POLITECNICO DI TORINO
Repository ISTITUZIONALE

In vitro study of polydopamine nanoparticles as protective antioxidant agents in fibroblasts derived from
ARSACS patients

Original

In vitro study of polydopamine nanoparticles as protective antioxidant agents in fibroblasts derived from ARSACS
patients / Battaglini, Matteo; Carmignani, Alessio; Martinelli, Chiara; Colica, Jamila; Marino, Attilio; Doccini, Stefano;
Mollo, Valentina; Santoro, Francesca; Bartolucci, Martina; Petretto, Andrea; Santorelli, Filippo Maria; Ciofani, Gianni. - In:
BIOMATERIALS SCIENCE. - ISSN 2047-4830. - 10:14(2022), pp. 3770-3792. [10.1039/d2bm00729k]

Availability:
This version is available at: 11583/2970232 since: 2022-08-08T09:46:53Z

Publisher:
RSC

Published
DOI:10.1039/d2bm00729k

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
IEEE postprint/Author's Accepted Manuscript

©2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

08 May 2026



In vitro study of polydopamine nanoparticles as protective antioxidant agents
in fibroblasts derived from ARSACS patients

Matteo Battaglini'®, Alessio Carmignani?, Chiara Martinelli, Jamila Colica!, Attilio Marino?,
Stefano Doccini®, Valentina Mollo*, Francesca Santoro®, Martina Bartolucci®, Andrea Petretto®,

Filippo Maria Santorelli®, Gianni Ciofani'

1 1stituto Italiano di Tecnologia, Smart Bio-Interfaces, Viale Rinaldo Piaggio 34, 56025 Pontedera,

Italy

2 Sant'Anna School of Advanced Studies, The Biorobotics Institute, Viale Rinaldo Piaggio 34, 56025

Pontedera, Italy

3 IRCCS Fondazione Stella Maris, Molecular Medicine for Neurodegenerative and Neuromuscular
Diseases Unit, Via dei Giacinti 3, 56128 Pisa, Italy

4 Istituto Italiano di Tecnologia, Center for Advanced Biomaterials for Health Care, Largo Barsanti e
Matteucci 53, 80125 Napoli, Italy

5 IRCCS Istituto Giannina Gaslini, Core Facilities-Clinical Proteomics and Metabolomics, Via

Gerolamo Gaslini 5, 16147 Genova, Italy

*Corresponding authors e-mail: matteo.battaglini@iit.it; gianni.ciofani@iit.it


mailto:matteo.battaglini@iit.it
mailto:gianni.Ciofani@iit.it

Abstract

Reactive oxygen species (ROS) are active molecules involved in several biological functions. When the
production of ROS is not counterbalanced by the action of protective antioxidant mechanisms present
in living organisms, a condition of oxidative stress can arise with consequent damage to biological
structures. The brain is one of the main ROS-generating organs in the human body, with the
consequence that most of the neurological disorders are associated with the overproduction of ROS.
Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is a neurodegenerative disease
associated with mutations in the sacsin gene (SACS). At cellular level, ARSACS is characterized by
mitochondrial impairments, a reduction in bioenergetic processes, and both by an over-production of
and by an over-sensitivity to ROS. Several antioxidant molecules have been proposed as a potential
treatment for ARSACS, such as idebenone and resveratrol. Polydopamine nanoparticles (PDNPSs)
gained significant attention in recent years owing to their peculiar physical/chemical properties, and
especially because of their antioxidant activity. PDNPs have shown a great ROS scavenging capacity
that, combined with their completely organic nature that grants them the ability to be degraded and
excreted by living organisms, make them a promising candidate in the treatment of oxidative stress-
related disorders. In this work, we assessed the effect of PDNPs on human fibroblasts derived from
ARSACS patients, in terms of antioxidant properties and protein expression. PDNPs interaction with
fibroblasts was analyzed in terms of biocompatibility, internalization and uptake pathway, reduction of
ROS levels, prevention of ROS-induced apoptosis/necrosis, and protective action upon ROS-induced
mitochondrial dysfunctions. Moreover, a complete proteomic analysis was performed. Altogether, our
data showed that PDNPs can partially counteract ROS-induced damages in both ARSACS patient-
derived fibroblasts, making them a potential therapeutic candidate to treat -or at least to ameliorate- the

condition of oxidative stress associated with ARSACS.
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Introduction

Reactive oxygen species (ROS) are a class of highly reactive molecules involved in several pivotal
physiological functions, such as cellular respiration!. Under physiological conditions, ROS levels are
kept under control by antioxidant enzymes like glutathione peroxidase, catalase, and superoxide
dismutase, and by antioxidant molecules such as glutathione and vitamins?. However, when the
antioxidant defense mechanisms are overwhelmed by ROS, a condition of oxidative stress can occur?.
High and uncontrolled ROS levels can cause damages to biological molecules including proteins,
membrane lipids, and oligonucleotides, leading to cellular misfunction and even to cell death®*. The
brain, being responsible for the consumption of the 20% of the oxygen present in the human body,
represents one of the main targets of ROS damage due both to its high metabolic activity and to the
relatively low levels of antioxidant defense mechanisms present in neuronal cells®. The intracellular
organelles mainly responsible for ROS production are mitochondria, which represent also the main
target of ROS-induced damage. It is therefore no surprising that both ROS-induced damage and

mitochondrial dysfunctions are common hallmarks of neurological diseases®.

Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is a neurodegenerative disease
characterized by pyramidal spasticity, cerebellar ataxia, loss of Purkinje cells, atrophy of peripheral
nerves, and cognitive impairments’ !, ARSACS disease has been related to mutations to the SACS
gene encoding sacsin, a protein expressed on the mitochondrial surface and involved in mitochondrial
dynamics?*3. At cellular level, the alteration of sacsin expression has been linked to an increment of
ROS levels, reduction of mitochondrial activity, lower ATP production, alteration of mitochondrial
dynamics, and an increment of oxidative DNA damages'®. Currently, there are no therapies for
ARSACS; however, the use of antioxidants able to counteract the high level of oxidative stress typical
of the disease has been hypothesized as a feasible therapeutic strategy’3. Antioxidants have been in fact
greatly investigated for several biomedical applications, including wound healing!**® and as treatment
for CNS disorders,'®° and also in ARSACS they hold great promises: for example, Kageyama et al.
showed as the treatment with antioxidants of Purkinje cells derived from DRP1 (a protein involved in
mitochondrial division and linked to ARSACS!?) KO mice prevented their ROS-induced cellular
death?°.



Polydopamine nanoparticles (PDNPs) have gained significant attention in recent years owing to their
near-infrared (NIR) light photo-conversion abilities and to their strong antioxidant properties®?,
PDNPs are rich in functional groups such as imine and catechols, which grant them the ability to
scavenge a large variety of ROS. Moreover, being entirely composed of organic and naturally
occurring molecules, they are highly biocompatible and biodegradable. PDNPs have known place in a
large number of applications including the potential treatment of periodontal disease®?, the treatment of
inflammation?, the potential treatment of Parkinson’s disease?*, and as an anti-cancer platform against

several forms of neoplasia®>2.

In this work, we tested the effect of PDNPs on healthy and ARSACS patient-derived fibroblasts, in
terms of protective antioxidant effect and of differential protein expression. Weis provided the first
analysis of PDNPs on an ARSACS model, and, to the best of our knowledge, this is also the first work
where PDNPs have been tested on human-derived primary cells through a combination of imaging
studies and proteomic analysis. The hypothesis suggesting the exploitation of PDNPs as a potential
treatment of ARSACS was supported by previous evidences demonstrating a positive effect of
antioxidant treatments on ARSACS models'?, including works from our group,?>*° and on our previous
experience in the application of PDNPs as neuroprotective agents®’. ARSACS npatient-derived
fibroblasts have been chosen as a model of disease based on previous reports where these cells
demonstrated an altered phenotype in terms of mitochondrial organization and functionality®. In
particular, ARSACS patient-derived fibroblasts have been already used as a model of the disease
because of similar alterations involving ROS production, ATP levels, mitochondrial dynamics, ROS-
induced DNA damages, and overall energy metabolism®3. Biocompatibility, cellular uptake, and
intracellular localization of PDNPs upon interaction with fibroblasts have been evaluated. Moreover,
the ability of PDNPs to prevent damage induced by pro-oxidative stimulus has been analyzed in terms
of overall ROS production, induction of cellular death, mitochondrial morphology disruption, loss of

mitochondrial membrane potential, and overall protein expression.
Materials and methods
Synthesis of PDNPs

Synthesis of PDNPs was adapted from Bao et al.?? Briefly, 90 ml of Milli-Q water, 40 ml of ethanol,
and 2 ml of ammonium hydroxide were mixed for 30 min under magnetic stirring (Sigma-Aldrich).

