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A B S T R A C T   

Friedreich ataxia (FRDA) is a hereditary autosomal recessive disorder characterized by frataxin deficiency, 
impacting mitochondrial function and causing oxidative damage. Diazoxide (DZX), a vasodilating drug used in 
the management of systemic hypertension, has shown promise in preclinical models but faces challenges in 
crossing the blood-brain barrier and potential toxicity at higher doses. This study aimed to create solid lipid 
nanoparticles (SLNs) loaded with DZX by microfluidic technique to improve blood-brain barrier (BBB) pene-
tration and reduce side effects. Employing an in vitro BBB model, SLN-DZX demonstrated enhanced permeability 
compared to plain DZX. Cell viability assays carried out on FRDA fibroblast cells indicated enhanced viability 
with 1 μM SLN-DZX. Cellular uptake studies confirmed SLN internalization in FRDA fibroblasts, and subsequent 
treatment with SLN-DZX significantly reduced both total and mitochondrial ROS levels compared to control and 
empty SLN-treated cells. These findings suggest SLN-DZX as a potential therapeutic approach for FRDA, miti-
gating oxidative stress with improved BBB penetration and reduced toxicity.   

1. Introduction 

Friedreich’s ataxia (FRDA) (OMIM 229300) is a hereditary auto-
somal recessive disorder resulting from an increase in the GAA triplet 
repeat in the first intron of the FXN gene, on chromosome 9 [1] In in-
dividuals without FRDA, the usual range of GAA repeats is typically 
between 5 and 30, while affected individuals exhibit a staggering 70 to 
over 1000 GAA trinucleotide expansions. This increase leads to a 
reduction in the transcription of FXN gene caused by heterochromatin 
establishment with or without epigenetic modifications [2] and its 
length correlates with the seriousness of FRDA clinical manifestations 
[3]. Although the precise role of FXN remains partially elusive, it is 
widely acknowledged to be implicated in regulation of cellular iron 
homeostasis. Oxidative injury, enzyme deficiencies and impaired 

mitochondrial function are consequences of FXN insufficiency [4–6]. 
The primary pathological mechanism inherent neuropathy in FRDA 

consists of a progressive neurodegeneration resulting from the impair-
ment of sensory neurons located in the dorsal root ganglia (DRG), a 
process that affects both the central and peripheral nervous systems [7, 
8]. As the disease progresses, individuals with FRDA typically suffer a 
decline in motor coordination and muscle weakening, which occur 
10–15 years after the disease first manifests and can result in a potential 
loss of motor function. Moreover, functional irregularities within the 
cardiovascular system are a significant feature of FRDA and can 
contribute to premature death, suggesting that cardiac complications 
are responsible for 60–80 % of premature deaths and means the leading 
factor to death of affected persons [7,8]. A pivotal milestone was ach-
ieved in 2023 with the United States Food and Drug Administration 
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(FDA) approving omaveloxolone authorized as the first and sole treat-
ment for FRDA in individuals who are at least 16 years of age (https:// 
www.fda.gov/drugs/news-events-human-drugs/fda-approves-first-tre 
atment-friedreichs-ataxia). However, it is important to note that while 
omaveloxolone represents a significant advancement as the first thera-
peutic agent targeting downstream events in FRDA, it does not provide a 
comprehensive remedy, particularly concerning the neurological as-
pects [9]. 

In 2018, we found that diazoxide (DZX) showed protective proper-
ties in FRDA cells and animal models by modulating the mTOR-S6K 
signaling pathway, promoting the translocation of NRF2 to the nu-
cleus [10]. DZX, which is a derivative of benzothiadiazine, acts as a 
vasodilator employed in managing systemic hypertension, effectively 
reducing vascular resistance in the pulmonary circulation and allowing 
amelioration of symptoms in individuals affected by primary pulmonary 
hypertension [11]. DZX specifically interacts with the 
potassium-sensitive ATP channels located in the inner mitochondrial 
membrane (mitoKATP), which play pivotal roles in regulating mito-
chondrial respiration, altering mitochondrial membrane potential, and 
modulating mitochondrial matrix volume and reactive oxygen species 
(ROS) production to ensure neuronal survival [12–14]. 

