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� Resveratrol-loaded NLCs have been
proposed as therapeutic agents in
ARSACS.

� Results demonstrated their
antioxidant and anti-inflammatory
abilities.

� Transcriptomics and proteomics
confirm their therapeutic
potentialities.
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a b s t r a c t

Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is a neurological disease character-
ized by autosomal recessive mutations in the sacsin gene (SACS), that cause in patients progressive cere-
bellar atrophy, damage of the peripheral nerves, and cognitive impairment. No effective therapies have
been proposed for ARSACS, even if some evidences suggest that powerful antioxidant agents can be con-
sidered as a therapeutic tool. Resveratrol (Res) is a natural polyphenol compound derived from vegetal
sources, the application of which in biomedicine is increasing in the latest years owing to its significant
therapeutic effects, in particular in neurodegenerative diseases. In this study, we provide evidences about
its potential exploitation in the treatment of ARSACS. Because of the low solubility of Res in physiological
media, a nanoplatform based on nanostructured lipid carriers is proposed for its encapsulation and deliv-
ery. Resveratrol-loaded nanostructured lipid carriers (Res-NLCs) have been synthetized, characterized,
and tested on healthy and ARSACS patient fibroblasts. Nanovectors displayed optimal stability and bio-
compatibility, and excellent antioxidant and anti-inflammatory activities. A comprehensive investigation
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at gene (with real-time quantitative RT-PCR) and protein (with proteomics) level demonstrated the ther-
apeutic potential of Res-NLCs, encouraging future investigations on pre-clinical models.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Autosomal recessive spastic ataxia of Charlevoix-Saguenay
(ARSACS) is a rare early-onset detrimental neurological disorder,
caused by homozygote mutations in recessive SACS gene that
encodes the sacsin protein. Sacsin localizes in mitochondria, and
is crucial in neurons for physiological mitochondrial organization,
morphology, and function [1,2]. Being mitochondrial dysfunction
often correlated to excessive reactive oxygen species (ROS) produc-
tion [3], many therapeutic approaches envisage the exploitation of
antioxidants. In this direction, a previous work of our group tested
idebenone, a synthetic analog of coenzyme Q10, on ARSACS patient
fibroblasts. Another example involves the use of docosahexaenoic
acid (DHA), a phospholipid essential for central nervous system
(CNS) development and responsible for the maintenance of neu-
ronal physiological activities. This compound has been suggested
as a therapeutic agent to improve brain functions in ARSACS dis-
ease by triggering anti-apoptotic and anti-inflammatory responses
[4]. Baclofen is instead a synaptic reflex blocking agent that has
been exploited as a therapeutic agent to reduce the symptoms in
ARSACS patients, in terms of spasticity and muscle contractions
[5]. Besides traditional pharmaceutical strategies, physical activity
based on rehabilitation approaches has been also proposed to pro-
vide a symptomatic treatment in ARSACS patients [6].

The complexity of the CNS and the presence of the blood–brain
barrier (BBB) however hinder the effectiveness of many com-
pounds, that have to be loaded in nanotechnological platforms to
promote their targeting and therapeutic efficiency [7]. Among the
several options that nanomedicine offers, lipid-based nanosystems
are particularly suitable for the delivery and targeting of
hydrophobic compounds, given the protection and the stabiliza-
tion that offer in physiological media [8]. Liposomes, solid lipid
nanoparticles (SLNs), and nanostructured lipid carriers (NLCs) have
been developed as drug delivery systems for an efficient drug accu-
mulation at the level of the CNS [9], by providing drug stability,
prolonged half-life, and tailored release of the therapeutic mole-
cules [10]. NLCs, in particular, have been developed during the last
decade as alternative and advantageous nanovectors with respect
to more traditional SLNs. Composed by both solid and liquid lipids
at physiological temperatures, NLCs provide high level of drug
loading, excellent biocompatibility, tailorable biodegradation pro-
files, and are void of drug expulsion phenomena, instead typical
of SLNs because of the crystallization of their inner solid core
[11]. NLCs have been proposed for the delivery of curcuminoids
[12], of itraconazole (an antifungal agent) [13], and of chemother-
apy drugs [14,15].

In the present work, we exploit NLCs for the delivery and target-
ing of resveratrol (Res), as antioxidant agent in the treatment of
ARSACS. Resveratrol, a powerful antioxidant of vegetal origin,
was historically exploited in Asian traditional medicine against
cardiovascular diseases [16]. Nowadays, the pharmaceutical poten-
tial of Res is confirmed by various studies that demonstrated its
antioxidant, anti-inflammatory, anti-cancer, estrogenic, neuropro-
tective, cardioprotective, and anti-aging properties [17]. Promis-
ingly, the antioxidant activity of Res has been assessed on Cr(VI)-
dependent ROS overexpressing cells, and significant intracellular
ROS reduction was observed jointly to a down-regulation of the
inflammation stimulating factor NF-jB [18]. In another study,
Res effects have been evaluated in vivo on a model of Alzheimer’s
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disease, showing as the treatment reduced the amyloid plaque
development in medial cortex, striatum, and hypothalamus [19].
Specifically, its anti-amyloidogenic activity was suggested to be
triggered by the intracellular AMP-activated protein kinase (AMPK)
activation, which leads to the decrement of extracellular Ab accu-
mulation [20].

Res is a sensitive compound, that is easily altered by chemical
and physical stimuli such as light, oxidation, and hydrolysis; this
makes difficult a direct administration of this antioxidant agent,
and thus drug delivery nanoplatforms have been widely proposed
in the literature. Res-loaded SLNs and NLCs have been developed to
enhance the chemical stability of the compound and to improve
skin absorption in a dermal delivery approach [21]. In another
work, SLN encapsulation of Res enhanced its stability in blood cir-
culation against rapid metabolization in liver and intestinal epithe-
lial cells [22]. Moreover, the anti-transferrin receptor antibody
(OX26) decoration of Res-SLNs promoted significant transcytosis
across the BBB and distribution in CNS in in vivo models of Alzhei-
mer’s disease [22].

In the present study, we used resveratrol-loaded nanostruc-
tured lipid carriers (Res-NLCs) to decrease the oxidative stress in
ARSACS patient cells owing to the Res excellent antioxidant prop-
erties. After extensive physicochemical characterization of the pre-
pared nanovectors, the optimal dose in terms of biocompatibility
and up-take rate was determined on both healthy and ARSACS
patient fibroblasts. The effects on ROS production in tert-butyl-
hydroperoxide (TBH)-stimulated healthy and ARSACS patient cells
and on inflammatory cytokine release in lipopolysaccharide (LPS)-
stimulated cultures were thoroughly analyzed. Extensive gene and
protein expression analyses corroborated and confirmed collected
results.