Thereafter, a solution of 0.5 g of dopamine hydrochloride (Sigma-Aldrich) in 10 ml of Milli-Q water
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was added to the mixture and left under stirring overnight. The obtained mixture was then mixed 1:1
with pre-cooled ethanol at 4°C and centrifuged at 8960 g for 30 min. After centrifugation, the obtained
supernatant was discarded, and the pellet was re-suspended in Milli-Q water and washed three times
with centrifugation steps at 8960 g for 30 min at 4°C. Obtained PDNPs have been quantified following

freeze-drying.
Electron microscopy

PDNP size and morphology have been assessed by scanning electron microscopy (SEM). Briefly, 5 pl
of PDNPs at 100pg/ml were drop-cast on a piece of a silicon wafer, let dry, and then sputtered with
gold using a Quorum Tech Q150RES Gold Sputter Coater with 30 mA for 60 s. SEM imaging was
carried out with a Helios NanoLab 600i FIB/SEM (FEI) system. The average diameter of the PDNPs
was measured through the software Gwyddion.

Transmission electron microscopy (TEM) was carried out as a further characterization technique.
Briefly, 10 ul of PDNPs at 100 pg/ml were drop-cast onto an ultrathin carbon-coated 150 mesh copper
grid. Images were acquired in bright-field mode (JEOL JEM-1400Plus TEM), with a thermionic source
(LaBs) operating at 120 kV.

Dynamic light scattering

The average hydrodynamic diameter, the average surface (-potential, and the polydispersity index
(PDI) of PDNPs were analyzed through dynamic light scattering (DLS), by using a Malvern-Zetasizer
Nano ZS90. Measurements were carried out at a concentration of 100 pg/ml of nanoparticles in water.
For hydrodynamic diameter and PDI evaluation, disposable polystyrene cuvettes (Malvern Zetasizer
Nano series) were used, while disposable folded capillary cells (Malvern Zetasizer Nano series) were

exploited for surface {-potential measurements.
Cell cultures

Human fibroblasts were collected with informed consent according to standard procedures for
diagnostic (skin biopsies) and treated according to the standards of good clinical practice. Primary skin
fibroblasts derived from four healthy controls and primary skin fibroblasts derived from four ARSACS
patients were used. All cells were cultured in the same conditions using high-glucose Dulbecco’s
modified Eagle medium (DMEM, Sigma-Aldrich) supplemented with 10% of heat-inactivated FBS



(Gibco), 1 mM sodium pyruvate (Gibco), 100 1U/ml of penicillin (Gibco), and 100 pg/ml of
streptomycin (Gibco).

Viability assays

PDNPs effects were firstly assessed by using both Quant-iT™ PicoGreen dsDNA Assay Kit

(Invitrogen) and Live/Dead assay (Thermo Fisher).

For PicoGreen analysis, healthy primary fibroblasts were seeded in a 48-well plate (Corning) at 10000
cells/cem? and let grow for 24 h. Thereafter, cells were incubated with PDNPs at different
concentrations (0, 31.25, 62.5, 125, and 250 pg/ml) for either 24 or 72 h. After the incubation with
PDNPs, cells were washed with Dulbecco’s phosphate-buffered saline (DPBS, Sigma), incubated in
100 ul of Milli-Q water, and subjected to three cycles of freeze/thaw (from -80°C to 37°C). Quant-iT™
PicoGreen dsDNA assay was carried out in Corning Costar 96-well black polystyrene plates following
the manufacturer’s instructions, being the fluorescence assessed with a Victor X3 Multilabel Plate

Reader.

For Live/Dead assay, healthy primary fibroblasts were seeded in a 24-well plate (Corning) at 10000
cells/cm? and let grow for 24 h. Thereafter, cells were incubated for 72 h with PDNPs at different
concentrations (0, 12.5, 25, 50, 100 and 250 pg/ml). After the incubation with PDNPs, cells were
washed with DPBS and incubated for 20 min with phenol red-free medium supplemented with 5 ug/ml
of Hoechst 33342 (Invitrogen), 4 uM of ethidium homodimer-1, and 2 uM of calcein-AM (all reagents
from Thermo Fisher). After the staining, cells were washed again with DPBS, and the analysis was
carried out by using a fluorescence microscope (Eclipse Ti, Nikon) equipped with a 10- objective, by
counting the relative numbers of live cells (calcein-positive cells) and dead cells (ethidium homodimer-
1-positive cells) in each condition.

Internalization analysis

Internalization of PDNPs in healthy primary fibroblasts was assessed through flow cytometry, confocal

microscopy, and focus ion beam-scanning electron microscopy (FIB-SEM) milling and imaging.

For fluorescence-based analysis, PDNPs have been stained using DiO dye (Vybrant™ Multicolor Cell-
Labeling Kit, Thermo Fisher): 1 ml of milliQ water containing 10 mg/ml of PDNPs was mixed with 20
MM of DiO dye. The mixture was left under stirring for 2 h at 37°C and obtained DiO-stained PDNPs
were thereafter washed three times through centrifugation at 16602 g.
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For flow cytometry analysis, cells were seeded at 10000 cells/cm? in 24-well plates (Corning). After 24
h, cultures were incubated with phenol red-free medium containing 100 pg/ml of DiO-stained PDNPs.
Cells were detached through trypsinization at different time points (24, 48, and 72 h), and their
fluorescence was assessed through flow cytometry (CytoFLEX platform, Beckman Coulter, FITC-A
channel: Jex 488 nm, Jdem 525 nm; ECD-A channel: Zex 488 nm, Aem 610 nm) and compared to the
fluorescence level of control cells. Data were analyzed with the software CytExpert (Beckman
Coulter).

For confocal analysis, cells have been seeded at 10000 cells/cm? in 24-well p-Plate Black (lbidi), let
grow for 24 h, and thereafter incubated with phenol red-free medium supplemented with 100 pg/ml of
DiO-stained PDNPs. Cells were then fixed at different time points (24, 48, and 72 h) in
paraformaldehyde (PFA): cultures have been washed in DPBS, incubated in a solution of PFA 4% in
DPBS for 20 min at 4°C, and then rinsed twice with DPBS. Fixed cells were then blocked with goat
serum (GS, 10% in DPBS, Sigma) for 40 min and then incubated with GS supplemented with 2.5
ug/ml of TRITC-phalloidin (Sigma) and 5 ug/ml of Hoechst 33342 (Invitrogen) for 1 h. After the
incubation, cultures were rinsed twice with DPBS (Sigma) and then imaged through confocal
microscopy (C2s system, Nikon) with a 60x oil immersion objective. To assess intracellular
localization of PDNPs, cells were seeded at 10000 cells/cm? in Willco Petri dishes (GWST-3512), let
grow for 24 h, and then incubated with phenol red-free medium containing 100 pg/ml of DiO stained
PDNPs for 72 h. After the incubation with PDNPs, cells were washed twice in DPBS and then stained
with either a solution containing 5 uM LysoTracker-Red (Thermo Fisher Scientific) and 5 pg/ml
Hoechst 33342 (Invitrogen) for lysosomes imaging or with a solution containing 1 pM
tetramethylrhodamine methyl ester (TMRM, Life Technologies) and 5 pg/ml Hoechst 33342
(Invitrogen) for mitochondrial imaging. After the incubation, all the cultures were rinsed twice with
DPBS (Sigma) and then imaged at confocal microscope (C2s system, Nikon) with a 60x oil immersion

objective.