Selective agonists of KATP channels have demonstrated their ability 
in protection from death caused by oxidative stress, inflammatory or 
excitotoxic insults in a wide range of cell types [15–17]Although the 
potential therapeutic benefits of KATP channel agonists in preclinical 
models of neurodegenerative diseases, such as in a mouse model of 
Alzheimer’s disease [18], in rat models of Parkinson’s disease [19] and 
in animal models of multiple sclerosis [14,20], a phase 2 clinical trial, 
aimed to evaluate the efficacy of DZX, in patients with multiple sclerosis 
did not yield positive results [21]. This failure could be attributed to 
capability to penetrate the BBB and/or its bioavailability within the 
nervous system. Consequently, the efficacy of DZX for patients with 
neurological disorders warrants further investigation, as its ability to 
efficiently traverse the BBB remains a subject of debate. In addition, it is 
worth noting that DZX treatment may exhibit dose-dependent toxicity. 
Given that at elevated concentrations, DZX has the potential to inhibit 
succinate dehydrogenase activity, leading to an increase in ROS pro-
duction [22]. YG8sR FRDA mouse model showed enhancements in fine 
motor coordination and balance after oral administration of 3 mg/kg 
DZX [10]. Additionally, the upregulation in the levels of both FXN and 
NRF2 mRNA expression and protein content in the heart and cerebellum 
following DZX administration led to reduced protein oxidation level and 
enhanced aconitase activity in liver, pancreas and brain [10,23]. How-
ever, this treatment exhibited adverse effects, such as a decline in overall 
locomotor activity. Notably, the concentration of 100 μM DZX utilized in 
the treatment of human FRDA lymphoblastoid cells [10] corresponds 
approximately to the blood concentration of DZX in humans after 600 
mg oral administration [24], representing the upper limit of the human 
dosage. In fact, to harness the full therapeutic potential of DZX for the 
treatment of FRDA, we aim to overcome potential limitations related to 
BBB permeability and bioavailability by encapsulating DZX within solid 
lipid nanoparticles (SLNs) [25]. Notably, the scientific literature has 
extensively shown SLNs’ capacity to penetrate the BBB without the 
requirement for functionalization [26,27]. Our research efforts also 
utilized microfluidics to prepare DZX-loaded SLNs. This innovative 
technique enabled us to consistently produce nanosystems with a 
reduced size distribution and improved batch-to-batch reliability 
[28–32]. Specifically, our study investigates the ability of DZX-loaded 
SLNs i) to penetrate an in vitro transwell model, consisting of a mono-
layer of polarized endothelial cells, and ii) to enhance the functional and 
biochemical characteristics in a fibroblast cell line obtained from a pa-
tient affected by FRDA. 

2. Materials and methods 

2.1. Materials 

No purification or distillation was performed; all chemicals were 
acquired at the highest possible purity and utilized exactly as received. 
Cetyl palmitate was provided by Farmalabor (Italy). Diazoxide, Lutrol 
F68 (Poloxamer 188), FITC-dextran 4000 (FD4), diazepam, 3-(4,5- 
Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) and 
double-distilled water were purchased from Sigma-Aldrich (Italy). 
Dihydrorhodamine 123 (DHR) and 2’,7’-dichlorodihydrofluorescein 
diacetate (H2DCFDA) were from Life Technologies. Dulbecco’s Modified 
Eagle Medium (DMEM), DMEM/F12 Medium, penicillin (100 U/mL) 
and streptomycin (100 μg/mL), Fetal Bovine Serum (FBS) were from 
EuroClone. EndoGRO basal medium and medium supplements were 
from Merck. Culture flasks and Petri dishes were from Corning (Glass-
works) and EuroClone. 

2.2. Fibroblast and hCMEC/DE3 cell lines and culture conditions 

FRDA fibroblasts were isolated from a patient carrying homozygous 
pathological alleles exhibiting 830/900 GAA repeat expansions. The 
healthy control and fibroblast cell lines from FRDA patient were 
cultured in DMEM/F12 medium supplemented with glutamine (2 mM), 
fetal bovine serum (10 %), penicillin (100 U/ml) and streptomycin (0.1 
mg/ml). The cells were maintained at 37 ◦C in a humidified atmosphere 
with 5 % CO2 in culture flasks. The pharmacological compound assays 
were carried out without antibiotics in the medium. Immortalized 
human cerebral microvascular endothelial (hCMEC/D3) cells were ob-
tained from Pierre-Olivier Couraud at the Université Paris Descartes, 
Paris, France. The cells, maintained between passages 25 and 35, were 
cultured in EndoGRO media supplemented with the EndoGRO-MV 
supplement kit, basic fibroblast growth factor (200 ng/ml), penicillin- 
streptomycin (1 %), lithium chloride (10 mM), and resveratrol (10 M). 

