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ABSTRACT 46 

Scalability is one of the important factors slowing down or even impeding the clinical translation of 47 

nanoparticle-based systems. The latter need to be manufactured at a high level of quality, with 48 

batch-to-batch reproducibility, and need to be stable after the manufacturing process, during long-49 

term storage and upon clinical administration. In this study, a vesicular formulation intended for 50 

cutaneous applications was developed by the easy reconstitution of a commercially available 51 

liposomal platform. Resveratrol, a naturally occurring compound with potent antioxidant activity, 52 

and Tween80, a hydrophilic non-ionic surfactant, were included in the formulation. The physico-53 

chemical properties of the vesicles were assessed using light scattering and cryogenic transmission 54 

electron microscopy. Nanosized (around 80 nm) spherical and elongated, unilamellar vesicles were 55 

produced, with remarkable storage stability. The incorporation of resveratrol in the vesicular system 56 

did not alter its strong antioxidant activity, as demonstrated by antioxidant colorimetric assays 57 

(DPPH and FRAP). Furthermore, the resveratrol liposomes were cytocompatible with fibroblasts 58 

and capable of protecting skin cells from oxidative stress by reducing both endogenous and 59 

chemically induced reactive oxygen species more effectively than free resveratrol. Therefore, the 60 

proposed formulation, based on the use of a commercially available liposomal platform, represents 61 

an easy-to-prepare, reproducible, up-scaled and efficient means of delivering resveratrol and 62 

potentiating its biological activity in vitro. 63 

 64 

 65 

 66 

 67 
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1. Introduction 70 

New strategies, accessible approaches and technologies are still needed to develop safe and 71 

successful therapies. Many untapped and potentially therapeutic molecules with reduced side effects 72 

can be found in traditional herbal medicines and foods (Liu, 2013; Pan et al., 2013; Veselkov et al., 73 

2019). Natural compounds such as resveratrol have attracted significant interest in the 74 

pharmaceutical research due to their numerous health-promoting effects, coupled with their safety 75 

profiles and natural origins (Caddeo et al., 2015; Salehi et al., 2018). Unfortunately, the beneficial 76 

use of resveratrol’s biological activities is hampered by its low aqueous solubility, chemical 77 

instability and rapid metabolism (Ahmadi and Ebrahimzadeh, 2020; Gligorijević et al., 2021). The 78 

incorporation of such compounds into liposomes is a well-known and effective approach to 79 

overcoming such limitations, with a consequent enhancement of the bioavailability of the payload 80 

(Daraee et al., 2016; Lee, 2020). 81 

Liposomes are the most successful commercial nanosized drug delivery system. They were the first 82 

nanoparticle-based system to get regulatory approval for clinical use, and are still the most widely 83 

used platform for marketed pharmaceutical products, as well as the best-investigated platform in 84 

clinical trials and academic research (Sercombe et al., 2015; Zylberberg and Matosevic, 2016; 85 

Nisini et al., 2018; Jensen and Hodgson, 2020). 86 

One of the important factors slowing down or even impeding the clinical translation of 87 

nanoparticle-based systems is the scalability of the formulations. Platforms that require complex 88 

and/or laborious production procedures generally have limited clinical translation potential, as they 89 

can be problematic to manufacture on a large scale (Hua et al., 2018). Besides the need for large, 90 

scalable quantities, formulations need to be manufactured at a high level of quality, with batch-to-91 

batch reproducibility, and need to be stable after the manufacturing process, during long-term 92 

storage and upon clinical administration. 93 
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As already described, liposomes have been successfully developed on an industrial scale, without 94 

the need for multiple manufacturing steps or the use of organic solvents (Jaafar-Maalej et al., 2012; 95 