2. Results

2.1. Physicochemical characterization

NLCs have been prepared using glyceryl dibehenate as solid
lipid, oleic acid as liquid lipid, poloxamer 188 as surfactant, and
1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene
glycol) (DSPE-PEG) as colloidal stabilizer. Different formulations
have been tested, as reported in Table S1, and being their charac-
terizations showed in Table S2. All prepared formulations show
good colloidal stability in water, with f-potential values below
�29.0 mV. However, according to their production yields, four dif-
ferent NLC formulations have been selected for Res loading
(namely NLCs_2, NLCs_5, NLCs_6, and NLCs_8), and their charac-
terization is shown in Table S3. The hydrodynamic average size
of NLCs_2, NLCs_5, NLCs_6, and NLCs_8 was found to be 154.0 ± 0.
7 nm, 130.2 ± 1.2 nm, 104.4 ± 0.4 nm, and 92.4 ± 1.5 nm, respec-
tively. After the Res loading, release from Res-NLCs has been pre-
liminary assessed (data not shown), and according to this, the
Res-NLCs_6 formulation (simply indicated in the following as
Res-NLCs) was selected for further studies, because of the well-
sustained Res release profile.

Fig. 1A depicts the structure of Res-NLCs; the characterization
of NLCs and Res-NLCs has been performed by transmission elec-
tron microscopy (TEM) imaging as shown in Fig. 1B and 1C, respec-
tively. Results indicate the presence of spherical and highly
uniform NLCs and Res-NLCs. The hydrodynamic size distribution
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Fig. 1. A) Schematic representation of Res-NLCs. Representative TEM images of B)
NLCs and C) Res-NLCs. D) Size distributions and E) f-potential measurements of
NLCs and Res-NLCs. F) DSC thermograms and G) Raman spectra of Res, NLCs, Res-
NLCs and glyceryl dibehenate.

Fig. 2. A) Res release profile from Res-NLCs at several time points (1, 4, 24, and
72 h) and under different treatments (at pH 4.5, 7.4, and 9.0). B) Characterization of
Res-NLCs antioxidant activity, expressed as Trolox equivalent. The values are
presented as the mean ± standard error of 3 different measurements.
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assessed through dynamic light scattering (DLS) resulted 122.4 ± 1.
2 nm and 142.0 ± 0.8 nm, respectively (Fig. 1D), while f-potential
�29.2 ± 0.5 mV and �31.7 ± 0.6 mV (Fig. 1E). Long-term stability
of NLCs and Res-NLCs has been monitored using DLS and f-
potential measurements at 4 �C and at room temperature up to
60 days (Fig. S1): results showed that both NLCs and Res-NLCs
remained stable at 4 �C. The particle size distributions showed
good homogeneity, with polydispersity index (PDI) values < 0.3
[23]. At room temperature, however, a mild instability was found,
suggesting 4 �C as long-term storing condition for our formula-
tions. Differential scanning calorimetry (DSC) analyses have been
performed to elucidate the physical state of the lipids used in NLCs
and to correlate alterations with Res incorporation, as shown in
Fig. 1F. The endothermic peak corresponding to the melting point
of glyceryl dibehenate was found at 72.92 �C, while Res-NLC and
NLC endothermic peaks were consistently detected at 70.83 �C
and 70.16 �C, respectively. Besides, the endothermic peak of the
3

free Res was found at 268.21 �C; the absence of this peak in the
Res-NLCs suggests the absence of Res in crystalline state, confirm-
ing its loading in the amorphous lipid component [24]. Raman
spectroscopy characterization was finally carried out (Fig. 1G). Free
Res and Res-NLCs show similar peaks at around 1000 cm�1,
1156 cm�1, 1612 cm�1, and 1638 cm�1 [25], while glyceryl
dibehenate, NLCs and Res-NLCs samples have similar peaks at
around 2850 cm�1 and 2884 cm�1 [26]. These further confirmed
the successful entrapment of Res in NLCs; furthermore, the charac-
teristic Res peak at around 1638 cm�1 was selected for label-free
internalization analysis.
2.2. Drug loading, release, and antioxidant activity evaluation

The drug loading capacity (LC) and the encapsulation efficiency
(EE) of Res-NLCs were assessed through both direct and indirect
approaches (please check Experimental Section for details). In
direct measurements, EE was found to be 90.3 ± 3.0%, while LC
2.35 ± 0.04% (Table S3); consistently, indirect measurements gave
as result EE = 91.2 ± 3.0% and LC = 2.37 ± 0.03%. The percentage of
encapsulated Res in NLCs was found to be satisfactorily high when
compared to the literature [27]; finally, a production yield of
51.1 ± 3.8% was determined.

The cumulative Res released from Res-NLCs at different time
points (1, 4, 24, and 72 h) and at different pH values (pH 9.0, 7.4,
and 4.5) is reported in Fig. 2A. At the end-point of observation
(72 h), 40.4 ± 2.1% of Res was released at pH 4.5, 31.6 ± 3.3% at
pH 7.4, and 31.1 ± 1.2% at pH 9.0, denoting a slightly increased
release extent at acidic pH value.

The antioxidant capacity of Res-NLCs was comparatively
assessed with respect to the highest concentrations of free Res
and bare NLCs by using a total antioxidant capacity assay
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(Fig. 2B), and by exploiting Trolox, a water-soluble analogue of
vitamin E, as reference. Results showed that 350 mg/mL of Res-
NLCs (equivalent to 50 mM of free Res) have indeed comparable
antioxidant capacity of 50 mM of Res, corresponding respectively
to 269.0 ± 13.1 and 259.5 ± 41.7 mM of Trolox. Conversely,
140 mg/mL of Res-NLCs (corresponding to 20 mM of free Res) and
70 mg/mL of Res-NLCs (corresponding to 10 mM of free Res) show
an equivalent of 126.0 ± 17.0 and 65 ± 5.7 mM of Trolox, respec-
tively, suggesting a concentration-dependent Res-NLC antioxidant
capacity.

2.3. Cytocompatibility investigation

The biocompatibility of Res-NLCs was evaluated in vitro on
healthy and patient fibroblast cells by using Picogreen assay, an
indirect indicator of cell proliferation that quantifies the total
amount of DNA in a culture. Six different concentrations of Res-
NLCs (14, 35, 70, 140, 350, and 700 mg/mL, corresponding to 2, 5,
10, 20, 50, and 100 mM of free Res) were tested in parallel with free
Res and bare NLCs for 24 and 72 h. As shown in Fig. 3A and 3B,
healthy and patient cells did not show any statistically significant
decrease in cell viability after 24 h, while a significant increase
(118 ± 2%) was observed on patient fibroblasts at the highest used
Res-NLC concentration (p < 0.05). After 72 h of incubation, no sta-
tistically significant differences were found on healthy cells; a
moderate increase (104 ± 1%) was again observed at the highest
concentration of Res-NLCs. In ARSACS fibroblasts, no appreciable
cytotoxic effects have been observed as well. Considering all these
data, a precautionary concentration of 140 mg/mL Res-NLCs (corre-
sponding to 20 mM of free Res) has been used in the following
experiments.