2.3. Preparation of DZX-loaded solid lipid nanoparticles 

SLNs were synthesized via a nanoprecipitation technique employing 
a Fluidic 187 Herringbone mixer, a polycarbonate microfluidic device 
(Microfluidic Chip Shop, Jena Germany). The organic phase comprised 
cetyl palmitate in ethanol at a concentration of 10 mg/ml with 2 mg/mL 
of DZX, while the aqueous phase contained 2 % (w/v) Pluronic F68. The 
organic and aqueous phases served as the inner and outer fluids, 
respectively. Employing two microfluidic pumps, we regulated the flow 
rate of the inner (1 mL/min) and outer solution (5 mL/min), maintaining 
a constant flow rate. The fluids were directed from their respective sy-
ringes into the devices through minute tubes. Following synthesis, SLNs 
were meticulously purified to eliminate surfactant and non- 
encapsulated drug using centrifugal concentrators (Centrifugal Filter 
Units-Amicon Ultra 50 k) with ultrapure water at 4 ◦C, 3500 rpm for 15 
min (repeated 5 times). Subsequently, the purified SLNs were stored at 
4 ◦C. To assess cellular uptake of SLNs, BDP was incorporated into the 
organic phase at a ratio of 1/100 w/w of BDP/lipids. 

2.4. Particle size, size distribution and surface charge 

Characterization of the SLNs involved measuring size, polydispersity 
index (PDI), and zeta (ζ)-potential through dynamic light scattering 
utilizing a Malvern Zetasizer Nano instrument (Malvern Ltd., UK). Each 
sample, diluted 1:50 in double-distilled water, underwent analysis with 
approximately 1 mL using disposable polystyrene cuvettes (Sarstedt AG 
& Co., Germany) at 25 ± 0.1 ◦C. The surface ζ-potential of the SLNs was 
assessed using a 750 μL aliquot of the 1:50 dilution in demineralized 
water of the nanoparticle suspension within a disposable folder capillary 
cell (DTS1070, Malvern Instruments ltd., UK). These experiments were 
conducted in triplicate, and the resulting data are presented as the mean 
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numerical values alongside their standard deviations for each triplicate. 

2.5. Transmission electron microscope imaging 

For analysis of SLNs morphology and size distribution, a trans-
mission electron microscope (TEM, Jeol JEM-1400, Jeol Ltd., Japan) 
was utilized. Specifically, a 10 μL suspension of SLNs was deposited onto 
a carbon-coated copper grid (300 mesh; Electron Microscopy Sciences, 
USA) for 5 min. Subsequently, the samples were negatively stained with 
uranyl acetate by applying 2 μL of a 2.1 % uranyl acetate solution onto 
the grids for approximately 2 min. Afterward, the grids underwent a 
single wash with 5 μL of Milli-Q water for 5 min to eliminate excess 
uranyl acetate. Finally, the grids were left to air dry overnight before 
imaging. 

2.6. Evaluation of drug encapsulation efficiency 

The encapsulation efficiency (EE %) of DZX loaded within the hy-
drophobic core of SLNs was determined by measuring the drug content 
in 500 μL of the SLNs aqueous dispersion. To solubilize the lipid matrix, 
SLNs were dissolved in 2 mL of hexane, while 2 mL of DMSO was 
employed for DZX extraction. The DZX content in DMSO was analyzed 
using UV–vis spectroscopy (PerkinElmer Lambda Bio20) by exploiting 
the absorbance peak at 272 nm. The concentration of DZX was deter-
mined using a calibration curve. The EE% of the drug was calculated 
using the following formula [33,34]: 

Encapsulation Efficacy (%)=
WeightofdruginSLN

Weightofdrugaddedinitially
× 100  

2.7. In vitro drug release studies 

The Franz cells were utilized to perform DZX release assays from 
SLNs [35], with investigations specifically conducted under conditions 
both with and without human serum present in the donor compartment. 
In detail, 300 μL of DZX-SLNs dispersion was diluted with 300 μL of 
either water or human serum and applied onto an artificial cellulose 
acetate membrane (0.1–0.5 kDa, Fisher Scientific Milano), acting as a 
diffusion barrier (0.6 cm2 area) between donor and receptor cells. 
Phosphate buffer (PBS, 10 mM, pH 7.4) served as the receptor medium, 
maintained at a constant temperature of (37 ± 0.5) ◦C with continuous 
stirring. Over a duration of 96 h, 0.4 mL samples were withdrawn from 
the receiving compartment at predetermined intervals, and to ensure 
sink conditions, an equivalent volume of fresh PBS was replenished into 
the receptor cell. The collected samples were analyzed via UV/Vis 
spectroscopy to quantify the drug content. Each trial was conducted in 
triplicate across three independent Franz cells and with three distinct 
batches of SLNs. 

