Materials Today Bio 12 (2021) 100146

Contents lists available at ScienceDirect

Materials Today Bio

;;aterialstoday
BIO

ELSEVIER journal homepage: www.journals.elsevier.com/materials-today-bio
Nano-structured myelin: new nanovesicles for targeted delivery to white ]

matter and microglia, from brain-to-brain

Pasquale Picone *™%"

Check for
updates

, Fabio Salvatore Palumbo ™', Salvatore Federico ”, Giovanna Pitarresi ",

Giorgia Adamo ?, Antonella Bongiovanni ?, Antonio Chaves , Patrizia Cancemi b, Vera Muccilli d,
Valentina Giglio d, Valeria Vetri f, Sara Anselmo f, Giuseppe Sancataldo f, Valentina Di Liberto ¢,

Domenico Nuzzo *>""

@ Istituto per la Ricerca e I'Innovazione Biomedica, CNR, via U. La Malfa 153, 90146, Palermo, Italy

® Dipartimento di Scienze e Tecnologie Biologiche Chimiche e Farmaceutiche, Universita di Palermo, Viale delle Scienze, 90128, Palermo, Italy
¢ Dipartimento di Bioscienze, Universita degli Studi di Milano, Via Festa del Perdono 7, 20122, Milano, Italy

d Dipartimento di Scienze Chimiche, Universita degli Studi di Catania, Viale A. Doria, 6, I-95125, Catania, Italy

¢ Dipartimento di Biomedicina, Neuroscienze e Diagnostica Avanzata, Universita di Palermo, Corso Tukory 129, 90134, Palermo, Italy

f Dipartimento di Fisica e Chimica-Emilio Segre, Universita degli studi di Palermo, Viale delle Scienze edificio 18, 90128, Palermo, Italy

ARTICLE INFO ABSTRACT

Keywords:
Nanovesicles
Myelin nanovesicles
Brain delivery
Withe matter
Microglia cells

Neurodegenerative diseases affect millions of people worldwide and the presence of various physiological barriers
limits the accessibility to the brain and reduces the efficacy of various therapies. Moreover, new carriers having
targeting properties to specific brain regions and cells are needed in order to improve therapies for the brain
disorder treatment. In this study, for the first time, Myelin nanoVesicles (hereafter defined MyVes) from brain-
extracted myelin were produced. The MyVes have an average diameter of 100-150 nm, negative zeta poten-

tial, spheroidal morphology, and contain lipids and the key proteins of the myelin sheath. Furthermore, they
exhibit good cytocompatibility. The MyVes were able to target the white matter and interact mainly with the
microglia cells. The preliminary results here presented allow us to suppose the employment of MyVes as potential
carrier to target the white matter and microglia in order to counteract white matter microglia-related diseases.

1. Introduction

Central nervous system (CNS) disorders are a broad category of
medical conditions (more than 600 human disorders) characterized by
brain dysfunction that limits normal activities. They include cancer,
degenerative nerve diseases, genetic brain disorders, stroke, traumatic
brain injury (TBI), Parkinson’s disease, multiple sclerosis (MS), amyo-
trophic lateral sclerosis, Huntington’s disease, Prion diseases, Alz-
heimer’s disease (AD), and other less frequent dementias [1].

The treatment of CNS disorders and the administration routes remain,
to date, a most interesting and attractive challenge for the researchers.
Among the routes of administration to the brain, intracerebral and
intrathecal injection is appropriate for therapeutic interventions but
invasive approaches. Peripheral or systemic administration is a less
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invasive and safer route, offering the advantages of larger injection vol-
umes and multiple dosages. However, the presence of physiological
barriers, such as the blood-brain barrier (BBB) and blood—cerebrospinal
fluid barrier limits the accessibility to the brain and reduces the efficacy
of various therapies.

Recently, intranasal administration has been addressed as an alter-
native route for drug brain delivery [2,3]. In fact, intranasal adminis-
tration bypasses the BBB and the first-pass hepatic clearance of the drugs
[4]. However, factors such as a limited dosing volume, small absorption
surface, presence of degrading enzymes, and other variables attributable
to patient congestion and presence of mucus limit the efficacy of intra-
nasal route. For these reasons, new nasal formulations and delivery de-
vices, designed for nose-brain drug delivery, are now being studied in
preclinical models and early clinical stages [5]. The successful claims are
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only limited to animal models [5].

Therefore, formulations selectively targeting specific regions and
cells (neuron, microglia, or astrocytes), and able to bypass the physio-
logical barriers are essential factors to develop an efficient therapy for the
treatment of brain disorders. Nanotechnology delivery systems to the
brain can be an exciting and promising platform for overcoming the
problems mentioned above.

To improve brain targeting, many researches have focused on the
development of new strategies based on colloidal drug delivery systems
(DDSs), such as nanoparticles, liposomes, dendrimers, and nanogels
[6-8]. To perform nanocarrier functions they must possess specific
properties, such as small and narrow size distribution, drug loading ca-
pacity, ability to control the drug release, and to protect the drug from the
surrounding environments. If opportunely formulated, a nanocarrier can
allow the reduction of the dose frequency administration, the release of
the drug to a specific cellular target, stability, ability to cross the barriers,
and biocompatibility. Nanoparticles up to approximately 100 nm facili-
tate drug transport through the BBB and, due to the human cell average
size (10-100 pm), they can be easily absorbed by the cells and release the
drug inside [9]. Moreover, the presence of distinct receptors on the BBB
surface, capable of binding specific ligands (transferrin, insulin, apoli-
poprotein E, leptin, glutathione), can facilitate the nanodevices inter-
nalization mechanism allowing the achievement of the target delivery
site and their transit through the BBB [10].

Recently, extracellular vesicles (EVs) and artificial vesicles have been
explored as important tools in biomedicine and pharmaceutics [11,12].

EVs are cell-derived membrane structures, which have been proposed
as DDS for brain delivery and as therapeutic agents [13]. Among EVs,
exosomes are emerging as a promising tool for therapeutic delivery
strategies due to their characteristics, such as stability, biocompatibility,
ability to invisibility when circulating in the bloodstream, ability to
overcome natural barriers, and intrinsic targeting capabilities. In addi-
tion, the appropriate design of their membrane could generate vectors
with unprecedented capabilities for targeting specific organs or tissues.
However, it is urgent to improve the safety, the source (need in vitro
culture of patient cells), the extraction protocols, the reproducibility, and
the characterization processes. The content and composition of EVs
released from producing cells depend on their physiological status. All
this anticipates intensive research in the field over the next years and
novel approaches to efficiently produce EVs. To date, concerns with yield
and heterogeneity have hindered the clinical use of EVs [14].

Cells or cell membrane-based systems have received increasing in-
terest as DDS [15]. Recently, whole cells such as red blood cells, stem
cells [15], and immunological cells [16] have been proposed as drug
carriers [17]. Moreover, studies have demonstrated the ability to form
cell membrane vesicles [18-21] using biotechnological approaches. In
addition, the cell plasma membrane can be engineered to improve the
performance and efficacy of the carrier. Recently, synaptosomes have
been used as vesicles for delivery of the mitochondria (mitochondrial
transplantation) in neuronal cells, against neurodegenerative diseases
[22].

