the pronounced reactivity of the mono-anion in polymerization’> and oxidation reactions.”®!
A value of pK,; = 7.62 + 0.13 for the first acid dissociation constant of RSV was obtained in pure water (see
Supplementary Material, Figure S4).

RSV Active Loading Protocol
This protocol was developed only for DPPC/Chol based liposomes, which display a less permeable membrane and allow
the pH gradient to be maintained for several days, as described in “Effect of Cholesterol on DPPC/TPP3 liposomes”.
The protocol involved the addition of an ethanolic RSV solution to a solution of preformed liposomes with a pH
gradient, followed by incubation. Initially, we explored different RSV/lipid mole ratios (1:8 and 1:20) and different
incubation temperatures (30, 45, and 60°C) to set conditions that would result in a high RSV trapping efficiency while
preventing its degradation. The optimal loading conditions required an RSV/lipid ratio of 1:8 and incubation at 45°C for
1 h, ie under conditions of good liposome membrane permeability. The inclusion of RSV in the liposomes led to a change
in the size of the aggregates, as evaluated by DLS analysis (Table 1). The increase in the size of the DPPC/Chol
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Figure 12 Absorption spectra of a 220 yM RSV solution in calcium acetate 170 mM registered within 24 h, as indicated in the legend, at different pH:5.5 (A), 7.4 (B), 8 (C), 9 (D).

liposomes can be ascribed to the amount of RSV in the aqueous core, which increases the osmotic pressure on the
hydrophobic bilayer membrane. On the contrary, the decrease in size observed for the DPPC/Chol/TPP3 liposomes can
be attributed to the removal of most of the bolaamphiphile during the active loading process of RSV (see Table 1): the
final system has a different composition with respect to the one of the liposomes before the loading process, so that the
dimensions before and after cannot be compared. This observation was confirmed by the size of the two RSV-liposomes
with and without TPP3, which were almost identical after loading. The amount of RSV enclosed in the liposome aqueous
phase was evaluated by HPLC after the removal of the unentrapped RSV by dialysis. The EE% was good and the same in
the presence and absence of TPP3, in contrast to what happens in the passive loading (Table 1). Prior to column injection
for HPLC analysis, the samples were diluted to disrupt the liposomes using a MeOH/water solution (in place of MeOH)
and avoid the precipitation of calcium acetate (present in the buffer). However, this dilution did not allow the assessment
of the TPP3 concentration in the liposomes. Thus, the amount of TPP3 was evaluated by 'HNMR. NMR analysis
revealed that the TPP3 concentration decreased by 80% at the end of the preparation protocol. TPP3 is evidently not
firmly anchored to the liposome bilayer membrane if cholesterol was present in the formulation. However, even though
the DPPC/Chol/TPP3 liposomes had a lower amount of TPP3 than DPPC/TPP3 and DOPC/TPP3 liposomes (Table 1),
they were still able to target mitochondria (see paragraph “Mitochondrial Targeting” and compare Figure 9D with Figure
9B and Figure 10A,B) and entrap RSV.
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RSV Passive Loading