2.4. Cellular internalization

Cellular localization of Res-NLCs in healthy and ARSACS fibrob-
lasts has been qualitatively assessed after 24 h of incubation. Con-
focal microscopy imaging of fluorescently labeled Res-NLCs
Fig. 3. Biocompatibility studies on A) healthy and B) ARSACS fibroblasts treated fo
mean ± standard error of 3 different measurements (* p < 0.05).
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(green), F-actin (red), and nuclei (blue) are shown in Fig. 4A, denot-
ing nanoparticles localized in the cytoplasm, and particularly in the
perinuclear area; 3D confocal acquisitions are moreover showed in
Fig. S2.

Confocal Raman microscopy was also exploited as complemen-
tary tool for label-free internalization assessment. Signal maps
were originated basing on intensity of Res peak signature (Raman
shift 1631 cm�1–1664 cm�1) and on that one of phenylalanine
(indicating the cells, 980 cm�1–1018 cm�1) [28]. In Fig. 4B, these
ranges can be seen on the representative spectra of patient and
healthy fibroblasts incubated with Res-NLCs. The range and the
related map that indicates the signal coming from Res-NLCs are
depicted in green, while the range and the related map that indi-
cates the signal coming from cells in red. Overall, extensive inter-
nalization in the perinuclear area is confirmed. Spectra and
imaging of control cells (without Res-NLCs incubation) are
reported for comparison in Fig. S3.
2.5. Oxidative stress

Intracellular oxidative stress levels of healthy (Fig. 5A and 5B)
and ARSACS (Fig. 5C and 5D) fibroblasts were evaluated after two
different experimental protocols (please check Experimental Sec-
tion for details), designed to test ROS protective effects of Res-
NLCs against intracellular ROS production (Treatment 1, Fig. 5A
and 5C) or therapeutic effects of Res-NLCs in ROS-injured cells
(Treatment 2, Fig. 5B and 5D). Intracellular ROS generation has
been stimulated by TBH, and experiments have been carried out
on both insulted (TBH+) and non-insulted (TBH�) cultures. In Treat-
ment 1, fibroblasts have been simultaneously treated with Res-
NLCs and TBH or just with Res-NLCs without TBH , in order to
detect protective effects of Res-NLCs against oxidative stress. In
Treatment 2, healthy and patient cells were first exposed to TBH
to induce ROS production, and thereafter treated with Res-NLCs
to evaluate therapeutic effects of Res-NLCs. ROS levels have been
evaluated through flow cytometry following CellROXTM staining.
Concerning healthy cells, we have in all cases a significant decre-
r 24 and 72 h with Res, Res-NLCs, and NLCs. The values are presented as the



Fig. 4. A) Representative confocal images of healthy and patient fibroblasts treated for 24 h with fluorescently-labelled Res-NLCs (green). F-actin (red) and nuclei (blue) are
also shown. B) Confocal Raman imaging of patient and healthy fibroblasts treated with Res-NLCs for 24 h. Representative Raman spectrum of the cells is also shown. Bright
field (Bf) image and cropped Bf image of mapped area are shown for both samples, followed by Raman signal indicating Res-NLCs (Raman shift range: 1631 cm�1-1664 cm�1),
Raman signal indicating cells (Raman shift range: 980 cm�1-1018 cm�1), and merged image of Raman signals originating from Res-NLCs and cells. Red and green colored areas
on the spectrum are associated with the spectral range of cells and Res-NLCs, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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ment of ROS-positive cells in the presence of Res-NLCs. A moder-
ate, yet significant, effects was found also in Treatment 2 following
incubation of TBH+ cultures with plane Res and empty NLCs (most
probably because of a mild antioxidant activity of the lipids). A
similar trend was confirmed in ARSACS cultures, for both treat-
ments, with the exception of Treatment 1 in non-stimulated cells,
where conversely Res and Res-NLCs showed a mild increment of
ROS-positive cells.

Representative flow cytometry scatter plots of experiments are
reported in Figs. S4 and S5. Furthermore, morphological changes in
healthy and patient fibroblasts after Treatment 1 and 2 were mon-
itored using bright-field microscopy, and qualitative assessment of
the culture status is in line with the quantitative ROS evaluation
(Figs. S6–S9).
5

2.6. Cytokine production

The effects of different treatments on the inflammatory cytoki-
nes interleukin 6 (IL-6) and interleukin 8 (IL-8) have been evalu-
ated on lipopolysaccharides (LPS)-stimulated healthy and patient
fibroblasts (Fig. 6). First of all, the effects of bare Res on IL-6 and
IL-8 release have been evaluated after both Treatment 1 and 2.
As shown in Fig. 6A, following Treatment 1, release of IL-6 was
not statistically different with respect to the control cultures;
while a significant (p < 0.05) decrement of IL-8 release from 163.
8 ± 10.8 pg/mg to 82.4 ± 4.6 pg/mg was found. Considering Treat-
ment 2, a significant decrement in IL-6 (from 95.8 ± 4.8 pg/mg to
75.8 ± 2.3 pg/mg) and IL-8 levels (from 163.8 ± 10.8 pg/mg to 59.2
± 4.1 pg/mg) has been found in healthy fibroblasts (Fig. 6B). As



Fig. 5. Percentage of CellROX+ cells in healthy fibroblast cultures after A) Treatment 1 and B) Treatment 2, with and without TBH insult. Percentage of CellROX+ cells in
ARSACS fibroblast cultures after C) Treatment 1 and D) Treatment 2, with and without TBH insult. The values are presented as the mean ± standard error of 3 different
measurements (* p < 0.05).
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shown in Fig. 6C, cytokine release decreased also in patient fibrob-
lasts after Treatment 1; specifically, IL-6 release decreased from
300.7 ± 5.8 pg/mg to 237.1 ± 0.6 pg/mg and IL-8 release decreased
from 360.2 ± 23.4 pg/mg to 246.9 ± 16.4 pg/mg. However, after
Treatment 2, only IL-6 release from patient fibroblasts significantly
6

decreased from 104.2 ± 4.7 pg/mg to 75.5 ± 0.2 pg/mg, as seen in
Fig. 6D. When cultures were treated with Res-NLCs and LPS simul-
taneously (Treatment 1), IL-6 and IL-8 levels significantly (p < 0.05)
decreased to 125.5 ± 6.3 pg/mg and 55.3 ± 0.5 pg/mg from 180.8 ± 1
3.9 pg/mg and 168.2 ± 4.2 pg/mg, respectively, in LPS-stimulated