The inflammatory process is a common feature of several CNS pa-
thologies. Microglial cells are the innate immune cells within the CNS
and their activity is involved in various pathologies [23]. In particular,
microglial cells could be activated in the early stages of the disease
process or during chronic inflammation, participating in the destruction
of tissues through the release of proinflammatory factors [23]. Addi-
tionally, clinical observations of white matter-related diseases, such as
MS, AD, and TBI, commonly reported the activation of white matter
resident microglia, underlining its pivotal role [24]. Different DDSs
showed an increase in the drug uptake in microglia [25-31]. Several
approaches have been investigated such as conjugation with specific
microglia receptor ligands or peptides to the nanoparticles surface to
allow uptake, taking advantage of the phagocytic properties of microglia
[25]. However, up to date no carriers, having a specific ability in tar-
geting the white matter microglia, have been identified. This property
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could be of primary importance to fight several diseases involving the
resident microglia in this region.

In this study, we propose, unprecedented nanovesicles derived from
brain tissue, as a new potential carrier with an enhanced tropism for the
brain tissues (from brain-to-brain). The nanovesicles were produced from
myelin brain, and hereafter they will be identified as Myelin nano-
Vesicles (MyVes). An attempt to produce similar vesicles, with applica-
tions for the structural and functional analysis of myelin, dates back to
1986 [32], but with little success [33]. The MyVes are designed to be
produced with an easy, efficient, cost-effective, and reproducible pro-
duction protocol. Furthermore, they have controlled dimensions, nega-
tive zeta potential, high stability, and cytocompatibility. The obtained
results suggested that MyVes are able to cross a BBB in vitro model and
could have a potential application as carrier for targeting specific brain
regions, such as white matter and preferentially interacting with micro-
glial cells. In this first study, the main aim is to propose a proof of concept
on the potential applicability of these novel systems, for targeting
microglia and white matter to counteract the active microglia in white
matter—related diseases, such as MS, AD, and TBI.

2. Experimental section
2.1. Materials and instruments

Bidistilled water (Millopore, Merck Italy®), isopropanol, tert-butanol
(tBuOH), N,N-dimethylformamide (DMF), and Alexa Fluor 488 succini-
midyl ester were acquired from Sigma-Aldrich srl (Italy). Dispersions
were vigorously mixed by using an Ultraturrax (T 25, Janke & Kunkel
Ika-Labortechnik). The size and dimensional distribution of particles
were measured using a Zetasizer Nano ZS (Malvern Instruments, Mal-
vern, UK). Measurements were executed at a fixed angle of 173° and a
temperature of 25°C. Z-potential values were obtained using the laser
Doppler velocimetry and phase analysis light scattering. Ultracentrifu-
gation was performed by Optima XPN-100 Ultracentrifuge (Beckman
Coulter). DI-8-ANEPPS 4-(2-[6-(dioctylamino)-2-naphthalenyl] ethenyl)-
1-(3-sulfopropyl) pyridinium (Thermo Fisher Scientific). NanoSight
NS300 (Malvern Panalytical, UK). Talos Arctica TEM operating at 200 kV
and equipped with a Falcon3 camera operated in linear mode (Thermo
Fisher Scientific, Waltham, MA). Bruker Alpha FTIR spectrometer. Drugs
detection was performed by using a HPLC Agilent instrument 1260 In-
finity equipped with a Quaternary Pump VL G1311C and a DAD detector
1260 VL.

2.2. Isolation and extraction of myelin

Wistar rats were purchased from Charles River Laboratories (Calco-
Lecco, Italy). Explanted rat brains were donated from Palermo University
(Italy) in accordance with the authorization number 69636.N.JCO
approved by Italian Ministry of Health (Rome, Italy). The cortex
(60-80 mg) was quickly removed and homogenized in 180 pl of 0.32 M
sucrose with 10% protease (Amersham Biosciences, Milan, Italy) and
phosphatase cocktail inhibitors (cocktail I and III; Sigma-Aldrich, Milan,
Italy) with a Dounce on ice. An aliquot (10 pl) was immediately flash-
freeze in liquid nitrogen and saved as total homogenate. The homoge-
nate (170 pl) was mixed with 720 pl of 2 M sucrose and 300 pl of 0.1 mM
CaCly, transferred to 5 ml ultracentrifuge tube, overlayed carefully with
1 M sucrose solution and ultracentrifuged at 127,000 Relative Centrifu-
gal Force (RCF) for 3 h at 4°C by using TLA110 rotor (Beckman Coulter,
Brea, CA) [34]. The floating myelin layer on top was collected and
washed twice in deionized water by centrifugation at 14,000 rpm for
15 min. Subsequently, the pellet containing the myelin extract was cold
lyophilized.

2.3. Total protein extraction and SDS page

Total proteins were extracted by dissolving total homogenate (10 pl)
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and the myelin power (1 mg) in radio-immunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCl pH 7.4, 150 mM NacCl, 0.5% Triton X-100, 2 mM
phenylmethylsulphonyl fluoride, 1 mM dithiothreitol 0.1% sodium
dodecyl sulfate with protease inhibitors (Amersham Biosciences) and
phosphatase inhibitors (cocktail II and III; Sigma-Aldrich). Total protein
concentrations were determined by Bradford protein assay (Bio-Rad).
Protein samples (30 pg) were submitted to 10% Sodium Dodecyl Sul-
phate - PolyAcrylamide Gel Electrophoresis (SDS PAGE) and staining
with Coomassie Brilliant Blue.

2.4. Production of nanovesicles

Solubility tests were carried out for myelin extract to detect water
soluble solvents potentially suitable for the nanoprecipitation procedure.
In particular, extract powder was dispersed (up to 8 mg/ml) in tert-
butanol, DMF, isopropanol, ethanol, and methanol. Nanoprecipitation
by solvent injection technique [35,36] was performed to produce nano-
vesicles. In particular, 1 ml of solutions of myelin in DMF or tert-butanol
(0.1 mg/ml) was added with a microsyringe over a 20-fold excess of
ultrapure water under Ultraturrax® agitation (8000 rpm for 15 min).
After agitation, samples produced by using DMF were dialyzed (cut-off
3500 Da) in order to remove the solvent and finally freeze dried (FD).
Instead, samples produced by using tert-butanol were directly FD. In
comparison, 1 ml of aqueous dispersion of myelin (0.1 mg/ml) was
directly injected in a 20-fold excess of ultrapure water, mixed under
Ultraturrax® (8000 rpm for 15 min) and then FD. Size, dimensional
distribution of polydispersity index (PDI) and zeta potential of particles
was measured just after solvent injection procedure or on FD samples
that were re-dispersed in water at 0.1 mg/ml and sonicated (10 min,
35 kHz).