Kraft et al., 2014). Challenges arise when liposome systems become more complex, as the presence 96 

of multiple components inevitably poses manufacturing and production problems, increases costs, 97 

and makes quality assurance and quality control evaluation more difficult (Svenson, 2012; Tinkle et 98 

al., 2014). They may also lead to significant changes in the physico-chemical properties, 99 

pharmacokinetic profiles, and pharmacodynamic interactions (Hua et al., 2018). Hence, a balance 100 

between the complexity of the formulation design, the therapeutic efficacy and the clinical 101 

translation is needed. 102 

In light of these considerations, in this study, we have developed a novel vesicular formulation 103 

using a commercially available liposomal platform, which is produced on a large scale and which 104 

meets quality, safety and reproducibility requirements. The vesicular formulation was optimised for 105 

the loading and delivery of resveratrol and characterised to assess its main physico-chemical and 106 

technological properties. Additionally, the biocompatibility and antioxidant activity of the 107 

resveratrol formulation were investigated in skin cells, with the purpose of assessing the enhanced 108 

efficacy of the vesicular delivery. 109 

 110 

2. Materials and methods 111 

2.1. Materials 112 

Pronanosome LIPO-N ready-to-use powder vesicles were kindly provided by Nanovex 113 

Biotechnologies SL (Llanera, Spain). Tween 80 was purchased from Galeno (Carmignano, Prato, 114 

Italy); resveratrol (RSV) and all other reagents, if not otherwise specified, were purchased from 115 

Sigma-Aldrich/Merck (Milan, Italy). 116 

 117 

2.2. Vesicle preparation and characterisation 118 
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Resveratrol (2 mg/ml) and Tween 80 (10 mg/ml) were weighed in a ready-to-use glass vial 119 

containing Pronanosome LIPO-N in its dried form (100 mg) and dispersed in water (2 ml; Table 1). 120 

To reconstitute the vesicles, the dispersion was hand-shaken, left to hydrate overnight and sonicated 121 

(5 sec on and 2 sec off, 20 cycles; 13 microns of probe amplitude) with a Soniprep 150 (MSE 122 

Crowley, London, UK). 123 

For comparative purposes, empty vesicles were prepared following the above procedure, but 124 

without the addition of resveratrol (Table 1). 125 

All the samples were prepared and kept in the dark for the duration of the experiments. 126 

Vesicle formation and morphology were examined using cryogenic-transmission electron 127 

microscopy (cryo-TEM). For the analysis, a thin aqueous film was formed by placing 5 µl of the 128 

vesicular dispersion on a glow-discharged holey carbon grid and then blotting the grid against filter 129 

paper. The resulting thin sample film spanning the grid holes was vitrified by plunging the grid 130 

(kept at 100% humidity and room temperature) into ethane, maintained at its melting point with 131 

liquid nitrogen using a Vitrobot (FEI Company, Eindhoven, The Netherlands). The vitreous film 132 

was transferred to a Tecnai F20 TEM (FEI Company) using a Gatan cryo-transfer (Gatan, 133 

Pleasanton, CA, US), and the sample was observed in a low-dose mode. Images were acquired at 134 

200 kV at a temperature of –170/–175 °C, using low-dose imaging conditions not exceeding 20 e–135 

/Å2, with a 4096 × 4096 pixel CCD Eagle camera (FEI Company). 136 

The average diameter, polydispersity index (PI, a measure of the width of size distribution) and zeta 137 

potential of the vesicles were determined via dynamic and electrophoretic light scattering using a 138 

Zetasizer nano-ZS (Malvern Panalytical, Worcestershire, UK). Samples (n > 6) were diluted with 139 

water (1:100) and analysed at 25 °C. 140 

The vesicle dispersions were purified from the non-incorporated resveratrol by dialysis. Each 141 

sample (1 ml) was loaded into Spectra/Por® tubing (12–14 kDa MW cut-off; Spectrum Laboratories 142 

Inc., DG Breda, The Netherlands), previously rinsed in water, and dialysed against water (2 l) for 2 143 
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h to allow the removal of the non-incorporated resveratrol. After disruption of unpurified and 144 

purified vesicles with methanol, the entrapment efficiency (E), expressed as the percentage of the 145 

amount of resveratrol detected in unpurified samples, was determined by high performance liquid 146 

chromatography (Alliance 2690, Waters, Milan, Italy). Resveratrol content was assayed using a 147 