Fig. 6. Detection of IL-6 and IL-8 release from healthy fibroblasts after A) Treatment 1 and B) Treatment 2, and from ARSACS fibroblasts after C) Treatment 1 and D) Treatment
2. Results have been normalized over the total protein content (* p < 0.05).
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cells treated with Res-NLCs with respect to LPS-stimulated control
cultures (Fig. 6A). Fig. 6B shows the effect of Res-NLCs after a pre-
incubation with LPS (referred as to Treatment 2). In this treatment,
IL-6 levels significantly decreased to 73.8 ± 0.2 pg/mg from 95.8 ± 4.
8 pg/mg on the cells treated with Res-NLCs, while the decrease of
IL-8 levels was more pronounced (from 163.8 ± 10.8 pg/mg to 43.
6 ± 0.2 pg/mg). Concerning patient fibroblasts, Fig. 6C shows a sig-
nificant decrement of IL-6 levels (from 300.7 ± 5.8 pg/mg to 235.5
± 22.5 pg/mg) and of IL-8 levels (from 360.2 ± 23.4 pg/mg to 197.
2 ± 4.7 pg/mg) on cells treated with Res-NLCs after Treatment 1.
As shown in Fig. 6D, Res-NLCs decreased the IL-6 and IL-8 levels
significantly in patient fibroblasts as well after Treatment 2. IL-6
7

levels decreased from 104.2 ± 4.7 pg/mg to 70.5 ± 4.4 pg/mg, while
IL-8 levels from 83.6 ± 9.5 pg/mg to 54.7 ± 0.7 pg/mg with respect to
control cultures. No differences were observed among all the
experimental groups of all the treatments in cultures without LPS
stimulation, as well as in the treatment with plain NLCs.

2.7. Gene transcription and proteomics

Transcription profile of genes involved in oxidative stress and
mitochondrial functionalities has been evaluated on ARSACS
fibroblasts with and without Res-NLC treatments. Results are
reported in Fig. 7 and in Tables S4 and S5. After Res-NLCs treat-



Fig. 7. Volcano plots showing up- and down-regulation of A) oxidative stress-related genes and B) mitochondria-related genes on patient fibroblasts treated with Res-NLCs
(140 mg/mL) with respect to control cultures (0 lg/mL).
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ment, we found statistically significant down-regulation of BNIP3
(coding for BCL2 interacting protein 3) and of TPO (coding for thy-
roid peroxidase) among genes related to the oxidative stress.
Despite statistically non-significant, an important down-
regulation was also found for SPINK1 (serine peptidase inhibitor
Kazal type 1), ALB (albumin), GPX5 (glutathione peroxidase 5),
MBL2 (mannose binding lectin 2), ATOX1 (ATX1 antioxidant protein
1 homolog), and CCL5 (chemokine (C-C motif) ligand 5); UCP2 (un-
coupling protein 2) and TTN (titin) were instead up-regulated
(Fig. 7A). Among mitochondria-related gene, a statistically signifi-
cant down-regulation of CPT1B (carnitine palmitoyltransferase)
was observed upon Res-NLC treatment (Fig. 7B).

Proteomic analysis was analogously carried out on ARSACS
fibroblasts either treated or not with Res-NLCs, and results are
depicted in Fig. 8. A significant over-expression (6-fold, p < 0.05)
was detected for titin, heterogeneous nuclear ribonucleoprotein
K, androglobin, and myosin-3; while polyhomeotic-like protein 2
and E3 ubiquitin-protein ligase NRDP1 were 4-fold over-
expressed (Fig. 8A). Significant under-expression (6-fold,
p < 0.05) was instead found for rRNA/tRNA 2-O-
methyltransferase fibrillarin-like protein 1 and Rho GTPase-
activating protein 31, while 4-fold under-expression was found
for ATP-dependent RNA helicase and methyl-CpG-binding domain
protein 4. A heatmap reporting all the over-expressed (in red) and
under-expressed (blue) analyzed proteins is depicted in Fig. 8B.
3. Discussion

In this study, ARSACS patient fibroblasts have been considered
as an in vitro model of this pathology, since their phenotype allows
correlation between metabolism and disease to be evaluated [29–
31]. Pathological cells have been comparatively investigated along
with normal healthy fibroblasts, for the assessment of antioxidant
and anti-inflammatory effects of resveratrol-loaded nanovectors.
In the recent years, resveratrol became particularly popular in bio-
8

medicine because of the so-called ‘‘French paradox”, a phe-
nomenon depicting the low incidence of cardiovascular diseases
in French people despite their high-fat diet [32]. Resveratrol acts
as a free radical scavenger because of the redox features of its phe-
nolic hydroxyl groups; moreover, it owns the ability to trigger sev-
eral intracellular antioxidant enzymes [33]. It is reported that high
doses of resveratrol (up to 5 g daily) could improve the neurologic
function in Friedreich’s ataxia, which is an autosomal recessive
neurodegenerative disorder [34].

Because of the insolubility of the resveratrol in aqueous media,
in this study we adopted an encapsulation in nanostructured lipid
carriers. NLCs have been preferred with respect to other nanocar-
rier typology since they usually present high drug loading, sus-
tained drug release, and are void of drug expulsion phenomena
due to the crystallization of the inner solid core (phenomenon
instead typical in SLNs). Furthermore, some studies point out a bet-
ter cell internalization extent of NLCs when compared to SLNs [21].
In our formulation, glyceryl dibehenate has been chosen as solid
lipid, since it further promotes a high drug loading, allowing the
long chain length of behenic acid the intermolecular entrapment
of drug molecules [35]. Another important feature in the prepara-
tion of NLCs is the choice of the surfactants, that control the size
and the stability of the particles, preventing their aggregation even
in long-storage conditions. Poloxamer 188 was exploited due to its
excellent ability to decrease surface tension while guaranteeing, at
the same time, high biocompatibility [36]. Our results showed that
obtained nanovectors presented optimal stability and size distribu-
tion (up to 2 months) suitable for cellular investigation [37], excel-
lent biocompatibility, and dose-dependent antioxidant activity
comparable to that one of bare Res.

Calorimetric analysis on Res-NLCs, Res, NLCs, and glyceryl
dibehenate indicates the high stability of the lipids even following
the Res encapsulation. Moreover, the typical DSC resveratrol peak
was lost upon NLC encapsulation, suggesting its successful solubi-
lization in the liquid lipid phase [21].