2.5. Synaptosomal vesicles isolation

Synaptosomal vesicles were isolated using the method descripted in
Picone et al. [22]. Briefly, the cortex (60 mg) was quickly removed and
homogenized in 180 pl of 0.32 M sucrose with 10% protease (Amersham
Biosciences) and phosphatase cocktail inhibitors (cocktail II and III;
Sigma-Aldrich) with a Dounce on ice. The homogenate was mixed with
720 pl of 2 M sucrose and 300 pl of 0.1 mM CaCl2, transferred to 5 ml
ultracentrifuge tube and ultracentrifuged at 127,000 RCF for 3 h at 4°C
by using TLA110 rotor (Beckman Coulter). The synaptosomal band at the
sucrose layer interface was collected. Then, the synaptosomal band was
transferred into an ultracentrifuge tube and centrifuged at 18,200 RCF
for 15 min at 4°C in TLA110 rotor (Beckman Coulter). The supernatant
was discarded and the pellet, containing the synaptosomal vesicles, was
resuspended in phosphate-buffered saline.

2.6. Labeling of fluorescence probes into vesicles and drug loading
suitability

For fluorescence labeling 500 pl of Alexa Fluor 488 succinimidyl ester
in DMF (2.5 mg/ml) were mixed with 5 ml of the re-dispersed MyVes or
synaptosomal vesicles (Synapt-Ves) (0.1 mg/ml), and purified by
repeated ultracentrifugation steps (15 min, 40,000 rpm) (MyVes-Alexa
488, Synapt-Ves-Alexa 488), then diluted to the proper concentration
before use. We loaded MyVes with the Di-8-ANEPPS dye, which exhibits
a high fluorescence in apolar environments, such as the lipid membrane.
As previously reported [37], 5 x 10'° particles/ml are stained with
500 nM of DI-8-ANEPPS (Ex/Em: 467,/631 nm; Thermo Fisher Scientific)
previously filtered by 20 nm filters (Whatman Anotop filters). After 1 h at
room temperature, to eliminate the excess probe, the MyVes loaded with
DI-8-ANEPPS were dialyzed (dialytic membrane 1 kDa) in water for 24 h
at room temperature. Fluorescence intensity was determined by the
Wallac Victor 2 1420 Multilabel Counter (PerkinElmer, Inc.) microplate
reader. The excitation and emission wavelengths were set at 488 and
530 nm, respectively. The drugs doxorubicin hydrochloride, zileuton,

Materials Today Bio 12 (2021) 100146

and syrolymus, selected as models, were loaded exploiting the fabrica-
tion procedure used for MyVes. Briefly, myelin (1 mg/ml) and drugs
(0.5 mg/ml) were respectively dissolved in DMF. The dispersions were
then added drop by drop to an excess of DI water under Ultraturrax
mixing (8000 rpm, 15 min). The suspensions were then filtered with a
5 pm filter, then dialyzed (cut-off 3500 Da) over pure water, finally were
collected and FD. For the analysis of dimensional distributions and zeta
potential, FD samples were dispersed in water, sonicated, and analyzed.
For loading measurements, weighted amounts of samples were dispersed
in DMF and drugs were quantified by High-performance liquid chroma-
tography (HPLC) methods using a reversed-phase C;g Luna column (5 pm
of 250 mm x 4.6 mm internal diameter; Phenomenex). In particular, Dox
HCl was quantified by eluting with a mobile phase composed of methanol
and ammonium phosphate 10 mM, pH 4.5 (70:30 v/v) with a flow rate of
0.6 ml/min at 260 nm [38]. Instead, zileuton and sirolymus were
quantified using a mobile phase of water/methanol (30/70, v/v) using a
flow rate of 0.6 ml/min, at 260 nm [39,40]. The procedures were
repeated in triplicate and drug loading was expressed as amount of drug
loaded respect total amount of samples (w/w %).

2.7. Nanoparticle tracking analysis

Nanoparticle size distribution and concentration were measured
using a NanoSight NS300 (Malvern Panalytical). The instrument was
equipped with a 488 nm laser, a high-sensitivity sSCMOS camera and a
syringe pump. The MyVes particles were diluted in particle-free water
(Water, HPLC grade, Sigma-Aldrich, filtered by 20 nm using Whatman
Anotop filters) to generate a dilution in which 20-120 particles per frame
were tracked to obtain a concentration. For each sample, 5 experiment
videos of 60 s duration were analyzed using NTA 3.4 Build 3.4.003
(camera level 15-16) with syringe pump speed 60. A total of 1500 frames
were examined per sample, which were captured and analyzed by
applying instrument-optimized settings using a suitable detection
threshold so that the observed particles are marked with a red cross and
that no more than five blue crosses are seen. Further settings such as blur
size and Max Jump Distance were set to “automatic” and viscosity was set
to water (0.841-0.844 cP).

2.8. ATR-FTIR measurements

Attenuated total reflectance-fourier transform infrared (ATR-FTIR)
spectra were collected using a Bruker Alpha FTIR spectrometer from
4000/cm to 400/cm. In total, 5 pl of sample was mounted on the dia-
mond ATR crystal and a thin dry film was obtained by slow evaporation
of the buffer solvent under ambient conditions. The measurements were
performed at room temperature, immediately after drying the sample.
Resolution was set at 2/cm. Each measurement is the result of the
average of 64 scans.

2.9. Cryo-EM

Immediately after preparation 3.5 pl of MyVes at the final concen-
tration of 1 mg/ml was applied on a copper 300-mesh Quantifoil R2/1
holey carbon grid, previously glow discharged for 30 s at 30 mA using a
GloQube system (Quorum Technologies, Laughton, UK). After 60 s of
incubation, the grid was plunge-frozen in liquid ethane using a Vitrobot
Mk IV (Thermo Fisher Scientific, Waltham, MA) operating at 4°C and
100% room humidity. Images of the vitrified specimens were acquired
using a Talos Arctica Transmission Electron Microscopy operating at
200 kV and equipped with a Falcon3 camera operated in a linear mode
(all from Thermo Fisher Scientific). Images with an applied defocus of
3 pm were acquired with a total accumulated dose of 40 electrons per A2
at nominal magnifications of 28,000 x.
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2.10. Proteomic analysis

Sample preparation

Before performing in-solution enzymatic digestion, the pellet was
delipidated through four washes in ether/ethanol (2:1) as reported
elsewhere [41]. The pellet was washed twice in water, re-dissolved in
50 pl of 50 mM NHsHCOs (pH 8.2) and 0.1% RapiGest SF surfactant
(Waters, Milan, Italy), and kept 15 min at 55°C to promote sample
denaturation. At this stage, the protein content was calculated perform-
ing a fluorimetric assay with the Qubit Protein Assay Kit (Qubit 1.0
Fluorometer;Thermo Fisher Scientific). Finally, an amount of sample
equivalent to 10 pg of quantified proteins was reduced by adding 0.1 M,
1,4-dithiothreitol in 50 mM NH.HCOs pH 8.2 (3 h, RT), alkylated with
0.2 M iodoacetamide in the same buffer solution (in the dark at RT for 1
h) and digested overnight at 37°C by a solution of porcine trypsin
(Sequencing Grade Modified Trypsin, Porcine, Promega, USA) corre-
sponding to an enzyme-substrate ratio of 1:50 [42]. The peptide mixture
solutions were vacuum dried (Concentrator Plus; Eppendorf, Germany),
dissolved in 100 pl of HoO + 5% formic acid (FA), and analyzed by
Reversed Phase-nano-High-Performance Liquid Chromatography-nano-
Electrospray Ionization-tandem mass spectrometry (RP-nHPLC/nE-
SI-MS/MS). The reproducibility of MS data was assessed analyzing the
sample in triplicate.