In the passive loading method, RSV was added to the lipid mixture (PC/TPP3) in an organic solvent during the
preparation of the thin film (RSV/total lipids, 1:8 molar ratio). DOPC and DPPC were chosen to evaluate the influence
of the degree of unsaturation of the chains on the physical state of the lipid bilayer membrane and consequently on the
trapping efficiency. As for active method, only the 2.5% of TPP3 was used. MLV dispersions obtained by hydration of
the mixed film with PBS were subjected to six freeze—thaw and sonication cycles. The sonication process is critical for
the high trapping efficiency of RSV in the lipid bilayer because it promotes the disruption of very large aggregates that
RSV forms in aqueous solution and fosters RSV inclusion as a monomer in the lipid bilayer. DLS data (Table 1) showed
that the obtained liposomes show diameters compatible with those imposed by extrusion. RSV did not significantly affect
liposome size or polydispersity, except for DOPC liposomes, where the size decreased in comparison to empty liposome.
HPLC evaluation of the amount of RSV enclosed in the liposome bilayer membrane (Table 1) showed that the EE% was
the same for the DOPC and DPPC liposomes; thus, the different degree of unsaturation of the phospholipid chains had no
influence on the trapping efficiency of RSV. Although EE% decreased in the presence of TPP3, RSV loading was good in
all cases, and no size variation was observed. A specifically designed HPLC method to detect the amount of TPP3 in
liposomes revealed a partial loss during preparation, larger for DOPC-based (20%) than for DPPC liposomes (8%). This
difference may be related to the distinct organization of TPP3 in the two membranes, or to the greater fluidity of the
DOPC bilayer membrane, which retains TPP3 less effectively. At the end of the preparation and purification process,
RSV-loaded liposomes still contained a fair percentage of the surfactant TPP3 (see Table 1), which was still sufficient for

colocalization with mitochondria (Mitochondrial targeting).

RSV Release from Liposomes
To evaluate the influence of the RSV-loading technique on the leakage of RSV from liposomes, a release study at 37°C

was performed using the dialysis method for all neutral and cationic liposome formulations prepared by passive and
active loading protocols. The DPPC/Chol/TPP3/RSV formulation was excluded because of its instability over time, both
after setting the gradient and after resveratrol loading, resulting in irreproducible results. The amount of residual RSV in
the liposomes was determined upon time over a period of 20 h. As shown in Figure 13, release of RSV loaded in the
internal aqueous cavity of DPPC/Chol liposomes was extremely rapid, with complete leakage observed after 5 h. On the
contrary, RSV release rate was markedly lower if RSV was embedded in the lipid bilayer of all the DPPC- and DOPC-
based TPP3-liposomes, where leakage between 11-25% was reached after 4 h. In addition, the release rates of DOPC-
based liposomes, both in the presence and absence of TPP3, were higher than those of the DPPC-based liposomes. This
result could be related to a different localization of RSV in the liposome bilayer.
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Figure 13 Release of RSV from liposomes over time at 37°C, for the formulations containing DPPC (A) and DOPC (B), as indicated in the legend. The formulation
containing cholesterol was prepared by the active loading technique, all the others by the passive loading technique. The lines only serve as a guide for the eyes. The error
associated to % release is the standard deviation of three repeated measurements on three different samples.
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The results described in this section indicate that: (i) regardless of the loading protocol, optimal loading conditions
require RSV/lipid ratios of 1:8 and, in the case of active loading, incubation for 1 h at 45°C; (ii) the inclusion of RSV
affects the size or polydispersity of liposomes in different ways, depending on the lipid composition and loading
technique; (iii) the EE% by active loading is the same in the presence and absence of TPP3, whereas by passive loading,
the EE% decreases in the presence of TPP3; (iv) the RSV release rate from liposomes is lower if RSV is embedded in the
lipid bilayer membrane by passive loading and RSV release is faster in the presence of TPP3; and (v) release rate is faster
for DOPC-based liposomes with respect to DPPC-based liposomes.

Subcellular Distribution of RSV-Loaded Liposomes

The ability of TPP3-liposomes to deliver RSV (loaded by the passive method technique, as described in the correspond-
ing paragraph “RSV passive loading”) to the mitochondria was explored in MDA-MB231 cells. Compared to cells
treated with empty liposomes (Figure 14A), the mitochondrial structure appeared better preserved in cells treated with
TPP3-liposomes loaded with RSV, which indicated the penetration of RSV into organelles (Figure 14B). This finding
opens the possibility of calibrating RSV concentration in liposomal formulations engineered for protective activity in

neurodegenerative diseases or for sensitizing activity against drug-resistant tumor cells.