2.8. In vitro model of BBB 

hCMEC/DE3 cellular cultures (with a density of 50000 cells per 
square centimeter) were introduced onto the upper surface of transwell 
inserts (composed of polyester with 12 wells, featuring pores measuring 
0.4 μm, and translucent membrane inserts with a surface area of 1.12 
square centimeters; Costar). These cultures were incubated for a dura-
tion of 14 days at a temperature of 37 ◦C, in an atmosphere containing 5 
% CO2, and under conditions of saturated humidity. This incubation 
period aimed to establish an in vitro representation of the BBB. Subse-
quently, at intervals of 2–3 days, the growth medium (500 mL in the 
upper compartment and 1 mL in the lower compartment) was refreshed. 
Utilizing an STX2 electrode epithelial volt-ohm meter (manufactured by 
World Precision Instruments, located in FL, USA), the transendothelial 
electrical resistance (TEER) across the cellular monolayer was gauged as 
an indicator of tight junction (TJ) formation progression. 

2.9. Cell viability of DZX-SLN formulation 

Evaluation of the viabilities of SLNs and DZX-SLNs on fibroblast and 
hCMEC/D3 cells were tested by MTT assay [36]. More precisely, cells 
were allocated into 96-well plates at a density of 66,000 cells per square 
centimeter and cultured with SLNs and DZX-SLNs dispersed in cellular 
medium at DZX concentrations of 75, 25, 10, 5, and 1 μM, maintaining a 
temperature of 37 ◦C and 5 % CO2. Following a 24-h incubation period, 
the medium was removed, and the wells were treated with 100 μL of 
MTT solution (0.5 mg/mL in cell culture medium) and subsequently 
incubated at 37 ◦C. After 2 h, the absorbance at 570 nm was measured 
using a spectrometer (SPECTROstar Nano, BMG Labtech). The untreated 
cells served as the control. This assay relies on the mitochondrial activity 
of viable cells to convert water-soluble MTT into water-insoluble for-
mazan crystals, a process facilitated by the mitochondria’s reductive 
activity. The methodology employed in this assay mirrors descriptions 
provided elsewhere [10,36,37]. 

2.10. Endothelial permeability of DZX-SLN across the in vitro BBB model 

On the 14th day of hCMEC/D3 cultivation within the transwell setup, 
DZX-SLN (with a DZX concentration of 1 μM) suspended in PBS was 
introduced into the apical compartment of the transwell. Following a 3-h 
interval, samples were collected from the basolateral compartments, and 
the DZX concentration was determined utilizing UV–vis spectroscopy. 
The potential impact of SLNs on the integrity of the cellular monolayer 
was assessed by estimating the paracellular permeability of FITC- 
dextran 4000 (FD4) and the transcellular permeability of diazepam. In 
summary, 500 μL of FD4 (200 μg/mL in PBS) and diazepam (75 μM in 
PBS) were administered into the apical compartment of the transwell 
system and allowed to incubate for up to 3 h at 37 ◦C. Calibration curves 
had been previously established by correlating fluorescence intensity 
values with the concentration of standard solutions for FD4. FD4 sam-
ples underwent analysis using a Victor3 fluorimeter (Wallac Victor3, 
1420 Multilabel Counter, PerkinElmer) at excitation and emission 
wavelengths of 485 nm and 535 nm, respectively. Diazepam was 
detected via UV–vis spectroscopy, leveraging the absorbance peak at 
230 nm. The endothelial permeability (EP) of the SLNs formulation, 
FD4, and diazepam were computed as previously outlined [27]. 

2.11. In vitro SLNs uptake 

The internalization of the DZX-SLNs was investigated in vitro in fi-
broblasts from FRDA patient by means of fluorescence imaging. For 
these experiments, cells were seeded on glass coverslips (3x104 cells/ 
coverslip) and allowed to attach for 24 h (60 % confluence). Subse-
quently, the cells were treated with BODIPY (BDP)-loaded SLNs, after 
been incubated for 30 min at 4 ◦C, and then analyzed at specific time 
points using a Zeiss Axiovert 200 inverted epifluorescence microscope 
using a 63x/1.30 Ph3 oil objective and filter sets for BDP acquisition. 
The acquired images were captured using a CoolSNAP HQ CCD camera 
manufactured by Roper Scientific (Trenton NJ, USA) and MetaFluor 6.1 
software developed by Universal Imaging Corporation (Downington, 
PA, USA). μm. 

2.12. ROS analysis 

In order to detect intracellular ROS, cells were treated with the flu-
orogenic dye H2DCFDA. Upon entering the cell, H2DCFDA, converted 
into a non-fluorescent compound by cellular esterases. Afterward, this 
compound is oxidized by ROS, resulting in the production of the fluo-
rescent 2,7′-dichlorofluorescein (DCF) [38]. 