Fig. 8. A) Volcano plot and B) heatmap showing over- and under-expression of
proteins in Res-NLCs-treated (140 mg/mL) ARSACS fibroblasts with respect to
control cultures.
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Amajor signature in ARSACS cells is the over-production of ROS,
that correlates with a decreased mitochondrial function [3]. In par-
ticular, mutations occur in SACS gene encoding sacsin, a protein
localized on the mitochondrial membrane, supposedly involved
in the respiratory chain. In ARSACS cells, the mitochondrial func-
tionality is highly impaired, and this is reflected into a decrement
of the respiratory chain activity, that leads to lower ATP synthesis
and ROS over-production [30]. Here, we showed as Res-NLCs lim-
ited oxidative stress, even in presence of a pro-oxidant stimulus;
moreover, Res-NLCs resulted to be more efficient with respect to
bare Res, most probably because of an improved stability of the
antioxidant agent in aqueous environment [38].

Chronic neuroinflammation plays a key role in neurodegenera-
tive disorders, and it leads to development of pathological condi-
tions such as Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis, and glioblastoma [39]. Furthermore, chronic neuroin-
flammation is stimulated by a continuous secretion of inflamma-
tion stimulatory cytokines [40]. Therefore, in this study, release
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of inflammatory cytokines IL-6 and IL-8 has been evaluated upon
LPS stimulation, and protective effects of Res-NLCs have been
demonstrated. As many other cytokines, IL-6 and IL-8 are key fac-
tors in generation of inflammation in case of exposure to infections
and toxins. [41]. However, despite their involvement in recovery
actions, over-production of IL-6 and IL-8 can cause a chronic neu-
roinflammation [42]. In an interesting study, Res showed a promis-
ing efficiency against neuroinflammation by suppressing IL-1b, IL-
6, and TNF-a secretion from glial cells [43]. Res treatment also up-
regulated the expression of the suppressor of cytokine signalling-1
(SOCS-1), supporting the hypothesis of its role in neuroinflamma-
tion reduction. Moreover, resveratrol has been reported to
decrease LPS-induced IL-8 production via regulating p38 MAPK,
ERK1/2, and NF-jB activity [44]. In our study, Res-NLCs-treated
healthy and patient cells showed statistically significant decrease
in IL-6 and IL-8 levels, in agreement with the literature [45].

The alteration of regulation of several genes related to ROS
metabolism was further evaluated using qRT-PCR, and we found
statistically significant down-regulation of BNIP3 and TPO genes.
In the literature, there is considerable debate regarding BNIP3;
some studies indicate that BNIP3 could induce cell death by
competing with beclin-1 to bind to Bcl-2, and binding to Rheb thus-
blocking its activity and leading to autophagic cell death [46]; con-
versely, other evidences demonstrate that BNIP3 could promote cell
survival through a NF-jB mediated silencing [47]. Pan et al. found
that BNIP3 down-regulation in smooth muscle cell culture results
in loss of mitochondrial matrix structure [48]. Our finding of a
down-regulation of BNIP3 upon Res-NLCs administration may be
indicative of Res-NLC capability of modulatingmitochondrial activ-
ity; however, further studies are required to assess the mechanism.
TPO is mainly involved in autoimmune thyroid disorders [49], but
neurological manifestations related to autoimmune thyroid disor-
ders have been frequently indicated in the literature [50]. Correia
et al., as an example, revealed high anti-TPO antibody titers for a
61-year-old female patient, leading to a diagnosis of encephalopa-
thy associated with autoimmune thyroid disease, characterized
by neurological symptoms [51]. Despite no relevant alteration of
the thyroid function has been found in ARSACS patient [52], it is
however interesting to highlight TPO down-regulation on ARSACS
fibroblasts upon Res-NLCs treatment, in line with other studies that
show resveratrol-induced TPO down-regulation [53].

Among the 84 mitochondria-related genes we investigated, a
significant down-regulation upon Res-NLC treatment was found
for CPT1B. Localized on the outer mitochondrial membrane, the
protein coded by this gene plays an important role in muscle mito-
chondrial b-oxidation of long-chain fatty acids [54]. In the litera-
ture, up-regulation of CPT1B is reported in post-traumatic stress
disorder, which is associated with mitochondrial dysfunction in
the brain [55]. Conversely, the inhibition of CPT1B is correlated
with decreased ROS production, most probably because of the inhi-
bition of fatty acid oxidation [56]. Altogether, CPT1B down-
regulation can be an important marker highlighting rescue of
ARSACS cells from ROS overproduction.

Proteomics analysis showed significantly modulated proteins
associated to the Res-NLC treatment on ARSACS fibroblasts. Titin
and heterogeneous nuclear ribonucleoprotein K were significantly
over-expressed (6-fold). Titin plays a role during myogenesis, by
providing elasticity to muscle and contributing to several signaling
functions [57]. It is one of the 10 most frequently reported marker
in neuromuscular disorders (2249 neurology patients), and it is a
top contributor to congenital myopathy [58]; furthermore, varia-
tion in titin expression was identified by whole-exome sequencing
in ARSACS patient [59]. Since the mutation in titin causes several
different muscle disorders [60], the over-expression of titin upon
administration of Res-NLCs encourages further investigations on
the applicability of Res-NLCs as therapeutic agents in a wide range
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of neuromuscular pathologies. Heterogenous nuclear ribonucleo-
proteins represent a large family of RNA-binding proteins, which
contributes to several aspects of nucleic acid metabolism, includ-
ing alternative splicing, transcriptional and translational regula-
tion, and mRNA stabilization [61]. Given their extensive
involvement in maintaining the functional integrity of the cell, it
is not surprising that their dysfunction is involved in many neu-
ropathological conditions, such as spinal muscular atrophy [62],
amyotrophic lateral sclerosis [63], and multiple sclerosis [64]. In
our study, we found a 6-fold over-expression of heterogeneous
nuclear ribonucleoprotein K upon Res-NLC treatment, suggesting
a positive effect in neurological diseases.

rRNA/tRNA 2-O-methyltransferase fibrillarin-like protein 1 and
Rho GTPase-activating protein 31 were significantly under-
expressed (6-fold) on ARSACS patient fibroblasts following Res-
NLC treatment. Fibrillarin is involved in pre-ribosomal RNA pro-
cessing, and catalyzes site-specific ribose methylation of ribosomal
RNA [65]; it also interacts with the survival of motor neurons pro-
tein involved in spinal muscular atrophy, an autosomal neuromus-
cular recessive disease [66]. Our results, which indicate under-
expression of rRNA/tRNA 2-O-methyltransferase fibrillarin-like
protein 1, suggest an indirect protective role of Res-NLCs. The
Rho GTPase-activating proteins are instead crucial in cell
cytoskeletal organization, neuronal development, and synaptic
functions [67]. Although RhoA activity is required for skeletal mus-
cle cell differentiation [68], an in vitro study suggested that down-
regulation of RhoA is essential for subsequent cell cycle with-
drawal, expression of skeletal muscle differentiation genes, and
myotube fusion [69]. Another study also demonstrated the
down-regulation of Rho-GTPase-activating protein during skeletal
muscle maturation and fusion [70]. Our finding of an under-
expression of Rho GTPase-activating protein 31 on ARSACS patient
cells upon Res-NLC administration may be an important finding for
many pathological contexts; however, further investigations are
still required.