Semiquantitative Analysis of Mitochondrial Targeting

Semi-quantitative colocalization analysis based on Manders’ coefficient (Table 4) confirmed that TPP3 significantly
enhances mitochondrial targeting in MDA-MB231 cells. Both DOPC/TPP3 and DPPC/TPP3 liposomal formulations
exhibited greater colocalization with mitochondria compared to their respective non-TPP3 counterparts (M = 0.977 vs
0.750 for DOPC and M = 0.827 vs 0.611 for DPPC). Among all tested formulations, DOPC/TPP3 liposomes demon-
strated the highest degree of mitochondrial overlap (M = 0.977), indicative of rapid cellular uptake and efficient
mitochondrial delivery, consistent with the high membrane fluidity characteristic of DOPC-based systems. In contrast,
DPPC/TPP3 liposomes showed a slightly reduced colocalization coefficient (M = 0.827), suggesting slower internaliza-
tion likely attributable to the more rigid, saturated nature of DPPC membranes, which may hinder vesicle uptake.

The incorporation of cholesterol into DPPC/TPP3 liposomes (DPPC/Chol/TPP3) further diminished colocalization
efficiency (M = 0.557), presumably due to increased membrane packing density and reduced fusogenicity. Additionally,
the inclusion of resveratrol (RSV) in DOPC/TPP3 formulations (DOPC/TPP3/RSV) resulted in decreased mitochondrial
colocalization (M = 0.662), potentially due to alterations in the organization of liposome membrane.

Figure 14 LSCM images of MDA-MB231 cells labelled with MitoTracker probe (green signal), treated for 18 h with DOPC-TPP3 liposomes, empty (A) or loaded with RSV
by passive method technique (B).
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Table 4 Semiquantitative Analysis of Mitochondrial Targeting Based on
Manders’ Coefficient (M)

Liposome Formulation | Manders’ M * SD (Liposomes — Mitochondria)
DOPC 0.75+0.13
DOPC/TPP3 0.98 £ 0.017
DOPC/TPP3/RESV 0.66 + 0.14
DPPC 0.6l £0.13
DPPC/TPP3 0.83 + 0.098
DPPC/Chol 0.60 + 0.14
DPPC/Chol/TPP3 0.557 + 0.071

Notes: Manders’ M coefficient quantifies the fraction of liposomes (red fluorescence signal) colo-
calizing with mitochondria (green fluorescence signal) following 18 hours of treatment in MDA-MB
231 cells.

Collectively, these findings demonstrate that TPP3-functionalized liposomes effectively target mitochondria, with
targeting efficiency modulated by lipid composition, cholesterol content, and cargo loading. DOPC-based formulations
facilitate rapid mitochondrial delivery, whereas DPPC- and DPPC/Chol-based systems offer more controlled and
biocompatible interactions.

Trolox Liposomes

Owing to its high solubility and strong activity both in-vitro and in-vivo, delivering Trolox through a nanovector is not
essential. However, encapsulating Trolox in liposomes could improve its stability and biological activity and, most
importantly, reduce the required dose.

The structural and physicochemical characteristics of Trolox allow its inclusion in the inner aqueous phase of
liposomes via active loading. For this purpose, we explored two different active loading methods: the first exploiting
the simple gradient concentration of Trolox and the other relying on the pH gradient across the liposome membrane
generated by calcium acetate, as already described for RSV.

Trolox Stability as a Function of pH

Trolox stability was evaluated in the same buffer used for the pH gradient, namely calcium acetate 150 mM at pH 8.2.
The main degradation product is Trolox C quinone, a photo-oxidative product that is formed more readily at higher pH.
Trolox C quinone absorbs at shorter wavelengths (4,,,. = 271 nm) and has a much larger molar extinction coefficient than
Trolox (Supplementary Material, Figure S5A); thus, it is easily detectable, even in small amounts. Analysis of the UV

spectra showed no degradation of Trolox over 24 h at pH 8.2 (Supplementary Material, Figure S5B).