Internalization of PDNPS was also assessed through FIB-SEM milling and imaging. Healthy
fibroblasts were seeded at 10000 cells/cm? on circular coverslip glass, let grown for 72 h, and then
treated for further 72 h with PDNPs at 100 pug/ml. Thereafter, cells were fixed in PFA 4% as already
mentioned; samples were then fixed and stained following the ultra-thin plasticization protocol (UTP)
as previously described®-®?, Briefly, after fixation in 2.5% glutaraldehyde (Electron Microscopy
Sciences) prepared in 0.1 M sodium cacodylate (2 h at room temperature, Electron Microscopy
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Sciences) and washing in the same buffer (3 times, each for 10 min), specimens were incubated with 20
mM glycine in 0.1 M sodium cacodylate for 20 min on ice. Afterward, the staining was carried on by
following a ROTO protocol.®® In detail, samples were post-fixed in 2% osmium tetroxide / 1%
potassium ferrocyanide (Electron Microscopy Sciences) in 0.1 M sodium cacodylate for 1 h, at 4°C in
the dark, (RO-step), then washed 3 times in chilled sodium cacodylate before incubation with 1%
thiocarbohydrazide (TCH, Electron Microscopy Sciences) aqueous solution at room
temperature.Specimens were washed 3 times in water; then, 1% osmium tetroxide water solution was
added for 1 h, at 4°C, in the dark. They were again rinsed in water, and thereafter the en-bloc staining
with 1% uranyl acetate was performed. The incubation with uranyl acetate was performed overnight at
4°C, and after several washing steps in chilled distilled water, 0.15% tannic acid aqueous solution was
added for 3 min on ice before dehydration. The dehydration step was performed at 4°C with an ethanol
gradient (30%, 50%, 70%-2x, 95%-3x%; absolute ethanol, Merck) and each step was carried out for 10
min. One more step in absolute ethanol was performed at room temperature before resin embedding;
then, a mixture of low viscosity Spurr’s resin (Electron Microscopy Science) / absolute ethanol was
added with the following ratio: 1:3 (2 h); 1:2 (2 h); 1:1 (overnight); 2:1 (2 h); 3:1 (2 h). The mixture
was replaced with absolute Spurr’s resin for overnight incubation. Specimens were embedded in fresh
resin two times (2 h for each step), and thereafter put in a vertical position for 2-3 h to remove resin in
excess. Before polymerization, each sample was washed for 3 s with absolute ethanol and then moved
in an oven at 70°C, for 24 h. After polymerization, samples were mounted on a 12 mm aluminum stub
(Agar Scientific) by using silver paste (RS Company). Before FIB-SEM milling and imaging (Helios
CX5, Thermo Scientific), each sample was coated with 20 nm of gold by using a HR 208 Sputter coater
(Cressington). The sample surface was scanned with an electron beam in a range of 2-5 kV by using a
detector for the secondary electrons to identify the region of interest (ROI). A layer of 100 nm platinum
was deposited via electron-beam by using a voltage of 2 kV and a current of 5 nA. Afterward, the stage
was tilted at 52°C and a second layer of platinum was deposited by using the ion beam assisted
deposition at 30 kV / 0.23 pA to reach a final thickness of 1.5 um (ROI of 30 pm x 30 pum). FIB
milling was then performed by fixing with a nominal depth of 5 um for silicon, length of 30 pm and
the width varied in a range of 10-15 um. The ion milling was performed at 30 kV with a current in the
range of 7.7 pA - 0.79 nA, and the cross-section imaging was performed at 2 kV with a range of current
of 0.17 nA-0.34 nA, in backscattered mode.

Protection against ROS



PDNP antioxidant properties have been assessed on four batches of healthy fibroblasts and four batches
of fibroblasts derived from ARSACS patients. The same procedure was performed for all the 8
cultures. Cells were seeded at 10000 cells/cm? in 24-well plates (Corning) and let grown for 24 h.
Thereafter, a treatment with 100 pg/ml of PDNPs was performed; control cultures, without
nanoparticles, have been considered as well. After 72 h, cells were stained in phenol red-free medium
using 2.5 uM CellROX™ Green reagent (Invitrogen) for 30 min and detached. After resuspension in
phenol red-free medium, cells from each experimental condition were divided into separate flow
cytometry tubes and half of the obtained samples were treated with 2.5 mM tert-butyl hydroperoxide
solution (TBH, Sigma Aldrich). The relative fluorescence intensity of all of the experimental
conditions (Control, TBH, PDNPs, and PDNPs + TBH) was measured by flow cytometry at different
time points after the addition of TBH (30 and 60 min; Aex 488 nm, Jem 525 + 40 nm); data were
analyzed with the CytExpert software (Beckman Coulter). A further experiment was carried out to
compare the antioxidant effect of PDNPs with other compounds. In particular, healthy cells were
seeded as previously described and pre-incubated for 72 h with 100 pg/ml of PDNPs, 100pg/ml of
control non-antioxidant lipid nanostructures (nanostructured lipid carriers, NLCs, prepared as
previously described?®), 5 uM of idebenone (Sigma)¥®, 5 uM of tannic acid (Sigma),®* or 5 uM of
ascorbic acid (Sigma)3. After the pre-incubation treatments, cells were stained with cellROX™ green
reagent (Invitrogen) as previously described, resuspended in phenol-red free medium, and thereafter
half samples treated with TBH 2.5 mM. As previously reported, the relative fluorescence intensity of
all the experimental conditions (Control, PDNPs, NLCs, idebenone, tannic acid, ascorbic acid, TBH,
PDNPs + TBH, NLCs + TBH, idebenone + TBH, tannic acid + TBH, L-ascorbic acid + TBH) was

measured and analyzed through flow cytometry.

To assess the protective effect of PDNPs against ROS-induced cellular death, fibroblast cultures (4
healthy and 4 derived from ARSACS patients) have been seeded at 10000 cells/cm? in 6-well plates
and let grow for 24 h. Thereafter, cells were incubated with the cell culture medium doped with 100
pg/ml of PDNPs for 72 h (or without particles, as control). After the incubation with PDNPs, cells were
incubated in the cell culture medium with or without 100 uM of TBH for 24 h; thereafter, cells were
detached through trypsinization and stained with annexin V-FITC/propidium iodide (PI) using the
FITC Annexin/Dead Cell Apoptosis Kit from Thermo Fisher; briefly, cells were re-suspended in
annexin V-binding buffer containing 1 ug/ml of Pl and annexin V-FITC 7 mM for 15 min (100 pl total

volume). Afterward, 400 pl of annexin-binding buffer was added to each sample. The fluorescence
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levels of cells were measured through flow cytometry (for annexin V-FITC: Aex 488 nm, Aem 525 + 40
nm; for PI: Aex 488 nm, Aem 610 = 20 nm). Data were analyzed with the CytExpert software (Beckman
Coulter).

Analysis of mitochondrial functionality

PDNP ability to prevent ROS-induced damage on mitochondrial morphology and membrane potential
was assessed. Four batches of healthy fibroblasts, and fibroblasts derived from 4 ARSACS patients
were seeded at 10000 cells/cm? in Willco dishes (GWST-3512) and let grow for 24 h. Thereafter, cells
were incubated with fresh medium either containing or not 100 pug/ml of PDNPs. After 72 h, cells were
treated for 40 min in phenol red-free medium with or without 2.5 mM of TBH. Cells were then stained
with 1 uM TMRM (Life Technologies) for 1 h and rinsed twice with DPBS (Sigma). Finally, cultures
were incubated in phenol red-free high-glucose DMEM (supplemented with HEPES 25 mM, Thermo
Fisher), and imaged through confocal microscopy (C2s system, Nikon). For each culture type, the
elongation parameter of mitochondria was measured in function of the axis ratio of each individual

mitochondrion.

For mitochondrial membrane potential analysis, after the staining with TMRM, a time-lapse acquisition
was performed, taking images every 30 s for 900 s. At 300 s since the beginning of the acquisition,
oligomycin 6 uM (Sigma) was added. For each culture type, the alteration of the mitochondrial
membrane potential (4%m) level induced by oligomycin was evaluated in each different experimental
condition and expressed as % of the initial value. This procedure was carried out for each culture type
(4 batches of healthy fibroblasts and 4 batches of fibroblasts derived from ARSACS patients). The
relative fluorescence was analyzed frame by frame through NIS elements software by selecting several

regions of interest (ROI), and by calculating the relative reduction in fluorescence levels as F/Fo.
In vitro blood-brain barrier model