Fibroblasts from FRDA patient were grown in 96-well plate and 
treated with DZX-SLN (DZX 1 μM) and empty-SLN (equivalent concen-
tration of lipid core) (37 ◦C, 5 % CO2). The cells were treated for 24 h, 
followed by a washing step and subsequent incubation with H2DCFDA 
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in DMEM/F12 medium without supplemented serum. The evaluation of 
DCF fluorescence was performed by a microplate reader (Victor 3, 
PerkinElmer) (excitation/emission wavelengths 488/535 nm). Results 
were normalized using each sample protein concentration and expressed 
as Relative Fluorescence Unit (RFU). 

Mitochondrial ROS production was assessed using the dye dihydro-
rhodamine 123 (DHR) (Life Technologies). DHR is able to enter the 
mitochondria and emits fluorescence upon oxidation by ROS, primarily 
peroxynitrite, leading to the formation of the positively charged 
rhodamine 123 derivative [39,40]. In brief, cells from FRDA patients 
were seeded on a slide and treated with DZX-SLN and empty-SLN for 24 
h. Subsequently, the cells were incubated with DHR in DMEM/F12 
medium without supplemented serum. Cellular fluorescence was 
therefore captured using a Zeiss Axiovert 200 inverted epifluorescence 
microscope using a 63x/1.30 Ph3 oil objective and filter sets for DHR 
acquisition (excitation/emission at 488/510 nm). 

2.13. Statistical analysis 

The experimental results are presented as mean ± SD (standard de-
viation). Statistical evaluations were carried out utilizing Graph Prism 
version 8.0.1 (GraphPad Software Inc., La Jolla, CA, USA). In assessing 
the statistical significance of data sets, Two-way ANOVA analysis was 
employed, followed by Bonferroni’s post hoc tests, with a threshold of p 
< 0.0001. Statistically significant disparities are denoted as follows: ns 
= p value > 0.05; * = p < 0.0332; ** = p value < 0.0021. 

3. Results and discussion 

3.1. Preparation and characterization of solid lipid nanoparticle-loaded 
DZX 

DZX-loaded SLNs were manufactured in a single continuous step 
using a microfluidic device. The microfluidic method has gained sig-
nificant traction in the realm of nanomedicine, showcasing its clear 
advantages over traditional methods in recent times. Based on existing 
literature [27–29,31], microfluidics stands out as a promising tool for 
generating secure, swift, exceptionally reproducible, and dependable 
drug delivery systems. Moreover, conventional SLNs production tech-
niques utilize non-sustainable solvents, leading to much longer pro-
duction times and reduced efficiency. Additionally, the significance of 
the microfluidic method lies in its capacity to scale up the fabrication 
process, bridging the gap between academic research and practical in-
dustrial application [41]. SLNs were manufactured by a nano-
precipitation process using a polycarbonate device with a specific 
internal geometry called “herringbone”. The internal herringbone ge-
ometry provides passive mixing; in fact, the use of a special design of the 
device’s internal channels breaks up the laminar flow by increasing the 
contact area between the two fluids and reducing the diffusion length, 
thereby improving fluid mixing, and allowing nanoparticles with sizes 
below 200 nm to be obtained. The device channels have a depth of 200 
μm while the width of the mixing channel is 600 μm. In literature, there 
are many examples exploring the proficiency of the staggered herring-
bone structure to ensure the formation of nanosized monodisperse 
nanoformulations [42]. Consequently, the given geometry enables the 
generation of rotational flow conditions caused by the chaotic aversion 
phenomenon at intermediate Reynolds numbers. The direction of the 
flows within the microfluidic device is redirected multiple times under 
this condition, reducing the diffusion time of the molecules and enabling 
quicker production with a high degree of monodispersion and narrower 
size range [42]. 

The SLNs fabricated via microfluidics underwent comprehensive 
characterization, with findings detailed in Table 1. SLN-DZX exhibited 
an average size of 180.1 ± 3.2 nm and a PdI of 0.125 ± 0.020, while 
empty SLNs displayed an average size of 175.3 ± 1.2 nm and a PdI of 
0.129 ± 0.03. SLNs demonstrated a narrow size distribution, as 

indicated by their low PdI values. The ζ potential for bare SLNs was also 
found to be − 42.5 ± 3.2 mV, consistent with SLN-DZX, which exhibited 
a ζ potential of − 31.8 ± 0.1 mV. The Encapsulation Efficiency (EE %) 
values for SLN-DZX represent the percentage (w/w, %) of the drug 
incorporated into the lipid core of SLNs relative to the initial drug 
amount used in the preparation of lipid nanovectors. The satisfactory EE 
% value obtained was 40.4 ± 6.8 %, affirming the optimization of 
nanoparticle properties, including drug encapsulation efficiency, facili-
tated by the microfluidic-assisted preparation method. 