Trolox Active Loading by pH Gradient

As previously observed for RSV, the value of pK,; is crucial for inclusion by the pH gradient method. Trolox should be
in neutral form outside the liposomes to easily pass through the lipid bilayer membrane. Once it reaches the internal
aqueous cavity, it should be charged to remain entrapped in the aggregate. Moreover, the presence of calcium acetate in
the aqueous cavity is required to enhance the retention of Trolox because of the formation of stable complexes with the
carboxylate and hydroxyl groups present in Trolox.*” Since the acid dissociation constant pK,; of Trolox is 3.89, the
active loading protocol described in the literature would require a pH of the external phase lower than this value.
However, it is reported that Trolox incubated at physiological pH with liposomes can associate with the hydrophobic
bilayer membrane by approximately 20-30%,** Thus, we tried to trap Trolox in liposomes with an internal pH of 8.2 and
external pH of 7.4 (see paragraph “Loading of Trolox in liposomes”), to match physiological pH and ionic strength
conditions of the in-vitro test.
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DPPC/Chol-TPP3-liposomes exhibited a slightly lower entrapment efficiency and drug/lipid ratio than DPPC/Chol-
liposomes (Table 2), indicating that the presence of TPP3 slightly decreased the included Trolox. DLS analysis revealed
that inclusion of Trolox promoted an increase in liposome size, probably due to the high drug/lipid ratio, ie the high
amount of drug included in each liposome, which, in turn, increased the osmotic pressure on the liposome bilayer
membrane. Notably, the encapsulation of Trolox improved its stability. In fact, the UV spectra of Trolox loaded in
liposomes (Figure 15) showed only slight degradation after 120 h (A), whereas free Trolox converted to C-quinone to
a large extent within 48 h (B).

Trolox Loading by Concentration Gradient

Trolox was added to a dispersion of preformed DPPC/Chol liposomes and incubated for 1 h at 45°C to be loaded by
a concentration gradient. The trapping efficiency was 30% (final Trolox/lipids ratio 6:1), which was considerably lower
than that obtained using the calcium acetate gradient. This result confirms, on one hand, the ability of Trolox to associate
with liposomes, regardless of the pH of the outer phase,*® and, on the other hand, that a basic internal pH is crucial for
achieving stable formulations with higher entrapment efficiency.

Trolox Release from Liposomes

The release of Trolox from the DPPC/Chol and DPPC/Chol/TPP3 liposomes loaded using the pH gradient technique was
investigated to evaluate the influence of TPP3 on leakage. The amount of residual Trolox in liposomes was determined
over a period of 50 h at 37°C. As is evident from the different trends shown in Figure 16, up to 5 h, Trolox was released
at the same rate by the two formulations, reaching in both case ~ 50%. At longer time points, in the presence of TPP3,
a faster rate was observed resulting in a complete release after 30 h, whereas for DPPC/Chol liposomes remained ~ 60%.
This finding can be correlated with the higher permeability of the DPPC/Chol/TPP3 liposomes.

Conclusion
This paper reports an extensive research aimed at the development of new liposomal formulations containing
a triphenylphosphonium (TPP3) bolaamphiphile, which can reach mitochondria and deliver antioxidants with high efficiency.

At first, the most suitable percentage of TPP3 in liposome composition was defined based on biological investigation
on empty TPP3-liposomes aimed at selecting the TPP3 percentage which could guarantee targeting to mitochondria and
low toxicity at the same time. Such a composition was then selected for loading of antioxidants and further biological
investigation on RSV-loaded TPP3-liposomes.

RSV and Trolox were selected for the study, and two loading strategies were examined: passive loading and active
loading based on a pH gradient. The impact of lipid formulation (specifically the presence of saturated or unsaturated PC
and of cholesterol) on the stability of delivery systems, on the antioxidant entrapment efficiency and on the effect of such
factors on the behavior of the drug delivery systems in vitro was investigated.
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Figure 15 Absorption spectra of Trolox 200 pyM in calcium acetate at pH 8.2 (A), Trolox loaded in DPPC/Chol liposomes (B), at different times.
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Figure 16 Trolox release (at 37°C) from the liposome formulations prepared by the pH gradient loading technique indicated in the legend. Lines guide the eyes, only. The
error associated to % release is the standard deviation of three repeated measurements on three different samples.