XSelect C18 column (3.5 µm, 4.6150 mm, Waters), with a mobile phase consisting of methanol, 148 

acetonitrile, water and acetic acid (75:22.5:2.4:0.1, v/v) at a flow rate of 0.8 ml/min. A306 was 149 

measured for resveratrol quantification. 150 

The stability of the formulations was evaluated by monitoring vesicle mean size, PI, zeta potential 151 

and resveratrol content over three months at 4 ± 2 °C. 152 

 153 

2.3. Antioxidant activity: DPPH and FRAP assaysThe antioxidant activity of the resveratrol 154 

formulations was assessed by evaluating their ability to scavenge 2,2-diphenyl-1-picrylhydrazyl 155 

(DPPH), a stable nitrogen-centered free radical. DPPH was dissolved in methanol to yield a 25 μM 156 

concentration, and the solution (2 ml) was mixed with 20 l of each sample (i.e., empty vesicles, 157 

resveratrol vesicles, resveratrol methanolic solution), and stored at room temperature for 30 min, in 158 

the dark. Thereafter, the absorbance was measured at 517 nm against blank. The extent of 159 

discoloration of the violet colour of DPPH methanolic solution, quantified as a decrease in 160 

absorbance, depends on the intrinsic antioxidant activity/radical scavenging activity and 161 

concentration of a sample. Antioxidant compounds can neutralize the DPPH radical by either direct 162 

reduction via electron donation or by radical quenching via hydrogen atom donation.The DPPH 163 

radical scavenging activity of each sample was expressed as (i) percent antioxidant activity (AA) 164 

calculated according to the following formula, where A is the absorbance: 165 

100xAA
A

AA

DPPH

sampleDPPH













 −
=  166 
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and (ii) as Trolox equivalent antioxidant capacity (TEAC). The TEAC values were calculated based 167 

on a calibration curve plotted using Trolox (reference standard) at different concentrations (0.1–1 168 

mg/ml). Results were expressed as mg Trolox equivalents/ml solution. TEAC reflects the ability of 169 

antioxidant samples to scavenge DPPH radical as compared with that of Trolox: the higher the 170 

TEAC values, the higher the radical scavenging activity of the samples. 171 

The antioxidant activity was also assessed by the FRAP (ferric reducing antioxidant power) assay, 172 

which evaluates antioxidants as reductants of Fe3+ to Fe2+: Fe3+ is chelated by 2,4,6-tris(pyridin-2-173 

yl)-1,3,5-triazine (TPTZ) to form a Fe2+–TPTZ blue-coloured complex that increases the absorption 174 

at 593 nm (Tuberoso et al., 2013). A ferric complex solution was freshly prepared with TPTZ and 175 

Fe3+ (0.3123 g TPTZ, 0.5406 g FeCl3 6H2O in 100 ml acetate buffer pH 3.6). 20 l of each sample 176 

(i.e., empty vesicles, resveratrol vesicles, resveratrol methanolic solution) was dissolved in 2 ml of 177 

the ferric complex solution and incubated for 4 min in the dark; absorbance at 593 nm was 178 

measured with a spectrophotometer. Quantitative analysis was performed according to the external 179 

standard method (FeSO4, mg/ml), correlating the absorbance of the samples with the FeSO4 180 

concentration, and results were expressed as ferrous equivalents (mg Fe2+ equivalents (FE)/ml 181 

solution). 182 

 183 

2.4. Fibroblast cell culture 184 

3T3-L1 cells (ATCC®CL-173TM) were grown in Dulbecco’s modified Eagle’s medium (DMEM) 185 

supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 μg/ml 186 

streptomycin, and maintained at 37 °C in a humidified 5% CO2 incubator. The cells were seeded 187 

into 96-well plates and tested under the following experimental conditions: 188 

1. cells unexposed (control) or exposed to 250 M 2,2′ -azobis(2-methylpropionamidine) 189 

dihydrochloride (AAPH, a peroxyl radical generator used as a positive control) for 4 h; 190 
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2. cells exposed to resveratrol liposomes or resveratrol ethanolic solution, previously diluted to 191 

reach the required doses of resveratrol (0.01, 0.1, 1.0 and 10 g/well), for 5 h; 192 