Mass spectrometric analysis

Mass spectrometry data were acquired on a Thermo Fisher Scientific
Orbitrap Fusion Tribrid® (Q-OT-qIT) mass spectrometer (Thermo Fisher
Scientific) as elsewhere reported [42]. Liquid chromatography was car-
ried out with a Thermo Scientific Dionex UltiMate 3000 RSLC nano-
system (Sunnyvale, CA) first loading the peptide mixtures onto a trapping
column (Acclaim® Nano-Trap C18 Column; 100 pm i.d. x 2 cm, 5 pm
particle size, 100 A) with washes of H20 + 0.1% FA for 3 min at a flow
rate of 7 pl/min, and subsequently onto a PepMap® RSLC C18
EASY-Spray column (75 pm i.d. x 50 c¢m, 2 pm particle size, 100 A). The
peptides were eluted by a linear gradient of ACN + 0.1% FA in HyO +
0.1% FA, 5% for 3 min, followed by 5%-20% in 32 min, 20%-40% in
30 min, 40%-60% in 20 min, and 60%-98% in 15 min. The elution was
completed with 98% of acetonitrile (ACN) + 0.1% FA for 5 min, 98%-5%
in 1 min, and a subsequent re-equilibration at 5% of ACN + 0.1% FA for
20 min. The elution was achieved with a flow rate of 0.25 pl/min at 40°C.
The eluting peptide cations were converted to gas-phase ions by elec-
trospray ionization using the same instrumental parameters reported in
[42].

Database search and protein identification

MS data were analyzed with PEAKS X Pro de novo sequencing soft-
ware v. 10 (Bioinformatics Solutions Inc., Waterloo, ON). MS data were
searched against the 8125 reviewed entries of Rattus Norvegicus down-
loaded from UniProt database (March 2021). The c-RAP contaminant
database (common Repository of Adventitious Proteins) was included in
the database search. Database search was carried out using the following
fixed modification: (i) full tryptic peptides with a maximum of three
missed cleavage sites and (ii) cysteine carbamidomethylation. The vari-
able modifications selected were: (i) transformation of N-terminal
glutamine and N-terminal glutamic acid residue to pyroglutamic acid
form; (ii) oxidation of methionine; and (iii) deamidation of asparagine
and glutamine. The mass tolerance threshold was set to 10 ppm for each
precursor; the maximum mass error for each fragment was set to 0.6 Da.
Validation of the peptide spectral matches (PSM) was performed with a
Target Decoy PSM Validator node based on g-values at 1% false discovery
rate.

Each protein was considered identified if detected at least twice out of
three replicates, with a minimum of two peptides and at least one unique
peptide in each sample. Proteins containing the same peptides which
could not be differentiated according to (Mass specrometry/Mass spec-
trometry) MS/MS analysis were grouped to satisfy the principles of
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parsimony. The final list of identified proteins so obtained and reported
in the Supplementary Materials (Table S1) was normalized for the
average area of the most abundant protein in the sample (myelin basic
protein, MBP).

The mass spectrometry proteomics data have been deposited in the
Proteome Xchange Consortium (http://proteomecentral.proteomexch
ange.org) via the PRIDE partner repository [43] with the dataset iden-
tifier <PXD026282>.

2.11. Cell cultures

SH-SY5Y cells generously provided by Dr. Venera Cardile, University
of Catania, Italy, were cultured in T25 tissue culture flasks. Complete
Dulbecco’s Modified Eagle’s Medium and F12 (DMEM/F12; 1:1) was
used, supplemented with 10% fetal bovine serum (FBS) (GIBCO Invi-
trogen, Milan, Italy), 100 U/ml penicillin and 100 U/ml streptomycin,
and 2 mM t-glutamine.

BV2 microglial cells were cultured in D’ME’M (GIBCO, Carlsbad, CA)
supplemented with 10% FBS (Gibco), 100 U/ml penicillin and 100 U/ml
streptomycin, and 2 mM t-glutamine.

HuH7 human liver cancer and H292 human pulmonary mucoepi-
dermoid carcinoma cells were cultured with RPMI 1640 medium (Celbio
srl, Milan, Italy) supplemented with 10% FBS (GIBCO Invitrogen), 100
U/ml penicillin and 100 U/ml streptomycin, and 2 mM t-glutamine.

Human epithelial cell line Caco-2 was cultured with MEM/F12 sup-
plemented with 10% (v/v) supplemented with 10% FBS (Gibco), 100 U/
ml penicillin and 100 U/ml streptomycin, and 2 mM r-glutamine. All the
cell lines were grown in a humidified atmosphere of 95% air and 5% CO,
at 37°C.

2.12. Determination of cell viability

Cell viability was measured by MTS assay (Promega). MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulphophenyl)-
2H-tetrazolium] was utilized according to the manufacturer’s in-
structions. Cells were seeded at a density of 2 x 10* cells/well on 96-well
plates. After the treatment, with different doses (0.5, 1, and 1.5 pg/ml) of
MyVes for 48 h, 20 pl of the MTS solution was added to each well, and
incubated for 4 h at 37°C, 5% CO». The absorbance was read at 490 nm
on the Microplate reader Wallac Victor (PerkinElmer). Results were
expressed as the percentage of MTS reduction relative to the control. The
treated cultured cells and the controls were morphologically analyzed by
microscopy inspection on an Axio Scope 2 microscope (Zeiss).

2.13. Permeability assays by BBB cell model

For permeability experiments, the Caco-2 cell monolayer was
cultured on Transwell, polycarbonate filter inserts (0.4-mm pore size;
12 mm diameter, Costar) in 12-well plates. The 1 x 10° CaCo2 cells were
seeded on the Transwell inserts. The monolayer integrity was evaluated
by measuring transepithelial electrical resistance (TEER) at different time
(0, 1, and 9 days). The apical chamber was filled with MyVes-Alexa 488
(5 pl of MyVes-Alexa 488 at 1.34e 1! + 1.13e*10 particles/ml in 200 pl of
cell medium) and NaFluo (negative control) [6] at different times (0, 1, 4,
and 20 h) and 0.2 ml was picked up from the basal chamber. Fluores-
cence intensity was determined by the Wallac Victor 2 1420 Multilabel
Counter (PerkinElmer, Inc.) microplate reader. The excitation and
emission wavelengths were set at 485 and 530 nm, respectively.

2.14. Genotoxicity assay on BBB cellular model

At the final point of the BBB permeability experiments, the medium
was removed and cells, in the apical chamber, were washed twice with
phosphate-buffered saline (PBS) and subsequently stained with acridine
orange/PBS solution with calcium and magnesium (Sigma) at 100 pg/ml
for 10 s at room temperature. After three wash in PBS solution, cells are
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quickly examined by fluorescence microscopy (Leica). Acridine orange is
a cell permeating nucleic acid binding dye that emits green fluorescence
when bound to double-strand DNA and red fluorescence when bound to
single-stranded DNA (ssDNA) or RNA. This staining technique allows
discriminating between intact (green nuclei) and damaged DNA in cells
(red nuclei).