The results highlight the crucial role of the composition of liposomes and protocol for antioxidant inclusion in the final
properties of the liposomes and their mitochondrial targeting efficiency. The nature of the PC and the thermotropic phase of
the hydrophobic bilayer membrane at physiological temperature, the presence of cholesterol, and the cell line are factors
that affect the ability of TPP3-liposomes to target the mitochondria. In particular, DOPC/TPP3-liposomes, characterized by
a fluid bilayer membrane, show higher cellular uptake in MDA-MB231 than the more rigid DPPC/TPP3-liposomes, and the
addition of cholesterol reduces the penetration of liposomes into the cytoplasm and mitochondria.

Most importantly, without any precedent records in the literature, our investigation demonstrated the possibility of
loading RSV into the aqueous cavity of liposomes using the pH gradient technique, in addition to the commonly used
passive loading method which promotes RSV insertion mainly into the liposome hydrophobic bilayer membrane. Both
protocols achieved a high amount of entrapped RSV; however, the release rate showed a marked difference between the
two formulations. Liposomes prepared using the pH gradient technique are characterized by an important burst release
and complete leakage after 5 h. By contrast, when RSV is embedded in the liposome bilayer membrane, the release rate is
markedly lower. This controlled modulation of release could be advantageous depending on the intended application, eg
burst release for wound healing or targeted delivery,** and prolonged release for sustained antioxidant effect. Similarly,
active loading of Trolox enhanced entrapment efficiency and antioxidant stability, highlighting the potential of these
liposomal strategies to improve functional performance, although these benefits remain to be confirmed in vivo.

To the best of our knowledge, this is the first report on the inclusion of Trolox in liposomes using the active loading
technique, leading to very high entrapment efficiency and improvement of antioxidant stability. Although our findings
remain preliminary, Trolox-liposomes, in the non-specific DPPC/Chol formulation or in other target-specific formula-
tions, could potentially find applications in various fields besides subcellular delivery, such as the treatment of glaucoma
and retinal damage associated with neurodegeneration, other neurodegenerative diseases®> and cosmetics production.

At present, our findings are limited to in vitro models. In this regard, the MDA-MB231 human breast cancer cell line,
which exhibits multidrug resistance (MDR), seems to be a more suitable model for further studies concerning the
application of TPP3-liposomes. In this model, the protective effect of RSV-loaded TPP3 liposomes in preventing
mitochondrial collapse is encouraging, although further validation is needed. These preliminary in vitro results pave
the way for further studies, aimed at ascertaining the possibility of using RSV incorporated into liposomes as an adjuvant
for a protective activity in neurodegenerative diseases, upon careful calibration of the RSV concentration in liposomes.
Similarly, RSV-liposomes might have applications as antimicrobial and anti-biofilm agents by impairing pathogen
mitochondrial functions®® and could contribute to sensitizing drug-resistant tumor cells.

Our formulations demonstrate efficient mitochondrial targeting and high antioxidant entrapment in vitro, and represent
a starting point for future investigation for the translation to in vivo where factors such as nanoparticle size, surface charge,
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and liposome membrane composition, which can affect biodistribution, clearance, and off-target interactions should be
considered, as well as long-term safety, immunogenicity, to cite only few aspects. Addressing these aspects will be essential
for the successful translation of RSV and Trolox liposomes into clinical applications. In addition, the feasibility of scaling
up liposome production under GMP standards and thorough preclinical safety evaluations, including immunogenicity and
in vivo toxicity, will be important considerations for the clinical translation of RSV and Trolox liposomes.
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