3. cells exposed to resveratrol liposomes or resveratrol ethanolic solution, previously diluted to 193 

reach the required doses of resveratrol (0.01, 0.1, 1.0 and 10 g/well), for 1 h and co-incubated with 194 

250 M AAPH for a further 4 h. For comparative purposes, empty liposomes were tested at the 195 

same dilutions as the resveratrol liposomes or ethanolic solution. 196 

 197 

2.5. Assessment of viability 198 

The MTT assay was performed to evaluate the viability of cultured 3T3-L1 cells upon different 199 

treatment conditions (see Section 2.4). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 200 

bromide) reagent (Sigma, St. Louis, MO, USA) measures mitochondrial activity in live cells. 201 

Briefly, fibroblasts (5×104 cells/well) were incubated with MTT (0.5 mg/ml) for 3 h at 37 °C in 5% 202 

CO2. After incubation, the medium was removed, and the cells solubilised in 10% DMSO/90% 203 

isopropanol. Then, the amount of the dye released from the cells was quantified by measuring the 204 

optical density at 540 nm (reference wavelength: 620 nm) by using a multiplate reader (Multiskan 205 

EX, Thermo Fisher Scientific, Waltham, MA, US). The experiment was repeated at least three 206 

times independently, each time in triplicate. 207 

Results are expressed as percentage vs. control cells viability. 208 

 209 

2.6. Assessment of cellular reactive oxygen species (ROS) 210 

After incubation of 3T3-L1 cells with the samples or the samples and 250 M AAPH (see Section 211 

2.4), endogenous or chemically-induced cellular ROS were detected using 5-(and-6)-chloromethyl-212 

2’,7’-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCF-DA; Invitrogen, Life 213 

Technologies Ltd, Thermo Fisher Scientific, Waltham, MA, US) fluorescent probe. 214 
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Briefly, 3T3-L1 cells, seeded at a density of 5×104 cells/well into a 96-well blackened fluorescence 215 

plate, were incubated with CM-H2DCF-DA (5 μM/well) for 60 min at 37 °C in the dark. 216 

Afterwards, the cells were rinsed with 1× PBS to remove CM-H2DCF-DA solution and treated 217 

according to the experimental conditions reported in Section 2.4. 218 

ROS production was detected by measuring fluorescence intensity at 485 nm excitation and 520 nm 219 

emission using a FLUOstar® Omega multi-mode microplate reader. The fluorescence plate reader 220 

measures the light signal emitted by a sample in Relative Fluorescent Units (RFU). The experiment 221 

was repeated at least three times independently, each time in triplicate. Results are expressed as 222 

percentage vs. control cells ROS production. 223 

3T3-L1 cells (CTR), untreated or incubated with 250 μM AAPH, or co-incubated with 250 μM 224 

AAPH and empty liposomes, resveratrol solution, resveratrol liposomes for 5 h were examined 225 

under a Primo Vert inverted microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) to assess 226 

cell morphology. 227 

 228 

2.7. Statistical analysis of data 229 

Results are expressed as the mean  standard deviation (SD). Statistical analysis of data was 230 

performed using StatView software package (SAS Institute Inc., Cary, NC, US) by one-way 231 

analysis of variance (ANOVA). Fisher’s post-hoc test was used for single comparisons. P values 232 

<0.05 were considered as statistically significant. 233 

 234 

3. Results and discussion 235 

3.1. Vesicle design and characterization 236 

The present study was aimed at developing a vesicular formulation for the delivery of resveratrol to 237 

the skin. A commercial liposomal platform, Pronanosome LIPO-N, was used for the preparation of 238 

small, reproducible, and stable liposomes. Given their versatility and ease of use, Pronanosome 239 
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LIPO-N can be loaded with any bioactive compound. In this work, Pronanosome LIPO-N were 240 

loaded with resveratrol, a natural polyphenol with countless biological activities. 241 

In order to discriminate between the effect of the carrier and the polyphenol, resveratrol liposomes 242 

were prepared, characterised and tested in vitro in comparison with empty liposomes. 243 

Light scattering results, summarised in Table 2, showed that empty liposomes were small in size 244 