Gene ontology (GO) analysis indicated significant over-
expression of proteins involved in ‘‘protein containing complex
subunit organization”, ‘‘mRNA processing”, ‘‘RNA splicing”, ‘‘mRNA
splicing, via spliceosome”, ‘‘RNA splicing, via transesterification
reactions with bulged adenosine as nucleophile”, ‘‘RNA process-
ing”, ‘‘mRNA metabolic process”, ‘‘protein-containing complex
assembly”, and ‘‘cellular component disassembly”. The complete
list of the significantly changed GO terms has been reported in
Table S6. Autosomal recessive cerebellar ataxias have molecular
pathogenesis including disorders of mitochondrial or cellular
metabolism, and impairments of DNA repair or RNA processing
functions [71]. The association between the defective mitochon-
drial mRNA maturation and spastic ataxia was demonstrated
[72]; furthermore, it was suggested that mitochondrial dysfunction
may result from abnormal mitochondrial RNA maturation and pro-
cessing [73]. Morani et al. investigated the functional transcrip-
tome analysis in ARSACS knockout neuronal-like SH-SY5Y cells
[3], and found that the most differentially expressed genes are
associated with RNA processing, which is in line with our findings.
Finally, we would like to stress as proteomics-based strategies
have been recently exploited in order to detect changes in protein
levels of ARSACS patient cells, aiming at identifying biomarkers
and functional pathways impaired in the disease, suggesting the
importance of -omics technologies in elucidating the pathogenesis
of ARSACS [74].
4. Conclusions

NLCs represent an excellent technology for drug delivery in
neurological disease, presenting high drug loading, tunable drug
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release, excellent stability in long-term storage, and high biocom-
patibility. In addition, they can be produced at large-scale without
using organic solvents, that are considered to decrease biocompat-
ibility [75]. In this study, resveratrol-loaded NLCs have been
successfully synthesized, and their antioxidant and anti-
inflammatory effects demonstrated on an in vitromodel of ARSACS.
Our results show that the proposed nanovectors can be used as a
protective and therapeutic agent to decrease oxidative stress and
limit the production of inflammatory cytokines. Gene expression
and proteomic analyses corroborated our findings, suggesting as
Res-NLCs can play an important role against impaired mitochon-
drial function and supporting antioxidant defense mechanisms.
Altogether, we can conclude as Res-NLCs can be considered a ther-
apeutic tool in ARSACS, motivating future research towards in vivo
pre-clinical studies. In particular, being ARSACS a neurological dis-
ease characterized by mitochondrial dysfunctions, targeting strate-
gies to mitochondria might be the next step of this approach, to
further improve the therapeutic efficacy of the proposed drug
delivery system.
5. Experimental section

5.1. Preparation of NLCs

NLCs were fabricated using glyceryl dibehenate (Gattefossé
SAS) as solid lipid, oleic acid (Sigma-Aldrich) as liquid lipid, polox-
amer 188 (Sigma-Aldrich) as surfactant, and DSPE-PEG (Nanocs
Inc.) as colloidal stabilizer. They were weighted according to
Table S1 and mixed in MilliQ water. For resveratrol-loaded NLCs
(Res-NLCs), resveratrol (Sigma-Aldrich) was weighted (0.01%,
w/v) and added to the formulation with lipids. The lipids and the
surfactant were heated at 75 �C, separately; thereafter, they were
mixed and kept at 75 �C for 10 min. Next, the mixtures were son-
icated using an ultrasonic tip (FisherbrandTM Q125 Sonicator) for
10 min at 90% amplitude of power. At the end of the procedure,
a step at 4 �C for at least 1 h followed. Obtained NLCs were filtered
with a 0.2 lm filter (Sartorius Minisart Plus Syringe Filters) to
eliminate aggregates; a further purification with an Amicon�

Ultra-4 centrifugal filter (100 kDa, Sigma-Aldrich) at 7100g for
10 min was performed for three times. The samples were stored
in plastic vials at 4 �C for further experiments.

For the preparation of fluorescently labeled Res-NLCs, 5 mM of
VybrantTM DiO dye (Invitrogen) was mixed with 1 mg/mL of
Res-NLCs, and the mixture was stirred for 4 h at room temperature.
A further purification step, to remove free dye, was performed as
previously described with an Amicon� Ultra-4 centrifugal filter.

5.2. Dynamic light scattering and f-potential assessment

The colloidal stability of nanovectors was monitored in terms of
size distribution and f-potential using a Zetasizer Nano NS
(Malvern Instruments), upon dispersion in MilliQ water
(10 mg/mL); the analyses have been performed at room tempera-
ture in triplicate. Long-term stability was assessed as well, storing
samples at 4 �C and at room temperature for 2 months and period-
ically performing dynamic light scattering measurements.

5.3. Production yield (PY), entrapment efficiency (EE), loading capacity
(LC), and release tests

Samples were frozen at �20 �C for 12 h, and then kept at �80 �C
for 30 min. Thereafter, freeze-drying was carried out for 12 h
using a FreeZone Freeze Dryer by Labconco. The production yield
(PY) was calculated using the lyophilized sample according to
Equation (1):
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PYð%Þ ¼ ðWtheoretical �Wfreeze�driedÞ
Wtheoretical

� 100 ð1Þ

where Wtheoretical is the theoretical amount (in mg), and Wfreeze-dried

is the freeze-dried amount (in mg) of the sample.
The EE and LC of Res-NLCs were directly measured after dissolv-

ing the lipids of the nanoparticles with a methanol:water (1:1 v/v)
solution. Briefly, freeze-dried nanoparticles were dispersed in the
methanol:water solution and kept at 75 �C for 2 h under stirring.
Thereafter, samples were centrifuged at 7100g for 15 min. The
supernatants were analyzed using a HPLC Shimadzu LC-20A for
Res detection. The mobile phase was a mixture of methanol and
water (52:48 v/v) with a flow rate of 1 mL/min. The injection vol-
ume and UV wavelength were set as 5 mL and 306 nm, respectively.
Standard samples of Res in methanol:water mixture (1:1, v/v) have
been previously prepared and analyzed in order to obtain a calibra-
tion curve (Fig. S10A).

The EE and LC of Res-NLCs were moreover indirectly measured
by calculating the free Res present in the aqueous phase upon
nanovector preparation using Eqs. (2) and (3), respectively. All
the supernatants were collected after the washing steps and ana-
lyzed though HPLC as previously described.