To preliminary assess the ability of PDNPs to cross the blood-brain barrier (BBB) and to reach the
brain environment, we developed an in vitro model of the BBB based on the co-culture of brain
endothelial cells and astrocytes. bEnd.3 (ATCC CRL-2299) mouse brain endothelial and C8-D1A
(ATCC CRL-2541) mouse astrocytes were cultured in high-glucose DMEM (Sigma-Aldrich)
supplemented with 10% of heat-inactivated FBS (Gibco), 1 mM sodium pyruvate (Gibco), 100 1U/ml
of penicillin (Gibco), and 100 pg/ml of streptomycin (Gibco). The in vitro model of the BBB was set

up by using a series of trans-wells with 3 pm diameter pores (Falcon®). Trans-wells were placed
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(inverted) into a Petri dish and C8D1A cells were seeded at 10000 cells/cm? on the basolateral side, and
let adhere for 24 h. Thereafter, trans-wells were inverted again, placed in a 24-well plate pre-filled with
cell culture medium, and bEnd.3 cells were then seeded at 50000 cells/cm? on the apical side; the
formation of the barrier was allowed for 5 days. To assess the maturation of the BBB model, medium
containing 250 pg/ml of FITC-dextran (70 kDa, Sigma) was administered to the apical side of both
trans-wells seeded as previously described and “plain” trans-wells (without cells, used as controls). At
each time point, 100 pl of medium was taken from the basolateral side of the insert and its fluorescence
was measured through a Victor X3 Multilabel Plate Reader (Perkin Elmer; Aex 485 nm, Aem 535 nm;
samples were measured after 24 and 72 h from the administration of FITC-dextran). To assess the
PDNP passage,cell culture medium doped with 50 pg/ml of PDNPs was added to the apical side of the
trans-wells, either seeded or not with bEnd.3 and C8-D1A cells. After 24 and 72 h, 100 pl of cell
culture medium were taken from the basolateral side of the insert and absorbance measured with a
Victor X3 Multilabel Plate Reader (Perkin Elmer), by exploiting a calibration curve obtained at 490 nm
to quantify the amount of PDNPs that crossed the BBB model®®. To confirm the ability of PDNPs to be
internalized by the cells forming the barrier, trans-well inserts supporting the cultures were treated with
DiO-stained PDNPs for 72 h. Thereafter, cells were fixed, stained with TRITC-phalloidin (Sigma) and
Hoechst 33342 (Invitrogen), and imaged through confocal microscopy (C2s system, Nikon) with a 60x
oil immersion objective, as previously described for fibroblasts.

Proteomic analysis

For proteomic analyses, 4 batches of healthy fibroblasts and 4 batches of fibroblasts derived from
ARSACS patients were seeded in Petri dishes at 10000 cells/cm?. Upon reaching approximately full
confluency, cells were incubated for 72 h with cell culture medium doped (or not, as control) with 100
pg/ml of PDNPs. After incubation, cells were treated in part for 24 h with 100 uM of TBH and then
detached through trypsinization, rinsed once in DPBS, and the obtained pellet was frozen at -80°C.
After thawing, samples were lysed, reduced, and alkylated in 50 ul LY SE buffer (Preomics) at 95°C for
10 min and sonicated with an Ultrasonic Processor UP200St (Hielscher), 3 cycles of 30 s. Lysates
samples were digested with 0.7 ug trypsin and 0.3 pg LysC overnight at 37°C. To remove PDNPs, a 20
min centrifuge step at 20000 | has been performed, and the supernatants were processed with iIST
protocol®®,
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The resulting peptides were analyzed by a nano-UHPLC-MS/MS system using an Ultimate 3000 RSLC
coupled to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific Instrument). Elution was
performed using a 200 cm uPAC C18 column (PharmaFluidics) mounted in the thermostated column
compartment maintained at 50°C. Firstly, a concentration gradient from 5% to 10% of buffer B was
applied (80% acetonitrile and 20% H20, 5% DMSO, 0.1% formic acid), coupled with a flow gradient
from 750 nl/min to 350 nl/min for 15 min. Then, peptides were eluted with a 60 min non-linear
gradient from 10% to 60% of buffer B at a constant flow rate of 350 nl/min. Orbitrap detection was
used for MS1 measurements at a resolving power of 120 K in a range between 375 and 1500 m/z and
with a standard AGC target. Advanced Peak Detection was enabled for MS1 measurements. MS/MS
spectra were acquired in the linear ion trap (rapid scan mode) after higher-energy C-trap dissociation
(HCD) at a collision energy of 30% and with a Custom AGC target. For precursor selection, the least
abundant signals in the three ranges 375-575 m/z, 574-775 m/z, and 774-1500 m/z were prioritized.

Dynamic exclusion was set at 25 s.

MaxQuant software®’, version 1.6.17.0, was used to process the raw data. The false discovery rate
(FDR) for the identification of proteins, peptides, and PSM (peptide-spectrum match) was set to 0.01.
A minimum length of 6 amino acids was required for peptide identification. Andromeda engine,
incorporated into MaxQuant software, was used to search MS/MS spectra against the Uniprot human
database (release UP000005640 9606 October 2020). In the processing, the variable modifications
were Acetyl (Protein N-term), Oxidation (M), and Deamidation (NQ). Carbamidomethyl (C) was
selected as fixed modification. Algorithm MaxLFQ was chosen for the protein quantification with the
activated option “match between runs” to reduce the number of the missing proteins. The intensity
values were extracted and statistically evaluated using the ProteinGroup Table and Perseus software3®
version 1.6.14.0. GO enrichment specific for skin fibroblast was obtained with the webserver
HumanBase®. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE*? partner repository with the dataset identifier PXD032916.

Statistical analysis

The normality of data distributions was assessed with the Shapiro-Wilk normality test. Normally
distributed data were analyzed via ANOVA followed by the LSD post-hoc test with Bonferroni
correction. Non-normally distributed data were analyzed through Kruskal-Wallis test followed by the

Wilcoxon signed-rank test. Normally distributed data were expressed as mean + standard error, non-
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normally distributed data as median + confidence interval, and represented in box plot. Significance

was set for p < 0.05
Results and discussion
PDNP size and morphology

As shown in Figures la-b, both SEM and TEM analyses confirmed the presence of homogeneous
spherical nanostructures of an average size of 197 £ 25 nm. Figures 1c-d reports DLS result, showing
an average hydrodynamic diameter of 296.8 + 2.7 nm with a polydispersity index of 0.025 + 0.007 and
an average surface Z-potential of -46.7 + 0.3 mV. These results are in line with previous reports of
PDNPs synthesis using an analogous fabrication procedure?!. In particular, PDNPs appear to be

monodisperse and homogeneous.
Biocompatibility analysis

As shown in Figure 2a, PicoGreen analysis demonstrated that PDNPs at various concentrations (0,
6.25, 12.5, 25, 50, 100, 250 pg/ml) did not cause any statistically significant effect ondsDNA content at
neither 24 h nor 72 h of treatment, indicating no harmful effects at these PDNP concentrations on
cellular proliferation. The same treatment did not cause any statistically significant increment in the
number of dead cells (propidium iodide-positive cells; quantitative analysis reported in Figure 2b,

representative fluorescence images in Figure S1).

Polydopamine materials, and PDNPs in particular, are well known for their biocompatibility as
demonstrated by several literature works.??2 The concentration of 100 pg/ml was selected as a
working value for the experiments described in the next sections, based on previous characterizations

of the antioxidant properties of similar polydopamine nanostructures.?
Internalization analysis

Internalization analysis showed a relatively high level of internalization by fibroblasts as depicted in
Figure 3a. These results were confirmed through flow cytometry, the data of which are reported in
Figure 3b (blue trace referring to control cells, red trace to cells treated for 24 h, green trace to cells
treated for 48 h, and pink trace to cells treated for 72 h). Figure 3c shows the quantitative evaluation,
reporting % of cells positive or negative for DiO-stained PDNPs (indicated as FITC+ and FITC-,
respectively) in the control group and at the different incubation time points. In particular we observed

1.1 + 1.0% FITC+ cells in control conditions, 67.3 + 1.0% FITC+ cells after 24 h of incubation with
13



DiO-PDNPs, 84.6 + 1.6% FITC+ cells after 48 h of incubation with DiO-PDNPs, and 96.3 + 1.0%
FITC+ cells after 72 h of incubation with DiO-PDNPs.