(~80 nm). These liposomes were also characterized by high homogeneity (PI 0.22), and negative 245 

zeta potential (‒25 mV), due to the charge carried by the proprietary Pronanosome LIPO-N 246 

phospholipid mixture. The loading of resveratrol did not alter these values (p>0.05), with the 247 

exception of the PI value, which was lower (0.19; p<0.05). This finding was indicative of an even 248 

higher homogeneity of the vesicle formulation. 249 

The entrapment efficiency of the liposomes was high (83%; Table 2), and the amount of the loaded 250 

resveratrol did not diminish during a three-month- storage period (p>0.05). This aligns with 251 

previous results showing that resveratrol is efficiently loaded in phospholipid vesicles (Caddeo et 252 

al., 2018; Caddeo et al., 2021). 253 

Cryo-TEM observation of resveratrol liposomes confirmed the formation of small unilamellar 254 

vesicles, either spherical or elongated (Fig. 1); no evidence of free resveratrol crystals was seen. 255 

As known, the stability of a nanoparticle-based formulation is critical to ensure its use is both safe 256 

and effective. The stability of the resveratrol formulation was evaluated by monitoring the mean 257 

diameter, PI and zeta potential of the vesicles over three months of storage. As the results show in 258 

Fig. 2, no significant variations were found among the three examined parameters (p>0.05). 259 

 260 

3.3. Antioxidant assays 261 

Antioxidant activity of the resveratrol formulation was assessed by evaluating its ability to scavenge 262 

radical species (DPPH assay) and reduce ferric ions (FRAP assay). 263 
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The DPPH assay exploits the reduction of the DPPH free radical in the presence of antioxidant 264 

molecules such as resveratrol. The results of the assay are summarised in Table 3. The DPPH 265 

radical was almost completely scavenged (87%). Given the strong antioxidant power of resveratrol, 266 

this was expected. It is worth noting that the antioxidant activity of resveratrol in liposomes was 267 

essentially the same (84%; p>0.05), corresponding to ~320 μg/ml of Trolox equivalents. This 268 

demonstrated that incorporation in the vesicle system did not alter the inner properties of the 269 

polyphenol. 270 

The FRAP assay exploits the reduction of Fe3+ by antioxidant molecules. The results obtained from 271 

the assay showed the same trend; the resveratrol liposomes displayed a reduction potential as strong 272 

as that of free resveratrol, which was around 8 mg/ml of ferrous equivalents (Table 3). These 273 

findings confirm that the antioxidant activity of resveratrol was retained in the vesicle formulation. 274 

 275 

3.4. Cell viability 276 

To assess the effect of the vesicular formulation on 3T3-L1 fibroblasts, we evaluated cell viability 277 

in both the presence and absence of AAPH-induced oxidative stress. 3T3-L1 fibroblasts were 278 

incubated with 0, 100, 250, 500 and 1000 μM AAPH for 4 h, and the concentration that triggered 279 

ROS production without significantly reducing cell viability was determined. Given the results 280 

reported in Fig. 3, it was shown that 100 μM AAPH did not reduce cell viability. However, 500 and 281 

1000 μM AAPH concentrations were too strong, and they resulted in a 30% mortality rate. A proper 282 

concentration of 250 μM AAPH was selected for the assessment of cell viability and intracellular 283 

ROS production under stress conditions. 284 

The absence of cytotoxic effects of the formulations was evaluated in 3T3-L1 fibroblasts in terms of 285 

viability. This followed 5 h of exposure to increasing doses of resveratrol ranging from 0.01 to 10 286 

μg (Fig. 4). Analysis of variance showed a significant difference between groups after 5 h exposure 287 

(p<0.0001). After this time, cytotoxicity was significantly induced by the higher testing dose of 288 
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resveratrol solution (10 μg; p < 0.0001 vs. control); this resulted in a mortality rate of 82.1%. Such 289 

decrease in viability was prevented by liposomes; the mortality rate of cells exposed to resveratrol 290 

liposomes (10 μg; p < 0.0001 vs. control) was 55%. The protection offered by the nanocarrier was 291 

confirmed by the low mortality (27.4%; p = 0.0144 vs. control) of cells exposed to empty 292 

liposomes, which were tested at the same dilution used to reach 10 μg resveratrol. 293 