2.15. Cerebellar slices

Brain slices (BS) were prepared from bovine brain or C57BL/6 mouse.
Bovine brain cortex was cut into coronal sections of 400-500 pm and
mouse brain serial coronal cryostat sections of 14 pm were prepared. The
tissue slices were placed in a Petri dish containing PBS with 100 units/ml
of penicillin and 100 pg/ml of streptomycin. The BS was incubated with
MyVes-Alexa 488 (10 pg/ml) or Synapt-Ves-Alexa 488 (10 pg/ml) for 3 h
or with NileRed for 10 min; the untreated BS was used as controls.
Furthermore, some BS was incubated with NileRed dye for 10 min,
washed twice with PBS, and subsequently stained with MyVes-Alexa 488
(10 pg/ml) for 3 h. Then, the BS was washed twice with PBS and
observed by the Typhoon 8600 fluorescence scanner (GE Healthcare).
Exc/Emi 488/530 for MyVes-Alexa 488 and Synapt-Ves-Alexa 488, Exc/
Emi 530/630 for NileRed.

2.16. Myelin nanovesicles cellular uptake

For interaction studies, SH-SY5Y, BV2, H292, and A549 cells were
sub-cultured once they reached 60% confluence in 96-well plates. The
cells were incubated for 4 and 24 h with 5 pl of MyVes-Alexa 488 in
100 pl of cell medium (1.34e"!! 4+ 1.13e"10 particles/ml). After three
wash in PBS solution, the cells are examined by fluorescence microscopy
(Leica). The excitation and emission wavelengths were set at 488 and
530 nm, respectively.

2.17. Statistical analysis

All experiments were repeated three times, and in each experiment
the samples were taken in triplicate. The results are presented as
mean + standard deviation. Statistical evaluation was conducted by
analysis of variance, for analysis of significance. Results with a P
value < 0.05 were considered statistically significant, *P < 0.05,
**p < 0.01.

3. Results and discussion
3.1. Bio-fabrication of the myelin nanovesicles

To produce MyVes, myelin was isolated from the rat brain cortex
using the sucrose fractionation procedure [34]. Different technical ap-
proaches can be used to extract and purify myelin. The method used
involve homogenization of the tissue in isotonic sucrose solution, fol-
lowed by the isolation of myelin membranes by density gradient
centrifugation [33,34]. We used 0.32 M sucrose to homogenize the tis-
sue, during this process; the isotonic sucrose causes the myelin sheath to
peel from the axon. Subsequently, we chose to subject the sample to an
ultracentrifugation in high-density sucrose gradient (1 M); this process
allows, compared to lower densities, to obtain a myelin fraction rich in
fragments and bilayer structures [33]. After ultracentrifugation, the
floating fraction containing myelin (Fig. 1a) was collected, washed and
lyophilized (Fig. 1b).

Myelin is composed of about 40% water, proteins, and a high per-
centage of lipids. The dry mass is characterized from 70% to 85% of
lipids, from 15% to 30% of proteins [44], and its composition is highly
conserved. To test for the presence of proteins, the myelin powder
extracted (Fig. 1b) was analyzed by SDS-PAGE and stained with blue
Coomassie (Fig. 1c). Moreover, the total protein fraction, present in
extracted myelin and determined by Bradford assay, was about 22% of
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the total myelin; this value being in line with previous studies in litera-
ture [44].

Myelin extract resulted in soluble DMF and tert-butanol while formed
aggregates in water (Fig. 1d), isopropanol, ethanol, and methanol. In
particular, by microscopy inspection the myelin suspended in water
presented aggregate structures and large size micrometric multiple ves-
icles (Fig. 1d). To obtain nanometric vesicles, nanoprecipitation by a
solvent injection procedure was then performed by dripping of the so-
lutions of myelin extracts in water under Ultraturrax® (U) mixing
(Fig. 1e). The simple dispersion of myelin extracts in water, without the
employment of organic solvent, generates, after Ultraturrax mixing
(sample Water U) (Table 1), nanovesicles of about 144 nm. Re-dispersion
of FD samples produced vesicles with a Z-average of 130 nm (sample
Water U-FD) (Table 1). In fact, as shown in Fig. le, the absence of
micrometric structures, revealed by microscopic inspection, were
observed in the MyVe dispersion in water, after nanoprecipitation
(Fig. 1e). Instead, nanoprecipitation performed by using DMF as organic
solvent to solubilize myelin extracts generates, after Ultraturrax mixing
(sample DMF U in Table 1), nanoparticles with a Z-average of 83 nm. Re-
dispersion of FD sample achieved from aqueous nanoprecipitation of
myelin dissolved in DMF (sample DMF U-FD) and tert-butanol (sample
tert-Butanol U-FD) showed a Z-average of 103 and 71 nm, respectively.
Data reported showed how nanoprecipitation allowed the fabrication of
vesicles with a nanometric dimension, and vesicles stability was just
minimally affected by freeze-drying procedure. Moreover, we have
measured (-potential values to determine nanovesicle stability in the
solution. Our results (Table 1), with the {-potential values, ranging from
—37 to —42 mV, were consistent with an anionic nanovesicle surface
with high stability in water [45]. PDI, used to estimate the average
uniformity of a particle solution, has been measured and shown in
Table 1.

Therefore, here we have presented the bio-fabrication of myelin-
derived nanovesicles with an easy, scalable, time-efficient (within 3 h),
and cost-effective manufacturing method. Furthermore, neither cell
cultures nor lab-intensive efforts were needed to isolate MyVes
compared, for example, to the production of natural EVs [46].

3.2. Myelin nanovesicle characterization

For biological applications, we chose to characterize and use MyVes
produced in water (water U-FD in Table 1). Besides the obvious advan-
tage of being produced in water, these particles presented the lower PDI,
average size of about 130 nm, and high stability assessed by {-potential.
First, the MyVes produced in water were characterized by nanoparticle
tracking analysis (NTA) (Fig. 2a). NTA exploits laser light to illuminate
freely diffusing particles, tracks their Brownian motion by analysis of
monochrome images, and estimates their size distribution through an
algorithm based on Stokes-Einstein relation. Compared to dynamic light
scattering (DLS; Table 1), where an average particle size is obtained
(ensemble measurement) and the particle size distribution is polarized
toward large particles, NTA, due to the particle-by-particle measurement,
provides better resolution for mixtures of particles that vary in size [47].
The NTA size distribution indicates that most of the particles in solution
have diameter mode of about 100 nm and a small fraction have diameter
mode of about 160 nm (Fig. 2a). The other particles present in solution
are numerically negligible. Moreover, 0.1 mg/ml of MyVes preparation
correspond to a total concentration of 1.34e*!! + 1.13e™1° particles/ml.
Infrared spectroscopy (IR) has been used as a fast and simple method for
EV characterization via measurements of absorption peaks of functional
groups [48]. In particular, to verify the presence of lipids in our sample
we performed ATR-FTIR analysis [49,50]. Specifically, we analyzed two
different regions of the FTIR spectrum: 4000-2500/cm (Fig. 2b) and
1200-800/cm (Fig. 2c), where bands related to main functional groups
such as -COOH, -NH, -OH, and —-CH occur. The most intense absorption
in the 4000-2500/cm region is due to different -OH stretching vibrations
of water molecules indicating the presence of residual water trapped in
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Fig. 1. Bio-fabrication of the myelin nanovesicles. (a) Schematic representation of the myelin extraction procedure starting from brain tissue by homogenization and
fractionation of sucrose. (b) Representative picture of lyophilized myelin in a vial. (c) Protein electrophoresis and Coomassie blue staining of proteins extracted from
total homogenate (Homog) and myelin powder (Myelin). (d) Visualization of the structure of myelin suspended in water, aggregate structures, and multiple
micrometric vesicles are shown. (e) Schematic representation of the protocol for bio-fabrication of myelin nanovesicles dispersion; myelin powder was dispersed in
water or DMF or tert-butanol at 0.1 mg/ml and precipitated in an excess of ultrapure water. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