Intracellular localization analysis is shown in Figure 4; in particular, Figure 4a shows representative
confocal images relative to the co-localization of DiO-stained PDNPs with mitochondria (top panel)
and lysosomes (bottom panel), while in Figure 4b the quantitative analysis is reported, expressed as
Pearson’s correlation coefficient. We observed the absence of co-localization with mitochondria
(Pearson’s coefficient 0.01 + 0.01), while a considerable quantity of PDNPs was found in lysosomes
after 72 h of incubation (Pearson’s coefficient 0.31 £ 0.07). The internalization of PDNPs inside
fibroblast cells was also confirmed by SEM-FIB analysis, as shown in Figure 4c. In particular, control
cells analyzed trough SEM-FIB imaging (Figure 4c, left panel) did not show the presence of PDNPs
that were instead evident in the cytoplasm of cells pre-incubated with the particles (Figure 4c, right
panel), where PDNPs appear as electron dense spot distributed in the cytoplasm of cells. Data of
intracellular localization are similar to what was previously reported by our group on other cell types,
such as differentiated SH-SY5Y?2L. It is worth mentioning that, despite the absence of PDNPs in
mitochondria, we reported several beneficial effects of PDNPs over mitochondria and mitochondrial
functions, as reported in the following paragraph. The observed protective effects are most probably
due to an indirect antioxidant effect elicited by the particles, as discussed more in detail in the
following sections. Furthermore, PDNP internalization in lysosomes could suggest an inactivation of
their antioxidant activity, and the observed effects could appear contradictory. However, it is worth
mentioning that not all the PDNPs are internalized inside of lysosomes, and a large portion appear to
have a cytoplasmic distribution; moreover, lysosomes, and in particular their membranes, have been
shown to be sensitive to ROS-induced damages, and several ROS-responsive genes such as the

antioxidant lipocalin apolipoprotein D (ApoD) are involved in the protection of lysosomes.**
Antioxidant effects of PDNPs

The protective effects of PDNPs in terms of reduction of ROS level and prevention of
apoptosis/necrosis induced by pro-oxidative stimulus were measured through flow cytometry on both
healthy and ARSACS patient-derived cells. The results of both analyses are shown in Figures 5-6,
while representative histograms and dot plots of flow cytometry experiments are presented in Figures
S2-S5.
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The acute exposure to TBH caused a statistically significant increment (p < 0.05) of ROS levels after
60 min of treatment in healthy cells, and after 30 and 60 min in patients-derived cells (in particular the
number of ROS+ cells in the case of healthy fibroblasts increased from 6.0 £ 0.3% in the control
cultures to 22.2 £ 7.9% after 60 min of treatment with TBH, while in the case of ARSAC patient-
derived fibroblasts the number of ROS+ cells increased from 5.6 + 1.4% in the control to 14.7 + 0.8%
after 30 min of treatment with TBH and to 28.5 £+ 3.8% after 60 min of treatment with TBH). This
difference of sensitivity to pro-oxidant stimulus between healthy and patient-derived cells is probably
due to the altered phenotype of ARSACS cells, as previously reported in the literature®. The treatment
with PDNPs (100 pg/ml) caused a statistically significant reduction (p < 0.05) in the basal ROS level of
both healthy and patients-derived cells at both time points: in particular, the number of ROS+ cells
drop to approximately 0.1 £ 0.1% in each of these conditions. Moreover, the treatment with PDNPs
also was able to prevent the increment in ROS caused by the treatment with TBH in both cell types
with ROS+ cells in healthy and ARSACS patient-derived fibroblasts being equal to approximately 0.1
+ 0.1% at both 30 and 60 min. These analyses are in line with what we previously reported using
PDNPs on differentiated SH-SY5Y, where the treatment with PDNPs was able to reduce intracellular
basal ROS levels and to prevent the increment in ROS levels caused by the treatment with TBH.?
Results obtained with PDNPs are also comparable with our previous report regarding the use of
idebenone-loaded nanostructured lipid carriers (IDE-NLCs) in ARSACS patient-derived fibroblasts.*
However, PDNPs appear to outperform IDE-NLCs in terms of antioxidant effects, most probably
owing to the high content of polyphenol groups present on the surface of PDNPs, that act as ROS
scavengers, thus reducing ROS basal levels and counterbalancing the increment of ROS caused by
TBH treatment.

The treatment with low TBH concentration for longer periods (100 uM for 24 h) caused a statistically
significant reduction of viable cells in both healthy and ARSACS patient-derived fibroblasts, with a
statistically significant increment of either apoptotic or necrotic cells. This phenomenon was
counterbalanced by the pre-treatment with 100 pug/ml of PDNPs. In particular, the healthy controls
showed 93.4 £+ 2.3% of viable cells, 1.2 £ 0.5% of early apoptotic cells, 4.4 = 1.8% of late apoptotic
cells, and 1.1 + 0.4% of necrotic cells. The treatment with PDNPs provided a similar outcome to the
controls with 96.8 + 1.3% viable cells. The chronic treatment with TBH caused a statistically
significant increment in the number of apoptotic and necrotic cells, and a consequent decrement of

healthy cells (80.4 + 4.1 of viable cells, 6.4 + 4.4% of early apoptotic cells, 8.5 = 4.5% of late apoptotic
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cells, and 4.8 + 1.8% of necrotic cells). This increment in apoptotic and necrotic cells was prevented by
the pre-treatment with 100 pg/ml of PDNPs (96.7 = 1.9% of viable cells, 1.0 £ 0.6% of early apoptotic
cells, 2.2 = 1.3% of late apoptotic cells, and 0.1 £ 0.1% of necrotic cells). ARSACS patient-derived
fibroblasts showed 91.3 + 6.0% of viable cells, 1.9 + 1.6% of early apoptotic cells, 5.2 £ 1.9% of late
apoptotic cells, and 1.6 + 0.6% of necrotic cells. Once again, the treatment with PDNPs showed a
similar trend with 96.5 + 2.0% of viable cells. The treatment with TBH caused a statistically significant
increment in the number of apoptotic and necrotic cells, and a statistically significant reduction of
viable cells (72.7 + 3.8% of viable cells, 4.1 £ 1.7% of early apoptotic cells, 13.0 = 5.1% of late
apoptotic cells, and 10.2 + 3.0% of necrotic cells), while the pre-treatment with PDNPs prevented this
phenomenon, providing 98.2 + 0.6% of viable cells, 0.7 + 0.3% of early apoptotic cells, 0.7 + 0.3% of
late apoptotic cells, and 0.5 + 0.2% of necrotic cells).

PDNPs antioxidant capacity was also compared to other antioxidant compounds (tannic acid, L-
ascorbic acid, and idebenone) and with non-antioxidant lipid-based nanostructures (NLCs, as control)
on healthy cells treated either treated or not with 2.5 mM TBH for 60 min (Figures S6. Only the
treatment with PDNPs caused a statistically significant reduction of ROS+ cells in cultures in basal
conditions (2.9 £ 0.4% in controls, 0.7 + 0.2% in PDNPs-treated cultures, 3.1 + 0.5% NLCs-treated
cultures, 3.0 £ 0.3% in tannic acid-treated cultures, 3.7 = 0.5% in L-ascorbic acid-treated cultures, and
2.8 =+ 0.1% idebenone-treated cultures Moreover, again just PDNPs were able to significantly reduce
the levels of oxidative stress in TBH-treated cells; in particular, we observed a percentage of ROS+
cells equal to 10.2 + 1.1% in the case of cells treated with TBH, 1.0 £ 0.1% in the case of cells treated
with both PDNPs and TBH, 8.0 £ 1.4% in the case of cells treated with both NLCs and TBH, 11.0 +
2.2% in the case of cells treated with both tannic acid and TBH, 9.7 + 1.1% in the case of cells treated
with both L-ascorbic acid and TBH and 7.6 + 0.4% in the case of cells treated with both idebenone and
TBH. These control experiments confirm as PDNPs are able to outperform all the other tested
antioxidant compounds, and, by comparing the effect of PDNPs with previously reported antioxidant
nanostructures such as resveratrol- or idebenone-loaded nanoparticles?®, PDNPs are clearly able to

scavenge intracellular ROS levels at significant higher extent.

ROS overproduction is known for causing damages to cellular components such as macromolecules
(lipids, proteins, and nucleotides), membranes, and mitochondria. If ROS are left uncontrolled and the
cellular damages accumulate without being repaired, the result of this chain of molecular events is
commonly cell death either by apoptosis or necrosis. As shown from our data, PDNPs, being able to
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counteract the accumulation of ROS thanks to their antioxidant ability, can prevent ROS-induced
cellular death. As it will be discussed in the following sections, this effect is probably due to the
combination of an antioxidant direct effect of PDNPs, that reduce ROS levels and partially prevent
cellular damage, and of an indirect effect upon protein expression. In particular, as discussed in the
following proteomic analysis section, PDNPs appear to modulate a large variety of biological
pathways, including antioxidant defense mechanisms and DNA repair systems that could contribute to
the protective effect showed by PDNPs. It is clear that ROS overproduction is a common hallmark of
ARSACS; however, the role of ROS in ARSACS is still unclear. In particular, in the case of fibroblasts
derived from ARSACS patients, it has been reported how mutation at the level of SACS gene could
cause a decreased mitochondrial respiration and a reduced activity of the respiratory chain with a
consequent increment of ROS levels and DNA damage'®. In the case of ARSACS, ROS
overproduction seems to be a consequence rather than the cause of the biological impairments caused
by the altered synthesis of sacsin, in particular the already discussed mitochondrial defects putatively at
the base of the Purkinje cell loss typical of the disease!!. However, it has also been suggested that ROS
could be part of a self-sustaining cycle where sacsin under-expression causes mitochondrial
impairments that in turn increase ROS levels leading to further mitochondrial impairments and to other
forms of damages, eventually causing cellular death®3. Based on our analysis, PDNPs are probably not
able to completely recover the altered phenotype of ARSACS patient-derived cells; however, they
could be used as a protective agent able to prevent or at least halt the evolution of the disease.