In the presence of 250 μM AAPH, the same behaviour was observed (Fig. 4). Cell viability was 294 

significantly reduced only in the case of exposure to the higher dose of resveratrol. This confirmed 295 

the mortality values found under non-stress conditions: 82.3% with resveratrol solution (p<0.0001 296 

vs. 250 μM AAPH), 54.4% with resveratrol liposomes (p<0.0001 vs. 250 μM AAPH), and 34.2% 297 

with empty liposomes (p=0.0024 vs. 250 μM AAPH). 298 

Therefore, the effects of spontaneous and induced oxidative stress were superimposable. The results 299 

point to the ability of liposomes to protect the cells from the inner toxicity of high doses of 300 

resveratrol that lead to cell death. This aligns with previous studies showing that resveratrol can act 301 

as either an antioxidant or a pro-oxidant agent. Aside from the treatment conditions, the specific 302 

microenvironment, the type of cells, and their basal redox state, this depends on the concentration 303 

used (Alarcόn de la Lastra and Villegas, 2007; Khan et al., 2013). Dose-dependent effects have 304 

been described. At low concentrations, resveratrol acts as an antioxidant that can protect from DNA 305 

damage and oxidative stress. At high concentrations, it acts as a pro-oxidant that promotes DNA 306 

damage and increases oxidative stress (Calabrese et al., 2010; Shaito et al., 2020). 307 

 308 

3.5. Intracellular ROS production 309 

The antioxidant activity of the resveratrol formulation was analysed in AAPH-stressed 3T3-L1 skin 310 

cells as a reducer of ROS levels. This was performed by using DCFH-DA, a cell-permeable dye 311 

sensitive to the cellular redox state. 312 
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A total of 5 h of exposure was performed with resveratrol solution, empty liposomes, and 313 

resveratrol liposomes in the absence of AAPH in cell culture. Aside from when cells were incubated 314 

with the higher dose of empty liposomes, no increase in spontaneous ROS production was detected 315 

(Fig. 5). 316 

The incubation of cells with 250 µM AAPH significantly triggered ROS production (50% increase; 317 

p < 0.0001 vs. control). The treatment with empty liposomes at higher doses caused a further 318 

increase in the cellular ROS levels (Fig. 5). On the other hand, a statistically significant dose-319 

dependent decrease in ROS levels was found upon exposure to resveratrol solution. Similarly, a 320 

significant decrease in ROS was observed upon treatment with resveratrol liposomes, which 321 

restored the basal levels at the higher dose (10 μg; p < 0.0001 vs. 250 µM AAPH). 322 

The low levels of ROS detected in cells treated with 10 g resveratrol solution were seemingly 323 

comparable to those detected in untreated control cells (Fig. 5). However, this was not due to the 324 

antioxidant activity of resveratrol; the low levels were attributed to the reduced number of live cells. 325 

Indeed, as displayed by the viability data reported in Fig. 4, a 10 g resveratrol solution caused an 326 

82% cell mortality rate. This result was confirmed by the images obtained with an inverted 327 

microscope (Fig. 6). It was shown that the application of the higher dose of resveratrol solution in 328 

AAPH-exposed cells was clearly associated with a significant cell death. This, in turn, leads to 329 

lower ROS levels. However, in terms of morphology and number, it was apparent that cells treated 330 

with the same dose of resveratrol liposomes (i.e., 10 g) displayed features similar to untreated cells 331 

(Fig. 6). 332 

 333 

4. Conclusions 334 

The results of the present work demonstrated that the resveratrol formulation developed by using a 335 

commercially available liposomal platform ensured the requirements of quality, reproducibility, and 336 
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efficiency. The liposomes were small in size, highly stable, and effective in preserving the 337 

antioxidant activity of resveratrol and reducing its cytotoxicity at high doses. 338 