Table 1
Experimental conditions employed for MyVes production and physical charac-
teristics: Z-average, ¢-potential, and PDI values.

Fabrication procedure Z-average (nm) C-potential (mV) PDI

Water U 144 -39 0.331
Water U-FD 130 -37 0.243
DMF U 83 —40 0.297
DMF U-FD 103 —42 0.399
Tert-butanol U-FD 71 -37 0.286

the sample. Fig. 2b shows the presence of two prominent broad bands at
2930 and 2884/cm that can be attributed to the asymmetric and sym-
metric stretching vibrations of the carbon-hydrogen bonds (-CHy and
—CH3) [48,50]. In Fig. 2c, the presence of phospholipids is confirmed by
the two main peaks at 1109 and 1041/cm due to stretching of PO~2
groups (Fig. 2b) [48,50]. To investigate the morphological characteristics
typical of a vesicle-like structure, MyVes cryo-EM measurements were
performed (Fig. 2d). In particular, in Fig. 2d representative examples of
vesicles with single double membrane, spherical and with a diameter of
100-150 nm, comparable to the dynamic light scattering (Table 1) and
NTA (Fig. 2a) analysis, without dense electron load in the lumen were
shown. The near absence of multilayer vesicles is due to the high-density
fractionation of sucrose used for myelin extraction, which contains
mostly single-bilayer myelin vesicles and fragments [33].

Subsequently, in order to characterize the MyVes proteomic compo-
sition, here, we performed in-solution digestion of the MyVes, and pep-
tides were analyzed by Reversed Phase- nano- Ultra-High-Performance

Liquid Chromatography-nano-Electrospray Ionization-tandem mass
spectrometry (RP-nUHPLC/nESI-MS/MS) with subsequent database
search against the Rat UniProt database. A total of 442 proteins were
identified. Interestingly, the main known myelin proteins, such as MBP,
myelin proteolipid protein (PLP), 2'-3'-cyclic-nucleotide 3’-phosphodi-
esterase (CNP), myelin-associated glycoprotein (MAG), calmodulin-1,
and myelin-oligodendrocyte glycoprotein (MOG), were present in the
MyVes and represent about 70% of the total identified protein content
(Fig. 2e). These results are in agreement with the literature data, where
classical myelin proteins, with structural roles, such as MBP, PLP, CNP,
MAG, MOG, and Oligodendrocyte specific protein (OSP), in both human
and mouse myelin, are known to make up nearly all myelin proteins [51].
In particular, MBP and PLP are nearly 85% of the protein content in
myelin [52]. Recently, main myelin proteins (MBP, PLP, MOG, CNP)
were identified in brain tissue-derived EVs [53] and in
oligodendrocyte-derived EVs [54].

PLP and MBP are found in compact internodal myelin. MBP through
the positive charge interacts with the negatively charged internal part of
the plasma membrane, bringing the layers of myelin closer together;
therefore, it is essential for the formation of myelin sheath in the CNS
[55]. PLP mainly plays a stabilizing role by bringing together the extra-
cellular flaps of the myelin membrane [56]. Other myelin proteins (475
proteins) have also been identified although with a different experi-
mental proteomic approach [51], similar to the 442 proteins identified
here. The complete list of the remaining proteins that make up a small
minority in percentage terms is provided in Tables S1 and S2. Functional
enrichments in the MyVes-identified proteins were highlighted by using
the Fun Rich tool (Fig. S3). As expected, when the cellular component
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the hypothetical structure of MyVes. (g) Schematic illustration of the efficiency of the MyVes preparation.

was taken into account, the enrichment affects the neuron projections,
axons, and synapses (Fig. S3). Biological processes and pathways
(Fig. S3) in which the identified proteins are involved included the
synaptic vesicle endocytosis and transport, brain development, and
metabolic processes, suggesting that the MyVes-identified proteins,
quantitatively present as “minor” proteins of myelin may play important
roles in oligodendrocytes and myelin biology [51]. A MyVes hypothetical
structure containing lipids and proteins is represented by the image
shown in Fig. 2f. Furthermore, to demonstrate the efficiency of the
MyVes preparation method, Fig. 2g shows the schematic illustration of
the preparation steps, starting from the amount of brain tissue up to the
high concentration of particles (particles/ml) obtained.

3.3. Myelin nanovesicles cytocompatibility

To determine the potential translational relevance of MyVes as a
brain delivery system, we evaluated, as a first step, the effect on the cell
viability of the MyVes in different cell lines: neuronal (SH-SY5Y),
microglia (BV2), epithelial (H292), and hepatocyte (HuH7) cells. The
cells were treated for 48 h with MyVes at increasing concentrations. The
results reported in Fig. 3 showed that the percentage of viability of the
treated cells is similar to the control, indicating a good MyVes cyto-
compatibility. Moreover, no proliferative effect was observed (Fig. 3).

The cytocompatibility was also confirmed by microscopic inspection,
where no morphological change was detected in all treated cell lines
(Fig. 3). The main factors affecting cytotoxicity, for nanosystems, are
material, size, shape, composition, surface charge, and surface hydro-
phobicity [57]. Positive surface charge, hydrophobic surfaces, fiber
shape, and small size (<100 nm) correlate with increased nanoparticle
cytotoxicity [57]. Moreover, literature data indicated a cellular admin-
istration of myelin at doses ranging from 1 to 100 pg/ml [58,59].
Therefore, possibly due to their nature (myelin) (Fig. 1b) and their
properties such as negative surface charge, dimensions (Table 1 and
Fig. 2a), and spherical shape (Fig. 2d), these vesicles, at the administered
doses, do not induce any alterations in cellular viability.