Protective effect of PDNPs on mitochondria

The protective effect of PDNPs on mitochondria was measured both in terms of protection against
morphological impairments caused by the treatment with a pro-oxidative stimulus (TBH 2.5 mM) and
in terms of ability to prevent the loss of mitochondrial membrane potential in cells exposed to both pro-

oxidative stimulus (TBH 2.5 mM) and an inhibitor of the respiratory chain (oligomycin 6 pM).

In terms of morphology, we observed that the treatment with TBH caused in all conditions a
statistically significant loss of elongation (lower elongation values) of the mitochondria, while the
administration of PDNPs partially, yet significantly, recovered the elongation loss. This phenomenon
was observed both in fibroblasts derived from healthy subjects (data shown in Figure 7; the average
median elongation values were equal to 2.3 £ 0.4 in control conditions, 2.3 = 0.2 after treatment with
PDNPs, 1.78 + 0.1 after treatment with TBH, and 2.2 = 0.2 in the case of cells pre-incubated with
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PNDPs and then treated with TBH), and in fibroblasts derived from ARSACS patients (data shown in
Figure 8; the average median elongation values were equal to 2.14 + 0.3 in control conditions, 2.2 = 0.3
after treatment with PDNPs, 1.68 + 0.1 after treatment with TBH and 1.9 £ 0.1 in the case of cells pre-
incubated with PNDPs and then treated with TBH).

Generally, healthy fibroblasts are characterized by a relatively large population of elongated tubular
mitochondria and several reports in the literature describe how the overproduction of ROS can induce
mitochondrial morphological aberration.?>*? In particular, the treatment with pro-oxidative stimuli has
been shown to induce a change in the shape of mitochondria with significant enrichment of fragmented
mitochondria characterized by a circular shape.?’*? PDNPs seem to be able to prevent the
fragmentation caused by TBH on both healthy and ARSACS patient-derived cells. It is worth
mentioning that PDNPs did not show any significant internalization in mitochondria as shown by the
previously discussed confocal imaging analysis. Based on our data, the mitochondrial protective effect
shown by PDNPs is probably due to an indirect antioxidant effect, where PDNPs reduce the amount of
ROS generated by the pro-oxidant stimulus, thus protecting mitochondria from oxidative damage.
Similar results have been already reported by our group on skin fibroblasts using cerium oxide

nanoparticles.*?

In the case of mitochondrial membrane potential analysis, we observed a further protective effect of
PDNPs against the mitochondrial damage induced by TBH. In particular, as shown in Figure 9, cells
(healthy and ARSACS-derived) in the control condition and treated with PDNPs were able to maintain
their mitochondrial potential levels (measured through variation of the fluorescence intensity of
rhodamine and indicated in Figure 9 by the blue and the orange trace, respectively), even after the
addition of oligomycin. However, healthy cells showed a loss of fluorescence intensity upon TBH
treatment after the addition of oligomycin, correlated with a loss in mitochondrial membrane potential
(in particular fluorescence levels drop from 100% to 79 + 5%, gray trace in Figure 9a). This loss was
almost completely absent in the case of cells treated with TBH but in the presence of both PDNPs
(fluorescence intensity variation decreasing from 100% to 93 + 2%, yellow trace in Figure 9a). In the
case of ARSACS patient-derived fibroblasts the treatment with TBH caused a continuous loss of
fluorescence intensity correlated with a loss of mitochondrial membrane potential, which was
exacerbated with the addition of oligomycin (a drop in fluorescence intensity from 100% to 71 + 4% at
the end, gray trace in Figure 9b). Also in this case, the combined treatment with PDNPs partially
prevented this loss: we observed a drop in fluorescence intensity from 100% to 93 * 2% (yellow trace
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in Figure 9b). Healthy cells are generally able to maintain mitochondrial potential levels even after
exposure to oligomycin.*? The accumulation of ROS can cause severe damages on mitochondrial
membranes with the consequence of making them unable to maintain their potential when exposed to
oligomycin. We observed a peculiar behavior in the case of ARSACS patient-derived cells treated with
TBH (Figure 9b, gray trace) where a loss of membrane potential was observed from the very beginning
of the analysis, with the addition of oligomycin causing an exacerbation of the phenomenon. We
hypothesize that ARSACS cells, being more sensitive to oxidative stress-induced damage®®,
accumulate severe mitochondrial damage after TBH treatment at an extent that makes them unable to
maintain their mitochondrial membrane potential even before oligomycin addition. Once again, PDNPs
showed protective effects, being able to prevent the membrane potential loss caused by the addition of
oligomycin in TBH-treated cells. This effect is probably related to the previously discussed antioxidant
capacities of PDNPs, that are able to decrease ROS generated upon TBH treatment, thus reducing
mitochondrial damages and, as a consequence, providing an improved capacity to stabilize the

membrane potential.
BBB in vitro model crossing

A trans-well model of BBB, based on endothelial cells and astrocytes co-cultures®®#3, has been set up
to preliminary assess the BBB crossing ability of PDNPs. Upon verification of a satisfactory formation
of a BBB model (about 80% of hindering of FITC-dextran 70 kDa crossing after 24 h, about 70% after
72 h), PDNPs have been administered on the apical side of the inserts to assess the ability of the
particles to be internalized by brain endothelial cells and thereafter transported to the basolateral side of
the in vitro BBB model. The results depicted in Figure S7a indicate how PDNPs are able to cross the
barrier; in particular, we observed the passage of approximately 8 ug and 13 pg of PDNPs after 24 h
and 72 h of administration, respectively. Moreover, confocal imaging reported in Figure S7b, showing
the presence of a double layer of cells (bEnd.3 on the apical side and C8D1A on the basolateral side of
the membrane, indicated as “top view” and “bottom view”) demonstrates the ability of PDNPs (in

green) to be internalized by bEnd.3 cells (bottom panels of the Figures).

While collected findings are just preliminary data obtained through a simplified in vitro model of the
BBB, lacking the complexity of an in vivo model, the observed BBB crossing ability of PDNPs is
promising, and its future in vivo verification will represent a pivotal milestone for the clinical

application of polydopamine-based nanomaterials in the treatment of CNS disorders.
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Proteomic analysis

Proteomic analysis was carried out to unveil the cellular pathways influenced both by TBH and PDNPs
treatment. The chronic treatment with TBH (100 uM for 24 h) caused a statistically significant change
in the protein expression profile of both fibroblasts derived from healthy subjects and fibroblasts
derived from ARSACS patients, while pre-treatment with PDNPs (100 pg/ml for 72 h) followed by the
same pro-oxidative stimulus partially prevented this effect, maintaining stable the expression level of
several proteins otherwise affected by TBH. Protein expression levels are shown in Figure 10 for
fibroblasts derived from healthy subjects and in Figure 11 for fibroblasts derived from ARSACS
patients, with over-expressed proteins represented in red and under-expressed proteins represented in
blue. The complete list of proteins for each cluster of interest are presented in Table S1 (healthy cells)
and Table S2 (ARSACS derived cells). Several GO biological terms grouped by biological function
resulted enriched in the comparison between healthy fibroblasts in control conditions compared to
healthy fibroblasts treated with PDNPs (Figure 12a and Table 1), between cells derived from ARSACS
patients with analogous cells treated with PDNPs (Figure 12b and Table 2), between cells derived from
healthy subjects treated with TBH with analogous cells pre-incubated with PDNPs and then treated
with TBH (Figure 12c and Table 3), and between cells derived from ARSACS patients treated with
TBH with analogous cells pre-incubated with PDNPs and treated with TBH (Figure 12d and Table 4).
These four comparisons were chosen in order to understand the effects of PDNPs on protein expression
in basal conditions (both on healthy and on ARSACS patient-derived cells), and in a situation of

increased oxidative stress (again both on healthy and on ARSACS patient-derived cells).