The morphology of PEG-SLNs was subsequently examined through 
TEM analysis (Fig. 1). TEM imaging unveiled particle sizes consistent 
with those obtained via DLS, with no signs of particle aggregation or 
clustering observed. 

The in vitro drug release investigation was carried out on SLN-DZX 
utilizing Franz diffusion cells at a temperature of 37 ◦C in PBS (pH 
7.4). As indicated in previous research, drug release from lipid-based 
nanoparticles is attributed to the degradation of the lipid matrix by 
cellular enzymes [31]. Consequently, experiments were performed both 
with and without human serum in the donor compartment. It was 
evident that in the absence of human serum, there was no discernible 
release of DZX from the formulation (Fig. 2), whereas in the presence of 
human serum, the percentage of DZX released from the SLNs reached 
97.3 % within 96 h of incubation. Moreover, as widely reported [27–29, 
31,43]in the literature SLNs are highly stable drug delivery systems due 
to the presence of the lipid core, showing limited phenomena of ag-
gregation and surfactant expansion over time when tested in PBS. 

3.2. Permeability of SLN-DZX through the in vitro BBB cell models 

To investigate the capacity of SLN-DZX to traverse the BBB, an in 
vitro transwell model was established. This model comprised a polarized 
monolayer of endothelial cells seeded onto a porous membrane, facili-
tating the formation of an apical compartment (representing the "blood" 
side) that was physically distinct from the basolateral compartment 
(representing the "brain" side) [27,44]. The monolayer of hCMEC/D3 is 
an adequate model able to mimic properly the BBB physiological con-
dition as it keeps well-represented most of the receptors and transporters 
which are expressed in vivo, thus enabling the cellular and molecular 
research drug transport pathways with central nervous system relevance 
[27]. To control the viability of the in vitro model, TEER values were 
checked during the formation of hCMEC/D3 monolayer. TEER values 
increased from 134.2 ± 3.4 Ω (1 day after seeding) to 172.9 ± 2.7 Ω (on 
the day 15th after seeding). 

Before evaluating the ability of SLNs to cross the BBB model in vitro, 
the MTT assay was employed to examine cell viability after treatment of 
hCMEC/D3 cells with SLNs and SLNs-DZX (Fig. 3A). Cell viability was 
evaluated 24 h following the administration of escalating concentrations 
of drug-loaded SLNs (with drug concentrations ranging from 1 to 75 μM) 
to hCMEC/D3 cells. 

The results indicated that none of the concentrations of the vehicle 
used exhibited toxicity. Conversely, at the highest concentration of DZX, 
SLNs-DZX exhibited a slightly enhanced toxic effect compared to the 
drug administered alone. In contrast, for other concentrations (25, 10, 5, 
and 1 μm), when DZX was encapsulated within SLNs, it was observed to 
have no adverse impact on endothelial cells. Furthermore, the data 

Table 1 
Intensity-average hydrodynamic diameter and corresponding PdI determined by 
DLS, ζ-potential value, drug encapsulation efficiency (EE, %) of empty SLNs and 
SLN-DZX.  

Formulazions Empty SLNs SLN-DZX 

dmean (nm) 175.3 ± 1.2 180.1 ± 3.2 
Polidispersity index (PdI) 0.129 ± 0.030 0.125 ± 0.020 
ζ – potential (mV) − 42.5 ± 3.2 − 31.8 ± 0.1 
Encapsulation Efficiency (EE%) / 85.6 ± 10.2  
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revealed that at lower concentrations, DZX, when encapsulated within 
the SLNs, displayed a notably more pronounced increase in cell viability 
compared to untreated cells (see Fig. 3A). 

The permeation across the monolayer of hCMEC/D3 was evaluated 
after 3 h of incubation by measuring the amount of DZX, Diazepam and 
FD4 collected in the basolateral compartment. The transport rates of 
Diazepam and FD4 were carried out in the absence and after treatment 
with the SLNs formulations, to evaluate the tight junction integrity, 
namely, to evaluate the transcellular permeability was used diazepam at 
final concentration of 75 μM, while for the paracellular pathway was 
applied FD4 at 200 μg/mL. 