3.4. MyVes labeling with fluorescent probes and drug loading suitability

As reported in the previous section, both proteins and lipids are
constituent elements of these new nanovesicles. For this reason, in order
to track their fate it is possible to label the protein component using the
succinimidyl ester Alexa Fluor 488 (MyVes-Alexa 488) (Fig. 4a). The
small reduction of the {-potential (Fig. 4a), compared to the empty
nanovesicle (Table 1) suggest that binding of the Alexa Fluor 488 suc-
cinimidyl ester to the proteins was performed. Moreover, the results of
the fluorescence intensity (Fig. 4b) showed that the procedure was
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suitable for staining the MyVes and, therefore, as vesicle tracing. We used
the fluorophore Di-8-ANEPPS, as a lipophilic mimetic compound, to
detect tethering suitability of MyVes membrane. Di-8-ANEPPS is a no
fluorescent molecule, which emits an intense fluorescence when inter-
calated in the lipophilic environment (Fig. 4c). The high fluorescence
intensity shown in Fig. 4d conceivably suggest that the lipophilic nature
of the MyVes membrane could be exploited for tethering (o labeling)
purposes.

In order to have a preliminary assessment of potential suitability of
MyVes as drug carrier, three different model drugs have been loaded,
simply exploiting for drug encapsulation of the solvent injection pro-
cedure described for MyVes fabrication. Doxorubicin hydrochloride (Dox
HCl), zileuton, and syrolymus were considered as examples of drugs with
increasing logP (1.3, 1.6, and 6 respectively). Table S4 reports physical
properties of vesicles produced, and drug loading values.

Data show a detectable amount of drugs loaded, reaching values of
2.98, 2.01, and 1.97 w/w %, for Dox HCI, syrolymus, and zileuton,
respectively (Fig. S4). Just a slight increase in loading of Dox HCI
compared to zileuton and syrolymus was registered, with a significant
reduction in zeta potential and increased Z-average, which could be
attributed to a superficial ionic interaction of the drug with the phos-
pholipidic double layer and a possible vesicle destabilization. Even if the
low loading efficiency (less than 10% for all three drugs) evidenced that
parameters of solvent injection procedure should be more specifically
tuned or fabrication procedure opportunely changed in order to improve
drugs loaded amount, the data observed suggest the potential suitability
of MyVes as drug carrier [60,61].

3.5. In vitro BBB model permeation study
The impermeability characteristic of the BBB is considered the main
reason for the failure of the attempts to achieve therapeutic concentra-

tions of the drug in the brain [7]. In order to evaluate the potential
permeability efficiency of MyVes through the BBB, we used
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Transwell-cultured human epithelial cells (CaCo2), a suitable model for
studying solute and particle transport through the BBB [62-64]. To
characterize the BBB model, the CaCo2 cells plated in Lab-Tek chambers
were subjected to TEER [65] measurements. The data shown in Fig. 5a
reported that at 9 days, the TEER value was approximately 500 Ohm - cm?
and the occurred formation of the cell monolayer as revealed by nuclear
fluorescence staining (Hoechst) (Fig. 5a). These results indicated that the
cellular monolayer mimics the BBB.

MyVes-Alexa 488 and NaFluo (negative control) were loaded into the
apical chamber of the Transwell insert (Fig. 5a). Subsequently, small
quantities of the samples were taken from the basolateral chamber at
different times (0, 1, 4, and 20 h) and the fluorescence signal was
measured (Fig. 5b). The intensity of the fluorescence signal increased in a
time-dependent manner (Fig. 5b), indicating the ability of MyVes to cross
the BBB in vitro model.

Furthermore, to explore whether the MyVes crossing the BBB model
could induce cellular stress and/or alteration of the monolayer, inducing
breakdown of the BBB model, the cellular monolayer was stained with
acridine dye at the end of the permeability experiments, using non-
labeled MyVes. Acridine is a nucleic acid-binding dye that permeates
cells and emits a green fluorescence when bound to double-stranded DNA
and a red fluorescence when bound to single-stranded DNA (ssDNA),
being ssDNA a typical marker of apoptosis. By fluorescence microscopic
analysis, the cells showed green fluorescence only (Fig. 5¢) indicating the
absence of toxic effect of MyVes during the BBB crossing process. Several
studies have reported that nanoparticles between 1 and 100 nm facilitate
drug transport across the BBB due to their smaller size [9]. In addition,
brain-targeted drug success and overcoming BBB have been reported in
mice by using nanovesicles with a mean diameter of 100 nm [66,67]. The
ability of MyVes to cross the BBB cellular model could be due to some
proteins present in MyVes, such as transferrin, apolipoprotein E, and
glutathione (Table S1), which are known to promote the crossing of
nanosystems through the BBB [10].
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Fig. 5. Crossing a BBB model. (a) Schematic representation of human epithelial cells (CaCo2) cultured in Transwell insert, the nuclei of the cell monolayer were
stained with Hoechst 3342 fluorescence dye (blue), and the TEER values were reported in the histogram. (b) Histogram of the fluorescence intensity of the MyVes and
NaFluo (negative control) detected in the acceptor chamber at different times (0, 1, 4, and 20 h). (c) Fluorescence image of the cell monolayer stained with acridine
dye at the end of 20 h. *P < 0.05, **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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3.6. MyVes interact with the brain white matter and microglia cells

The brain is composed of an outer layer of grey matter, consisting of
cell bodies, dendrites, and unmyelinated axons, and an inner white
matter, consisting mainly of myelinated axons (Fig. 6a). Organotypic
cerebellar slice cultures appear to be the best alternative to in vivo ex-
periments and the most used model to study the etiology of new thera-
peutic strategies of brain disease [68]. Moreover, it is very difficult to
obtain the myelin sheath in vitro by co-culture techniques. As a first test,
we used 400-500 pm thick slices of bovine brain, where the white and
grey matter, brain-specific areas, are visible and clearly recognizable
thanks to the brain bovine size (Fig. 6a).

Bovine BS was incubated with MyVes-Alexa 488 to test the affinity for
gray or white matter. The myelin sheath in BS was stained with NileRed
fluorescence dye (red) [69] (Fig. 6b). By fluorescence scanner analysis,
MyVes-Alexa 488 (green) was detected in the same region of the NileRed
(Red) indicating the capacity of MyVes to interact with myelin sheath in
white matter (Fig. 6b). Furthermore, to confirm this interaction we used
coronal mouse brain sections (Fig. 6¢), where the typical global distri-
bution of myelin in the whole brain [70] was shown by NileRed staining
(Fig. 6¢). The brain slide incubated with MyVes-Alexa 488 showed that
the MyVes colocalized with NileRed stain, confirming the ability of
MyVes to interact with myelin (Fig. 6¢). In order to determine if the
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localization of MyVes to myelin sheath is specific, we used a vesicle of
different nature, obtained from the synaptic terminals, called synapto-
somal vesicle [22]. Results indicated that these vesicles showed a
different localization with respect to MyVes, demonstrating the speci-
ficity of MyVes for white matter (Fig. S5).

The ability of MyVes to interact with the myelin sheath possibly de-
pends on the nature of the nanovesicles. In fact, the myelin sheath is a
tightly compact multilayer membrane that has a specific set of proteins
important for the structure and formation of myelin sheath such as MBP
and PLP [56].