The comparison between healthy cells in control conditions and healthy cells treated with PDNPs
resulted in the enrichments of terms such as MRNA and protein synthesis and processing (Figure 12a
and Table 1, group M1 and M2), GTP related cellular activities (Figure 12a and Table 1, group 3), and
apoptosis related genes (Figure 12a and Table 1, group M5). Concerning apoptosis related proteins, it is
worth mentioning that the only two affected proteins were the high-mobility group box 1 protein
(HMGB1) and Sin3A Associated Protein 18 (SAP18). HMGBL is a protein involved in several
biological functions including chromatin remodeling and inflammation®. In particular, HMBG1 has
been shown to be able to stimulate both cell survival and cell death depending on its redox status*;
SAP18 is instead a component of the histone deacetylase complex involved in the regulation of
transcription®®. The evidence of the protective effect in terms of ROS production and apoptosis/necrosis
levels of PDNPs, combined with the previously described biocompatibility tests and the fact that only
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two proteins with several different biological functions are present in the group M5 of Table 1 (GO

terms related to apoptosis), suggest that PDNPs do not have pro-apoptotic effects upon healthy cells.

The comparison between cells derived from ARSACS patients treated and untreated with PDNPS
resulted in the enrichment of terms such as protein synthesis and processing (Figure 12b and Table 2,
group M1), autophagy-related proteins (Figure 12b and Table 2, group M2), cell motility, and
interaction with external substrates (Figure 12b and Table 2, groups M3 and M5), and processing/repair
of nucleotides (Figure 12b and Table 2, groups M4 and M6). The comparison between cells derived
from healthy subjects and treated with TBH, and the same cells pre-incubated with PDNPs and then
treated with TBH show a statistically significant GO enrichment in terms involved in DNA processing
and DNA repair (Figure 12c and Table 3). Lastly, the comparison between cells derived from ARSACS
patients treated with TBH vs. the same cells pre-incubated with PDNPs and then treated with TBH
showed a statistically significant enrichment in GO terms involved in protein synthesis and processing
(Figure 12d and Table 4, group M1), neuronal differentiation pathway (Figure 12d and Table 4, group
M2), cation transport and glycosylation (Figure 12d and Table 4, groups M3 and M4), protein transport
and GTP related cellular activities (Figure 12d and Table 4, group M5), and response to external

stimuli and oxidative stress (Figure 12d and Table 4, group M6).

Several of the enriched GO groups have relevance in the context of ARCACS disease. Defective
mitochondrial MRNA processing and maturation have been linked to cases of autosomal-recessive
spastic ataxia,*”*® while DNA repair, replication, and processing together with protein synthesis,
folding, and post-translational modifications are all been linked to various forms of autosomal recessive
cerebellar ataxias.*® As previously discussed, all these molecular pathways are influenced by the
treatment of ARSACS patient-derived cells with PDNPs (Figure 12b and Table 2), hinting that PDNPs

could potentially have a role in ameliorating some of the molecular impairments typical of the disease.

The GO enrichment depicted in Figure 13 shows how the pre-incubation with PDNPs causes
stimulation of molecular pathways involved in DNA repair and organization. ROS are known to be
able to induce oxidative damage to DNAs even under physiological conditions:* PDNPs could
therefore partially prevent oxidative DNA damage by both directly acting as a ROS scavenger and by
indirectly stimulating DNA repair molecular pathways. Cytoskeletal aberrations and autophagy
impairments have also been identified in ARSACS cells and in cells with reduced production of the

protein sacsin.>* As previously mentioned, the pre-incubation with PDNPs affected the protein
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expression levels of molecules involved in autophagy and catabolic pathways (Figure 12b and Table 2,
group M2). Lastly, PDNPs appear to stimulate relevant pathways in ARSACS cells exposed to the pro-
oxidative stimulus, in particular proteins involved in ion metabolism, neuronal differentiation,
glycosylation, protein synthesis and processes, GTP-related activities, and antioxidant defenses. The
stimulation of antioxidant defenses hints once again at the possibility of PDNPs having a double effect
as a direct antioxidant agent and as an indirect enhancer of physiological scavenger defense
mechanisms. Altered metabolism of metal cations (such as iron) and calcium ions have been linked to
several ataxia forms such as Friedreich’s ataxia;*>® glycosylation impairments are linked to a large
variety of congenital neurological disorders including various forms of ataxia.>* Overall, the treatment
with PDNPs in ARSACS patient-derived cells affects several biological pathways with considerable

relevance in potential antioxidant-based therapies for many forms of neurological disorders.
Conclusions

PDNPs demonstrated interesting antioxidant properties, being able to reduce oxidative stress levels in
both healthy and ARSACS patient-derived cells. Moreover, PDNPs demonstrated the ability to
partially prevent the damage induced by ROS in terms of induction of apoptosis/necrosis, disruption of
mitochondrial morphology, and loss of mitochondrial potential. Finally, PDNPs demonstrated the
ability to partially counteract the alteration of protein expression induced by a pro-oxidative stimulus,
while activating various metabolic pathways involved in biosynthetic processes, DNA repair, and
antioxidant defense mechanisms. Altogether, these data lay a promising foundation for future analysis
involving the use of PDNPs as a potential treatment for ARSACS. Further analysis to characterize the
molecular pathways influenced by PDNPs, also involving the use of in vivo models, will be however a

mandatory step for the exploitation of PDNPs in clinical applications.
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Figure 1. Characterization of PDNPs. Representative a) SEM and b) TEM images of PDNPs showing
spherical morphology and uniform size. ¢) Hydrodynamic diameter and d) {-potential distributions of
PDNP dispersions in water.
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Figure 2. Analysis of PDNP biocompatibility on healthy fibroblasts. a) PicoGreen™ analysis and b)

quantitative evaluation of Live/Dead assay.
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Figure 4. Analysis of the intracellular localization of PDNPs. a) Representative confocal fluorescence
images showing the intracellular localization of DiO-PDNPs with respect to mitochondria (upper
panels: DiO-PDNPs in green, mitochondria in red, nuclei in blue) and lysosomes (lower panels: DiO-

PDNPs in green, lysosomes in red, nuclei in blue). b) Pearson’s correlation coefficients between DiO-
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PDNPs and mitochondria (green column) or lysosome (orange column) fluorescence signals. c)
Representative SEM-FIB images showing the internalization of PDNPs in healthy fibroblasts. On the
left control cells, on the right cells incubated with PDNPs (white arrows indicate PDNPs
correspondents to electron dense spot in the image).
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60 min) and following different treatments in a) healthy fibroblasts and b) ARSACS patient-derived

(ROS-) cells assessed by flow cytometry through CellRox™ staining at different time points (30 and
fibroblasts (*p < 0.05, **p < 0.01, ***p < 0.001).

subjects and 4 ARSACS patients). The graphs show the % of ROS positive (ROS+) and ROS negative

patient-derived fibroblasts (data were obtained from the analysis of cells derived from 4 healthy
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Figure 6. Evaluation of apoptosis/necrosis levels through flow cytometry upon annexin-V-FITC/PI
staining. a) Healthy fibroblasts and b) ARSACS patient-derived fibroblasts undergone different
experimental treatments (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 10. Heatmap showing the differential expression of various proteins in fibroblasts derived from
four healthy subjects in different experimental conditions (Control indicated as “healthy”, cells treated
with 100 uM TBH for 24 h indicated as “healthy TBH”, and cells pre-incubated with 100 pg/ml of
PDNPs for 72 h and consequentially treated with 100 uM of TBH for 24 h indicated as “healthy
PDNPs TBH”). In red over-expressed protein, in blue under-expressed proteins; the single proteins
present in each cluster are listed in Table S1.
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Figure 11. Heatmap showing the differential expression of various proteins in fibroblasts derived from
four ARSACS patients in different experimental conditions (Control indicated as “patients”, cells
treated with 100 uM TBH for 24 h indicated as “Patients TBH”, and cells pre-incubated with 100
pg/ml of PDNPs for 72 h and consequentially treated with 100 uM of TBH for 24 h indicated as
“Patients PDNPs TBH”). In red over-expressed protein, in blue under-expressed proteins; the single
proteins present in each cluster are listed in Table S1.
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Figure 12. GO enrichment for biological function in both healthy and ARSACS patient-derived
fibroblasts. a) Node map relative to healthy fibroblasts in control conditions vs. healthy fibroblasts
incubated with 100 pg/ml of PDNPs; b) node map relative to ARSACS patient-derived fibroblasts in
control conditions vs. ARSACS patient-derived fibroblasts incubated with 100 pg/ml of PDNPs; c)
node map relative to healthy fibroblasts treated with TBH vs. healthy fibroblasts pre-incubated with
100 pg/ml of PDNPs and then treated with TBH; d) node map relative to ARSACS patient-derived
fibroblasts treated with TBH vs. ARSACS patient-derived fibroblasts pre-incubated with 100 pg/mi
PDNPs and then treated with TBH.
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Table 1. List of the enriched GO terms for biological functions relative to healthy fibroblasts in control