EEð%Þ ¼ Wtotal �Wfree

Wtotal
� 100 ð2Þ

LCð%Þ ¼ Wtotal �Wfree

Wfreeze�dried
� 100 ð3Þ

where Wtotal is the total amount of Res (in mg) used in the prepara-
tion, and Wfree is the free Res present in the aqueous phase (in mg).
Wfreeze-dried is the freeze-dried amount (in mg) of the sample.

Res cumulative release investigation has been performed in PBS
at three different time points (1, 4, 24, and 72 h) and at different pH
values (pH 4.5, 7.4, and 9.0), through HPLC analysis as previously
described.

5.4. TEM imaging

Each sample (diluted 1:5 v/v) was adsorbed (for 20 s) on
plasma-cleaned pure carbon 300 mesh copper grids. After several
washing steps, the grids were negatively stained with a solution
of uranyl acetate (1% in distilled water) for 60 s. The resulting sam-
ples were then analyzed in bright field mode using a JEOL JEM 1011
(JEOL) transmission electron microscope equipped with a thermio-
nic source (W filament) operating at an acceleration voltage of
100 kV and with a Gatan Orius SC1000 series charge coupled
device (CCD) camera (4008 2672 active pixels).

5.5. Differential scanning calorimetry (DSC) analysis

In order to assess nanovectors melting behavior, DSC analysis
has been carried out on the lipid carriers as well as on the bulk
materials (Res and glyceryl dibehenate), by using a differential
scanning calorimeter DSC-1 STARe System (Mettler Toledo). Before
the measurements, NLCs and Res-NLCs were freeze-dried, and the
dried samples were weighted into the aluminum pans (0.5–
1.0 mg). The measurements were performed under a nitrogen air
atmosphere between 30 and 300 �C with a heat rate of 10 �C/min.

5.6. Raman spectroscopy analysis

Raman spectroscopy was performed on NLCs, Res-NLCs, Res,
and glyceryl dibehenate using a Horiba LabRAM HR Evolution
Raman microscope equipped with a 532 nm laser. All measure-
ments were performed at least three times.
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5.7. Total antioxidant capacity assay

Antioxidant features of Res-NLCs were measured using a total
antioxidant capacity assay kit (Sigma-Aldrich) according to the
manufacturer’s instructions. Before starting, all reagents were
allowed to reach to room temperature. Then, 100 mL of 70, 140,
and 350 mg/mL Res-NLCs (corresponding to 10, 20, and 50 mM of
resveratrol) were added into 96-well plates wells. 50 mM Res and
350 mg/mL of NLCs were used as positive and negative controls,
respectively. For Trolox standards, 100 mL of 0, 80, 120, 160, 200,
and 400 mM solutions were considered. 100 mL of Cu2+ working
solution were thereafter added to all samples and standards. Fol-
lowing an incubation in the dark for 90 min, the absorbance was
assessed at 570 nm using a Perkin Elmer Victor X3 microplate
reader. A standard curve for the correlation of Trolox concentration
to antioxidant capability was exploited (Fig. S10B).

5.8. Cell cultures

Human healthy fibroblasts (ATCC� PCS-201-012TM) were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) sup-
plemented with 10% fetal bovine serum (FBS, Gibco), 1 mM sodium
pyruvate (Gibco), 2 mM L-glutamine (Gibco), and 100 IU/mL of
penicillin–streptomycin (Gibco). ARSACS patient fibroblasts
derived from human skin punch biopsies were cultured in DMEM
supplemented with 15% FBS, 10 ng/mL fibroblast growth factor
(FGF, Sigma-Aldrich), 1 mM sodium pyruvate, 2 mM L-glutamine,
100 IU/mL of penicillin–streptomycin. Patient fibroblasts were col-
lected according to standard procedures for diagnostic skin biop-
sies, and the study was carried out in accordance to the
Declaration of Helsinki. Healthy and ARSACS patient fibroblasts
at similar culture passages (P10–P15) were investigated.

5.9. Proliferation analysis: PicoGreen assay

For the proliferation analysis, healthy and ARSACS fibroblasts
were seeded at 2�104 cells/cm2 in 24-well plates, and analyzed
using Quant-iT PicoGreen dsDNA assay kit (Invitrogen) following
manufacturer’s instruction. At 24 h from seeding, cells were trea-
ted with NLCs (14–700 mg/mL), Res-NLCs (14–700 mg/mL corre-
sponding to 2–100 mM of Res) and Res (2–100 mM). After 24 and
72 h of incubation, cells were rinsed with PBS three times. Then,
MilliQ water (500 mL) was added to the cells, and samples frozen
at �80 �C. After three freezing and thawing cycles, the cells were
analyzed with PicoGreen assay, which allows quantifying dsDNA
content. Cell lysates (50 mL) were mixed with 100 mL of working
solution, and then 150 mL of PicoGreen dye was added. Following
incubation for 10 min in the dark, fluorescence was measured
using a Perkin Elmer Victor X3 microplate reader (kex = 485 nm;
kem = 535 nm). The experiments were performed using two differ-
ent cell batches and at least in triplicate.

5.10. Cellular internalization

For confocal microscopy imaging, cells were seeded at 2�104
cells/cm2 in l-Dishes (35 mm, Ibidi) and incubated for 24 h. Then,
they were treated with 140 mg/mL DiO-labelled Res-NLCs for fur-
ther 24 h. After incubation, the cells were fixed with 4%
paraformaldehyde (PFA, Sigma-Aldrich) at 4 �C for 20 min and sub-
sequently washed three times with PBS (Sigma-Aldrich). For the
imaging of F-actin and nuclei, the cells were treated with TRITC-
phalloidin (1:200, Sigma-Aldrich) and Hoechst (1:1000, Invitrogen)
at 37 �C for 45 min. 2D images and 3D rendering were acquired
with a confocal fluorescence microscope (C2 system Nikon).

Raman imaging was performed with a Horiba’s LabRAM HR
Evolution Confocal Raman Microscope equipped with 532 nm laser
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in order to confirm uptake of Res-NLCs by patient-derived and
healthy fibroblasts. Samples were prepared by seeding cells on
Raman-grade calcium fluoride substrates (Crystran) at a seeding
density of 2�104 cells/cm2. After 24 h from seeding, cells were incu-
bated with Res-NLCs at a concentration of 140 mg/mL for 24 h.
Thereafter, cultures were fixed with 4% PFA in PBS for 20 min at
4 �C and analyzed immediately after fixation. Control groups with-
out Res-NLCs treatment were prepared as well. Substrates with
cells were kept in PBS during the analysis, and a 60 � immersion
objective was used. Signal maps were constructed according to sig-
nal of Res-NLCs (Raman shift range: 1631 cm�1–1664 cm�1) and
phenylalanine (Raman shift range: 980 cm�1–1018 cm�1), with a
pixel intensity proportional to peak intensity (LabSpec 6 software).
The green map of Res-NLCs and the red map of cells were merged
by using ImageJ.