Studies on the interaction of MBP with myelinated lipids indicated
the electrostatic nature of the attraction between MBP and lipids,
showing that there are approximately 20 anionic lipid molecules per MBP
molecule in myelin [70]. Furthermore, the evidence indicates that the
hydrophobic segments of MBP interact with the hydrophobic lipid chains
by partially penetrating the lipid bilayers [71,72]. Furthermore, the
116-150 PLP fragment plays an important role in the interaction of PPL
with the lipid bilayer in the myelin sheath [73]. It is possible that MyVes
due to the presence of MBP and/or PLP, which represent the 53% and 9%
of the total MyVes protein, respectively (Fig. 2e), interact with the myelin
sheath in a similar way to the formation of the myelin sheath.

Alterations in white matter can result in various neuronal diseases,
such as MS, AD, TBI, and vascular cognitive impairment and dementia
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Fig. 6. Ability of MyVes to interact with white matter. (a) Image of the coronal section of the bovine brain, where the gray matter formed by the cell body of neurons
and the white matter formed by myelinated axons were visible. (b) Bovine BS 400-500 pm thick, incubated or not (Control) with NileRed dye, MyVes-Alexa 488
(MyVes), and MyVes-Alexa 488 with NileRed dye (MyVes-NileRed), analyzed by fluorescence scanner. The high magnification of fluorescent portions of the brain
sections and their merged are shown in the squares. (c) Coronal brain mouse slides stained with NileRed dye and MyVes-Alexa 488 (MyVes) visualized by fluorescence
scanner; cortex (CCx), corpus callosum (CC), striatum (ST), external capsule (EC), and lateral olfactory tract (LOT). The high magnification of fluorescent portions of

the brain sections and their merged, are shown in the squares.
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including subcortical ischemic vascular dementia [24]. White mat-
ter-related diseases have commonly reported microglia activation,
indicating that it plays a pivotal role in these diseases [24]. Moreover, in
human and rat brains, the white matter contains a significantly higher
number of microglia and macrophages than the gray matter [74,75].
Recent studies reported that potential therapeutics associated with
modulation of microglia could improve white matter integrity in various
injury models [23]. To evaluate whether interaction of MyVes depends
on the cell type, nervous cell lines (neurons SH-SY5Y and microglia cells
BV2) or not (epithelial cells H292 and hepatocytes HuH7) were incu-
bated with MyVes-Alexa 488 for 4 and 24 h. The relative fluorescence
images showed that the highest levels of fluorescence were detected in
the microglia (BV2) cells (Fig. 7).

These results indicate that MyVes have a preferential targeting ability
for microglial cells. This effect is in agreement with the literature; in fact,
microglia are the key effector cells that remove myelin debris [59].
Several studies showed that myelin phagocytosis by microglia and
macrophages triggers the release of proinflammatory cytokines and nitric
oxide [76-78], suggesting that phagocytosis of myelin could enhance
neuroinflammation. In contrast, other studies reported an
anti-inflammatory effect of microglia myelin phagocytosis [58,59,79].
Liu et al. [79] proposed that phagocytosis of myelin modulates activation
of microglial cells with a biphasic temporal pattern: (i) enhanced pro-
duction of proinflammatory mediators during the first phase and (ii) a
pronounced suppression in the second one.

Our system is different from the studies indicated, and the nano-
structuring of myelin leads to the production of nanovesicles that could
acquire different biological properties with respect to the unstructured
myelin. In fact, the physical-chemical properties of nanostructures such
as size, surface chemistry, surface charge, and shape are important fac-
tors influencing the binding and absorption by microglia and the bio-
logical response [25]. Studies are needed to evaluate the microglia
MyVes potential effect. The liver acts as a biological filtration system
sequestering 30%-99% of the nanoparticles administered through the
bloodstream [80]; the reduced uptake shown by hepatocytes (HuH7)

H292
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could suggest the potential ability of MyVes to escape to the hepatic
clearance.

The CNS resident immune cells, microglia, are emerging as a prom-
ising cellular target for neurodegeneration considering their prominent
role in neuroinflammation diseases [25]. Different studies reported that
nanoparticle DDSs increase the uptake of drugs in microglia cells
[25-31]. Different approaches such as conjugation of microglia
receptor-specific ligands or peptides to the nanoparticle surface to ach-
ieve targeted delivery, exploiting the phagocytic properties of microglia
were investigated [25]. Different researches indicate that the drugs
encapsulated in the nanosystems, after microglia phagocytose, are able to
modulate their activation and related neuroinflammation [25]. More-
over, expression of phagocytic receptors on microglia is increased under
neuroinflammatory conditions and this condition is particularly benefi-
cial for targeted delivery of nanotherapeutics to these cells [25].

However, a specific DDS potentially able to target white matter and
microglia has not yet been identified. The preliminary biological data
here reported, obtained by ex vivo BS and in vitro cells, suggest the po-
tential role of MyVes as suitable carrier for this targeting. However,
further in vivo studies are needed to confirm these interactions.

Therefore, the MyVes are vesicles produced with an easy, scalable,
efficient, cost-effective, and reproducible protocol. They have an average
diameter of 100-150 nm, negative zeta potential, and key proteins of the
myelin sheath (MBP and PLP). In addition, they can target a specific
region of the brain, white matter, and interact preferentially with
microglia cells, actors involved in white matter-related disease, such as
MS (Fig. 8).

Thanks to the characteristics reported in this first study, MyVes could
be further considered to evaluate their potential as carriers to load and
deliver an immunomodulatory drug to the active microglia residing in
the white matter. Furthermore, we cannot exclude that the interaction
with myelinated fibers may also find application in the repair of damaged
myelin sheath. However, future in vivo investigations are needed to
evaluate their effective potential.

SH-SYSY

SH-SYSY

Fig. 7. Interaction of MyVes to microglia cells. Representative fluorescence images of microglia (BV2), epithelial (H292), hepatocyte (HuH7), and neuron (SH-SY5Y)
cells incubated with MyVes-Alexa 488 for 4 and 24 h. High-magnification images of the cells are highlighted in the circles.
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easy
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white matter-related disease,
Multiple sclerosis)

=
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\ G |
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C-potential negative

Myelin proteins: MBP, PLP

Myelin-derived
nanovesicles

Fig. 8. Schematic representation of myelin nanovesicle production from brain tissue by myelin extraction and nanostructuring. Biophysical characteristics and

biological applications are summarized.
4. Conclusions

In this study, we propose, for the first time, the bio-fabrication of
myelin-based nanovesicles with an easy, scalable, efficient, economical,
and reproducible production protocol. The MyVes produced have an
average diameter of 100-150 nm, negative zeta potential (—37mv),
spheroidal morphology, lipids, and main proteins of the myelin sheath
and show good cytocompatibility. Furthermore, we provide proof of
concept of the potential suitability for brain targeting of these novel
carriers. In fact, due to their biophysical and biological properties, MyVes
cross an in vitro BBB model, reach a specific brain region, the white
matter, and interact with microglia cells. For these reasons, we propose
MyVes as a potential tool to counteract white matter-related microglial
diseases, such as MS. However, this work proposes the first basis and
future investigations and optimizations, through in vivo studies, are
needed to evaluate their effective potential.
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