conditions vs. healthy fibroblasts incubated with 100 pg/ml of PDNPs

Module Top terms (max 10) QVAL |Genes |Terms
M1 cytoplasmic translation <le-8 43 17
translation <le-8
peptide biosynthetic process <le-8
amide biosynthetic process <le-8
peptide metabolic process <le-8
ribosomal small subunit biogenesis 0.00000003
rRNA processing 0.00000029
rRNA metabolic process 0.00000207
ribosome biogenesis 0.00000250
ncRNA processing 0.00005382
M2 MRNA processing 0.00138956
MRNA splicing, via spliceosome 0.00188861
RNA splicing, via transesterifcation reactions 0.00188861
with bulged adenosine as nucleophile
RNA splicing, via transesterifcation reactions 0.00188861
mMRNA metabolic process 0.00296335
RNA splicing 0.00674337
cholesterol biosynthetic process 0.03670478
sterol biosynthetic process 0.03670478
secondary alcohol biosynthetic process 0.03670478
regulation of DNA replication 0.03670478
M3 activation of GTPase activity 0.00954957 26 8
positive regulation of angiogenesis 0.07869581
positive regulation of vasculature 0.07869581
development
positive regulation of GTPase activity 0.09018516
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positive regulation of cellular protein 0.09261664
localization
regulation of GTPase activity 0.09310140
regulation of angiogenesis 0.09310140
regulation of vasculature development 0.09692422

M4 symbiont process 0.07869581 8
response to organonitrogen compound 0.07876174

M5 positive regulation of apoptotic process 0.09310140 17
positive regulation of programmed cell death | 0.09310140
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Table 2. List of the enriched GO terms for biological functions relative to ARSACS patient-derived
fibroblasts in control conditions vs. ARSACS patient-derived fibroblasts incubated with 100 pg/ml of

PDNPs.
Module Top terms (max 10) QVAL |Genes |Terms
M1 cytoplasmic translation 0.00000001 50 48
translation 0.00000403
peptide biosynthetic process 0.00000403
amide biosynthetic process 0.00000909
peptide metabolic process 0.00001803
ribosomal small subunit biogenesis 0.00122840
rRNA processing 0.00148218
rRNA metabolic process 0.00284025
ribosome biogenesis 0.00299515
ribonucleoprotein complex biogenesis 0.00302824
M2 cellular response to amino acid starvation 0.00080248 2 14
negative regulation of autophagy 0.00110716
cellular response to starvation 0.00225552
response to starvation 0.00228298
cellular response to extracellular stimulus 0.00260054
cellular response to nutrient levels 0.00260054
response to nutrient levels 0.00299515
response to extracellular stimulus 0.00299515
regulation of autophagy 0.00302824
negative regulation of cellular catabolic 0.00302824
process
M3 negative regulation of binding 0.00260054 58 344
receptor internalization 0.00260054
negative regulation of interleukin-13 0.00260054
production
negative regulation of interleukin-13 0.00260054

production
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positive regulation of cell migration 0.00299515
smooth muscle cell proliferation 0.00299515
regulation of smooth muscle cell proliferation | 0.00299515
positive regulation of cell motility 0.00302824
regulation of cell fate specification 0.00302824
positive regulation of cellular component 0.00313336
movement
M4 DNA replication 0.00329726 73 123
positive regulation of nuclease activity 0.00566404
regulation of DNA metabolic process 0.00977086
protein folding 0.01032849
RNA export from nucleus 0.01032849
DNA recombination 0.01138742
mMRNA processing 0.01228949
regulation of DNA replication 0.01373059
positive regulation of DNA replication 0.01379163
RNA transport 0.01468916
M5 regulation of focal adhesion assembly 0.00409593 62 73
regulation of cell-substrate junction assembly | 0.00409593
regulation of adherens junction organization 0.00451915
cell-substrate adherens junction assembly 0.00526505
focal adhesion assembly 0.00526505
cell-substrate junction assembly 0.00582875
adherens junction assembly 0.00582875
regulation of cell junction assembly 0.00720708
adherens junction organization 0.00778497
regulation of cell-matrix adhesion 0.01006351
M6 regulation of DNA-templated transcription, 0.01009686 41 16
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elongation

DNA-templated transcription, elongation 0.01095057
regulation of interleukin-6 production 0.02465116
interleukin-6 production 0.02515402
positive regulation of response to DNA 0.02783404
damage stimulus

histone lysine methylation 0.02813321
peptidyl-lysine methylation 0.03372173
histone methylation 0.03509956
protein methylation 0.04762668
protein alkylation 0.04762668
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Table 3. List of the enriched GO terms for biological functions relative to healthy fibroblasts treated
with TBH vs. healthy fibroblasts pre-incubated with 100 pg/ml of PDNPs and then treated with TBH.

Module Top terms (max 10) QVAL | Genes |Terms
M1 DNA duplex unwinding 0.00044961 5 11
DNA geometric change 0.00044961
DNA conformation change 0.00143292
positive regulation of chromosome 0.00143292
organization
double-strand break repair 0.00144415
nucleic acid phosphodiester bond hydrolysis 0.00144415
positive regulation of DNA metabolic process 0.00144415
regulation of chromosome organization 0.00264256
posttranscriptional regulation of gene 0.00271200
expression
DNA repair 0.00293709
M2 TOR signaling 0.00126701 5 1
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Table 4: List of the enriched GO terms for biological functions relative to ARSACS patient-derived
fibroblasts treated with TBH vs. ARSACS patient-derived fibroblasts pre-incubated with 100 pg/ml
PDNPs and then treated with TBH.

Module Top terms (max 10) QVAL |Genes |Terms
M1 translation 0.00236699 8 5
amide biosynthetic process 0.00236699
peptide biosynthetic process 0.00236699
cytoplasmic translation 0.00236699
peptide metabolic process 0.00259519
M2 neuron projection extension 0.00822538 18 35
developmental cell growth 0.00927676
developmental growth involved in 0.00927676
morphogenesis
developmental growth 0.01500115
neuron projection morphogenesis 0.01645356
plasma membrane bounded cell projection 0.01797199
morphogenesis
cell projection morphogenesis 0.01797199
cell part morphogenesis 0.01977233
regulation of angiogenesis 0.02903029
cytokine-mediated signaling pathway 0.02903029
M3 divalent metal ion transport 0.00822538 14 20
divalent inorganic cation transport 0.00822538
protein glycosylation 0.01319595
macromolecule glycosylation 0.01319595
glycosylation 0.01500115
glycoprotein biosynthetic process 0.01797199
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glycoprotein metabolic process 0.02051793
calcium ion transmembrane transport 0.02051793
regulation of actin flament-based process 0.02599316
calcium ion transport 0.02634459
M4 carbohydrate derivative biosynthetic process 0.01004057 4 1
M5 cell morphogenesis involved in differentiation | 0.01253541 8 11
positive regulation of GTPase activity 0.01319595
regulation of GTPase activity 0.01500115
generation of neurons 0.02051793
neurogenesis 0.02051793
cell morphogenesis 0.02051793
cellular component morphogenesis 0.02075162
regulation of multi-organism process 0.02075162
regulation of cellular protein localization 0.02075162
intracellular protein transport 0.02306617
M6 response to oxidative stress 0.01797199 15 2
response to drug 0.02903029
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Pro-oxidative stimuli

Reactive oxygen species (ROS) reduction

Antioxidant effect of PDNPs Protection from apoptosis/necrosis
Mitochondrial protection
/' Enhanced protein expression
Polydopamine (@) @ @
nanoparticles (PDNPs) ® )

Primary healthy and ARSACS-derived fibroblasts

Table of contents: PDNPs elicit an antioxidant effect upon healthy and ARSACS-derived fibroblasts
thus reducing ROS levels, ROS-induced apoptosis/necrosis, ROS-induced mitochondrial impairments,

and enhancing protein expression.
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