5.11. ROS detection

Healthy and ARSACS cells (2�104 cells/cm2) were seeded and
incubated for 24 h at 37 �C. To investigate ROS protective effects
of Res-NLCs in the presence of TBH (Sigma-Aldrich), the cells were
treated with 200 mM TBH and Res (5 mM), NLCs (140 mg/mL), or Res-
NLCs (140 mg/mL, corresponding to 5 mM of released Res) for 24 h
(Treatment 1). To investigate the therapeutic capability of Res-
NLCs on damaged cells, first the cells were treated with 200 mM
TBH for 24 h; afterwards, cells were exposed to Res (5 mM), NLCs
(140 mg/mL) or Res-NLCs (140 mg/mL, corresponding to 5 mM of
released Res), and incubated for further 24 h (Treatment 2). After
incubation, the cells were rinsed with PBS, detached from the
plates using trypsin, and centrifuged at 1000g for 7 min at 4 �C.
Thereafter, cells were stained with 5 mM CellROXTM Green Reagent
(Invitrogen) for 15 min in PBS. The fluorescence intensity of the
cells was measured using a Beckman Coulter CytoFLEX (kex = 508-
nm; kem = 525 nm).

5.12. Cytokine production

Lipopolysaccharides (LPS) was used to induce cytokine release
from fibroblasts. Cells were seeded at 2�104 cells/cm2, and 10 mg/
mL of LPS was added to the cells with or without nanoparticles
as described for ROS detection (Treatment 1 or Treatment 2, but
using LPS instead of TBH). After incubation, the culture super-
natants were collected and centrifuged at 1000g for 10 min in
order to avoid any cellular debris. Human interleukin 6 (IL-6)
and human interleukin 8 (IL-8) were analyzed using ELISA kits
(ab178013 and ab46032, Abcam) according to the manufacturer’s
protocol. Data were normalized according to the total protein con-
tent of each sample. In order to perform protein extraction, the cul-
tures were lysed using RIPA buffer (Sigma-Aldrich) and protease
inhibitor (1:1000 v/v, Sigma-Aldrich). The protein content was
measured using the bicinchoninic acid assay (BCA) kit (Sigma-
Aldrich), following standard manufacturer’s procedures.

5.13. Real-time quantitative RT-PCR

Transcription of oxidative stress- and mitochondria-related
genes was investigated with real-time quantitative RT-PCR (qRT-
PCR). Patient fibroblasts (2�104 cells/cm2) were seeded and incu-
bated overnight for attachment. Thereafter, the cultures were trea-
ted with Res-NLCs (140 mg/mL) for 24 h; control cultures have been
carried out as well. Total RNA was isolated using High Pure RNA
Isolation kit (Qiagen) according to the manufacturer’s protocol.
RNA transcription into cDNA was carried out with 200 ng of RNA
in a total volume of 20 lL, including 4 lL of iScriptTM Reverse Tran-
scription Supermix (5�, Bio-Rad). cDNA was analyzed with the
Human Oxidative Stress RT2 ProfilerTM PCR Array (PAHS-065Y, Qia-
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gen) and Human Mitochondria RT2 ProfilerTM PCR Array (PAHS-
087Z, Qiagen), which profile the expression of 84 genes related
to oxidative stress and mitochondria, respectively. In order to
determine the transcription levels of genes, qRT-PCR was per-
formed with SsoAdvancedTM Universal SYBR� Green Supermix
(2�, Bio-rad) and using a CFX ConnectTM Real-Time PCR Detection
System (Bio-Rad). Finally, data were normalized by using multiple
housekeeping genes including ACTB, B2M, GAPDH, HPRT1 and
RPLP0.
5.14. Proteomic analysis

For proteomic analysis, patient fibroblasts were seeded (2�104
cells/cm2) and left overnight to attach; thereafter, cultures have
been either treated or not (as control) with 140 mg/mL of Res-
NLCs for 24 h. Samples were lysed, reduced, and alkylated in
50 mL LYSE buffer (Preomics) at 95 �C for 10 min and sonicated with
an Ultrasonic Processor UP200St (Hielscher), 3 cycles of 30 s. 50 mg
of lysates samples were digested by adding trypsin and LysC at a
1:50 and 1:100 ratio of enzyme:protein content, respectively,
and incubated at 37 �C overnight. Digested samples were pro-
cessed by iST protocol [76].

Resulting peptides were analyzed by a nano-UHPLC-MS/MS sys-
tem using an Ultimate 3000 RSLC coupled to an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Scientific Instrument). The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [77] partner reposi-
tory with the dataset identifier PXD025718. Elution was performed
using a 200 cm uPAC C18 column (PharmaFluidics) mounted in the
thermostated column compartment maintained at 50 �C. At first, it
was applied a concentration gradient from 5% to 10% of buffer B
(80% acetonitrile and 20% H2O, 5% DMSO, 0.1% formic acid) coupled
with a flow gradient from 750 nL/min to 350 nL/min for 15 min.
Then, peptides were eluted with a 114 min linear gradient from
10% to 55% of buffer B at a constant flow rate of 350 nL/min. Orbi-
trap detection was used for MS1 measurements at a resolving
power of 120,000 in a range between 375 and 1500 m/z and with
a standard AGC target. Advanced peak detection was enabled for
MS1 measurements. MS/MS spectra were acquired in the linear
ion trap (rapid scan mode) after higher-energy C-trap dissociation
(HCD) at a collision energy of 30% and with a Custom AGC target.
For precursor selection, the least abundant signals in the three
ranges 375–575 m/z, 574–775 m/z, and 774–1500 m/z were prior-
itized. Dynamic Exclusion was set at 25 s.

MaxQuant software [78], version 1.6.17.0, was used to process
the raw data. The false discovery rate (FDR) for the identification
of proteins, peptides, and PSM (peptide-spectrum match) was set
to 0.01. A minimum length of 6 amino acids was required for pep-
tide identification. Andromeda engine, incorporated into Max-
Quant software, was used to search MS/MS spectra against
Uniprot human database (release UP000005640_9606 December
2020). In the processing, the variable modifications were Acetyl
(Protein N-Term), Oxidation (M) and Deamidation (NQ). Car-
bamidomethyl (C) was selected as fixed modification. Algorithm
MaxLFQ was chosen for the protein quantification with the acti-
vated option ‘‘match between runs” to reduce the number of the
missing proteins.

The intensity values were extracted and statistically evaluated
using the ProteinGroup Table and Perseus software version
1.6.15.0 [79].
5.12. Statistical analysis

Data were analyzed using analysis of variance (ANOVA) fol-
lowed by Bonferroni’s post-hoc test in order to evaluate for signif-
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icance, that was set at p < 0.05; data have been presented as mean
value ± standard deviation of three independent experiments.
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