Therefore, these findings respond to the need to develop scalable formulations characterized by 339 

high quality, safety, and effectiveness. Further research, such as targeted in vivo tests, are needed to 340 

validate the in vitro potential of the resveratrol formulation for clinical translation. 341 
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Figure captions 422 

Figure 1. Cryo-TEM images of resveratrol liposomes. 423 

Figure 2. Long-term stability of resveratrol liposomes assessed by monitoring mean diameter 424 

(MD), polydispersity index (PI) and zeta potential (ZP) for 90 days. 425 

Figure 3. Effect of AAPH exposure on 3T3-L1 cells viability. Data are expressed as means ± SD; 426 

n=3. ** p≤0.01 vs. control (i.e., cells + 0 µM AAPH). 427 

Figure 4. Cell viability in the absence or presence of oxidative stress induced by AAPH and upon 428 

exposure to empty liposomes, resveratrol solution, and resveratrol liposomes for 5 h. Data are 429 

expressed as means ± SD; n=³3. * p<0.05 vs. control; **** p<0.0001 vs. control; ### p<0.005 vs. 430 

250 µM AAPH; #### <0.0001 vs. 250 µM AAPH. 431 

Figure 5. Effects of 5 h exposure to empty liposomes, resveratrol solution, and resveratrol 432 

liposomes on ROS production in 3T3-L1 cells, in the absence or presence of AAPH induced-433 

oxidative stress. Data are expressed as means of RFU (Relative Fluorescent Units) ± SD; n=³3. 434 

*p<0.05 vs. control; § p<0.0001 vs. control; # p<0.05 vs. 250 µM AAPH; ## p≤0.01 vs. 250 µM 435 

AAPH; ### p<0.005 vs. 250 µM AAPH; #### p≤0.0001 vs. 250 µM AAPH; ¤¤¤ p≤0.0001 vs. empty 436 

liposomes 10 μg + 250 µM AAPH;  p≤0.0001 vs. empty liposomes 1 μg + 250 µM AAPH;  437 

p=0.0005 vs. empty liposomes 0.1 μg + 250 µM AAPH. 438 

Figure 6. Representative microscope images of untreated 3T3-L1 cells (CTR), incubated with 250 439 

μM AAPH, or incubated with 250 μM AAPH and exposed for 5 h to 10 μg empty liposomes, 440 

resveratrol solution, or resveratrol liposomes. 441 
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Table 1. Composition of the liposomal formulations. 458 

Formulation LIPO-N RSV Tween80 H2O 

Empty liposomes 100 mg  20 mg 2 ml 

RSV liposomes 100 mg 4 mg 20 mg 2 ml 

 459 

 460 

Table 2. Characteristics of empty and resveratrol (RSV) liposomes: mean diameter (MD), 461 

polydispersity index (PI), zeta potential (ZP), and entrapment efficiency (E). Each value represents 462 

the mean ± SD (n ≥ 6). * values statistically different (p<0.05) from empty liposomes. 463 

Formulation 
MD 

nm ± SD 
PI 

PZ 

mV ± SD 

E 

% ± SD 

Empty liposomes 82 ± 4.4 0.22 ± 0.02 ‒25 ± 3.2 -- 

RSV liposomes 80 ± 7.2 *0.19 ± 0.02 ‒24 ± 3.2 83 ± 4.3 

 464 

 465 

Table 3. In vitro antioxidant activity of resveratrol in the vesicle formulations in comparison with a 466 

methanolic solution. DPPH results are expressed as AA (%) and as TEAC (g/ml) concentration. 467 

FRAP results are expressed as FE (g/ml) concentration. Results are reported as the mean value ± 468 

SD of 3 separate experiments, each performed in triplicate. 469 

 DPPH  FRAP 

Formulation 
AA 

(%) 

TEAC 

(g of Trolox 

equivalents/ml) 

 

FE 

(g of Fe2+ 

equivalents/ml) 

RSV in MeOH 87 ± 2.5 325 ± 3.3  8.8 ± 1.0 

Empty liposomes 8 ± 1.6 165 ± 23  0.2 ± 0.002 

RSV liposomes 84 ± 1.4 321 ± 7.0  8.1 ± 0.7 

 470 