In particular, the permeation experiments through the hCMEC/D3 
cell monolayer were carried out using identical concentrations of plain 
DZX and DZX encapsulated within SLNs, both set at 1 μM. This formu-
lation contained the lowest DZX concentration that exerted an increase 
of cell viability (Fig. 3A). The endothelial permeability (EP, Papp) values 
recorded with DZX and SLN-DZX were 9.3 ± 1.2 × 10− 5 cm/s, and 12.2 
± 0.6 × 10− 5 cm/s respectively (Table 2). Data resulting showed a slight 
increase in the Papp of the DZX encapsulated within SLNs in comparison 
with plain DZX. As reported in the literature [27,45]SLNs have proven to 
be valuable as nano drug delivery systems, taking into account the sig-
nificant protection of the payload by the lipid core, which guards against 
rapid in vivo degradation. Moreover, applying a surfactant coating to 
the nanosystems introduces a steric hindrance, slowing down both the 
opsonization process and the swift clearance from the reticuloendothe-
lial system (RES). The enhanced retention of SLNs in brain capillaries, 
along with their adherence to capillary walls, could result in an elevated 
concentration gradient. This, in turn, could enhance drug delivery to the 
brain by facilitating improved transport across the endothelial cell layer 
[46]. These favorable pharmacokinetic attributes enable SLNs to reach 
the target site unchanged, where internalization primarily occurs by 
exploiting the mechanism of clathrin-mediated endocytosis. Following 
uptake, the nanosystem may follow either the lysosomal or endosomal 
route. In the former case, the lipid matrix degrades, leading to the 

Fig. 1. a) Representative TEM micrograph obtained with staining for SLNs. b) Micrograph at higher magnification.  

Fig. 2. In vitro release profiles of DZX from SLNs in PBS at 37 ◦C. SLNs were 
diluted with water (filled circles) or human serum (filled squares) in the donor 
compartment. Mean ± SD are reported, n = 3. 

Fig. 3. (A) Cell viability of hCMEC/D3 after 24 h incubation with DZX (black bar), SLN-DZX (white bar) and SLNs (grey bar). (B) Cell viability of fibroblast cells of 
FRDA patient assessed after cells incubation DZX (black bar), SLN-DZX (white bar) and SLNs (grey bar) for 24 h. NT corresponds to untreated cells. Each compound 
was tested in triplicate, and the experiments were repeated three times. A difference was significant with * p < 0.0332 and ** *p < 0.0021. 

Table 2 
Permeation experiments through hCMEC/D3 cells 
monolayer were performed by using concentration of 
DZX loaded into SLNs of 1 μM. The ability of SLNs to 
cross the in vitro BBB model was assessed at 3 h.  

Compound PappAP cm/sec 

DZX 9.3 ± 1.2 x10− 5 

SLN-DZX 12.2 ± 0.6 x10− 5 

Diazepam 3.6 ± 1.1 x10− 5 

FD4 8.4 ± 1.5 x10− 5  
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release of the drug into the cell, while the endosome transports the entire 
nanosystem to the opposite pole of the barrier, facilitating the release of 
the embedded drug in the brain compartment [45]. 

3.3. Cell viability of fibroblast cell lines treated with DZX, empty SLN or 
SLN-DZX 

The cell viability study was assessed by MTT assay on fibroblast cell 
of FRDA patient by incubating them with various conditions, including 
exposure to DZX, SLN-DZX, and SLN for durations of 24 h (Fig. 3B). The 
results showed that DZX, whether in its free form or encapsulated within 
SLNs, did not exhibit any toxic effects. Additionally, the tested con-
centration range revealed that SLNs devoid of DZX were not cytotoxic. 
Interestingly, the 1 μM DZX-SLN treatment led to a notably more sig-
nificant improve in cell viability. Consequently, the treatment of choice 
was determined to be the use of 1 μM DZX-SLN. 

3.4. In vitro uptake study of SLN 

SLN uptake in cell was assessed by measuring the fluorescent signal 
in FRDA fibroblasts. FRDA fibroblast cells internalized SLN-BDP after 
incubation with 28.7 nM of BDP, corresponding to 75 μg/ml of lipid core 
of SLN. Cells were seeded and treated in accordance with the procedure 
outlined in the experimental section. Fluorescence was analyzed at the 
time indicated. Fig. 4 showed the fibroblast uptake of SLN-BDP over 
time. Intense red fluorescence of SLN could be seen inside the cells after 
6 min, indicating that fibroblast recognized SLN as material to be 
internalized. In addition, cells displayed a uniform cytoplasmic red 
fluorescence signal, indicating an effective incorporation of SLN. 

3.5. SLN-DZX treatment decrease oxidative cell damage in fibroblast from 
FRDA patient 

The pathogenesis of FRDA is significantly impacted by an accumu-
lation of free radicals and oxidative stress [47]. Iron overload and 
dysfunction in mitochondria, which are associated with the mutation in 
the FXN gene, are thought to be a consequence of ROS production [10, 
48] The use of two distinct ROS-sensitive fluorogenic probes, H2DCFDA 
for cytosolic ROS and DHR123 for mitochondrial ROS, allowed the 
detection of oxidative stress within these specific cellular compartments 
[49,50]. 

Initially, we examined fibroblast cell lines derived from FRDA 

patients, by a time-course analysis of fluorescence emission. This anal-
ysis aimed to quantify the overall levels of cellular ROS detected by 
H2DCFDA, a probe that can penetrate biological membranes despite 
being non-fluorescent. Once inside the cytosol, the probe becomes 
impermeable due to esterase activity, which converts it into 2′,7′- 
dichlorodihydrofluorescein. ROS, primarily hydrogen peroxide (H2O2), 
then oxidize this compound, resulting in the formation of the fluorescent 
compound dichlorofluorescein (DCF). Fig. 5A demonstrates that FRDA 
patient showed higher level of cytosolic ROS production when 
compared to healthy control fibroblast cell line. Thus, to investigate 
whether the effect of DZX on FRDA fibroblasts involved the activation of 
antioxidant pathways, we analyzed ROS production after 24 h of SLN- 
DZX treatment. In the FRDA fibroblast treated with 1 μM SLN-DZX, 
ROS level was decreased as compared with empty-SLN treatment 
(Fig. 5B). 

Several studies conducted using cellular and animal models have 
consistently demonstrated that FXN insufficiency leads to a marked in-
crease in ROS levels within the mitochondria, often linked to the in-
crease of redox-active iron into this compartment [51–53]. 

In order to gain deeper insights into the impact of SLN-DZX on FRDA 
fibroblasts, we investigated the mitochondrial ROS production using 
fluorescence microscopy. This analysis involved the incubation of cells 
with the fluorescent probe DHR, which localizes within the mitochon-
dria and emits fluorescence upon oxidation by ROS [39,40]. As shown in 
Fig. 6, a 24-h treatment with 1 μM SLN-DZX resulted in a notable 
decrease in the fluorescence linked to mitochondrial ROS in FRDA fi-
broblasts, when compared to both the empty-SLN (eSLN) treatment and 
the untreated sample (NT). 

Consequently, these findings strongly indicate that the SLNs have the 
capability to release the encapsulated DZX into the cells, leading to its 
antioxidant effects on both total and mitochondrial ROS. 

4. Conclusions 

Previous studies have unequivocally demonstrated the neuro-
protective attributes of DZX in mitigating oxidative stress within cellular 
and animal models relevant to neurodegenerative and inflammatory 
pathologies, nevertheless it is noteworthy that an oral clinical trial 
involving DZX failed to yield the anticipated outcomes, probably due to 
the incapability of DZX to penetrate BBB. Considering this, our inves-
tigation sought to assess the permeability of unbound DZX across BBB 
cellular models. Our results indicate that DZX is able to cross these 

Fig. 4. Uptake of SLN-BDP in fibroblast assessed by fluorescence microscope. Cells were seeded on a microscopy slide. Fluorescence images were taken over time as 
fibroblast internalized SLN-BDP. BDP concentration was 28.7 nM equivalent to 75 μg/mL of lipid core of SLN. Scale bar 20 μm. 
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barriers, but to potentially improve the bioavailability of DZX, we 
exploited the strategy of encapsulating DZX within SLN. This ground-
breaking method has been pivotal in confirming the capability of the 
DZX-loaded formulation to cross BBB cellular models, exhibiting a 
slightly higher degree in comparison to the unencapsulated DZX. 
Additionally, it is noteworthy that the lipid core of SLN provides sub-
stantial protection to the payload, safeguarding against rapid in vivo 
degradation. We showed that the 1 μM SLN-DZX formulation effectively 
releases the drug into frataxin-deficient fibroblasts, resulting in a 
discernible reduction in mitochondrial ROS production. In summary, 
our research underscores the efficacy of treatment with SLN-DZX as a 
potent pharmacological tool for modulating ROS production and 
metabolic activities. The collective evidence from this investigation of-
fers a compelling case for considering SLN-DZX as a promising and 

innovative formulation for safeguarding against oxidative stress induced 
damage and functional impairments in the context of FRDA. 
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[13] M. Gómez-Barroso, K.M. Moreno-Calderón, E. Sánchez-Duarte, C. Cortés-Rojo, 
A. Saavedra-Molina, A.R. Rodríguez-Orozco, R. Montoya-Pérez, Diazoxide and 
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