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ABSTRACT

Neurodegenerative diseases are generally characterized by a progressive loss of neuronal
subpopulations, with no available cure to date. One of the main reasons for the limited clinical
outcomes of new drug formulations is the lack of appropriate in vitro human cell models for
research and validation. Stem cell technologies provide an opportunity to address this challenge
by using patient-derived cells as a platform to test various drug formulations, including particle-
based drug carriers. The therapeutic efficacy of drug delivery systems relies on efficient cellular
uptake of the carrier and can be dependent on its size, shape, and surface chemistry. Although
considerable efforts have been made to understand the effects of the physiochemical properties of
particles on two-dimensional cell culture models, little is known of their effect in three-
dimensional (3D) cell models of neurodegenerative diseases. Herein, we investigated the role of
particle size (2351000 nm), charge (cationic and anionic), and density (1.05 and 1.8 g cm™) on
the interactions of particles with human embryonic stem cell-derived 3D cell cultures of sensory
neurons, called sensory neurospheres (sNSP). Templated layer-by-layer particles, with silica or
polystyrene cores, and self-assembled glycogen/DNA polyplexes were used. Particles with sizes
of <280 nm effectively penetrated sNSP. Additionally, effective plasmid DNA delivery was
observed up to six days post-transfection with glycogen/DNA polyplexes. The findings provide
guidance in nanoparticle design for therapies aimed at neurodegenerative diseases, in particular
Friedreich’s ataxia, whereby sensory neurons are predominantly affected. They also demonstrate

the application of 3D models of human sensory neurons in pre-clinical drug development.
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1. INTRODUCTION

Current advances in nanotechnology present an opportunity to develop therapeutic strategies for
targeting diseases that are not effectively treatable with conventional methods.! Drug delivery
systems based on chemically engineered micro- and nanoparticles can encapsulate therapeutic
cargos, such as proteins, nucleic acid, and/or small molecular weight drugs,>* and improve their
therapeutic efficacy.* Using nanoparticle-based formulations is often advantageous, as it can
increase the stability of the drug in biological fluids and inhibit its enzymatic degradation in the
bloodstream, improve its transportation through biological membranes, and minimize off-target
immune response activation.’ The use of targeting ligands potentially allows for cell-specific drug
delivery with minimal side effects,® and the composition and type of particles used determine the
mechanism of drug loading. Recent evidence suggests that the physicochemical properties of the
carrier, including size, shape, and charge, play an important role in determining particle—cell
interactions.”® However, reports on the influence of these properties on cell association,
internalization, and toxicity largely focus on two-dimensional (2D) cell culture models,
particularly neuronal cell models.!® Although 2D models are useful in providing information about
the in vitro behavior of newly engineered delivery systems, there are diseases in which 2D cell
models are too simplistic and lack important characteristics of physiologically relevant in vivo
structures, as seen with the development of cancer therapeutics.'! Previously available 2D models
used for pre-clinical drug screening lack features such as the extracellular matrix (ECM), enhanced
cell-to-cell contact, hypoxia and necrosis present in the in vivo tumours.'>'* Therefore, inadequate
in vitro models can often lead to the poor clinical outcome of initially promising

nanoformulations.



Drug development in the neuroscience field has also suffered from the lack of appropriate in
vitro models, hence there is a need for more advanced in vitro cell models for the development of
therapies aimed at neurodegenerative diseases.'® The development of stem cell technologies in
recent years introduced new opportunities for nanomedicine by providing more accurate disease
models.!” Cells obtained from patients carry a unique genetic profile of the disease and can be
differentiated to any cell type, including neurons, and the possibility to culture them in a three-
dimensional (3D) structure allows the establishment of in vitro models that can mimic the
structural complexity of the human nervous system.'®!* More advanced, stem cell-derived 3D cell
models mimicking brain architecture have been shown to be superior to 2D models while studying
the electrophysiological interaction of cells,? cell differentiation>'* and cell-ECM interactions.?*
Additionally, when used in combination with cell replacement therapy, differentiated cells could
be treated with a drug ex vivo, followed by in vivo transplantation of patient-derived cells, thus
minimizing the risk of donor cell rejection.

A disease that lacks an accurate pre-clinical model is Friedreich’s ataxia (FRDA), which
primarily affects the peripheral nervous system.?® It is a genetic disease caused by a mutation in
the frataxin gene (FXN), which results in a reduced level of mitochondrial protein frataxin (FXN)
involved in iron metabolism.?’” FRDA manifests in progressive degeneration of sensory neurons in
the dorsal root ganglia (DRG).?® Dottori and co-workers established a protocol to obtain 3D
cultures of DRG sensory neurons, called sensory neurospheres (sNSP), derived from human

embryonic stem cells (hESC).?%*

sNSP consist of a heterogeneous population of sensory neurons
subtypes and provide a useful platform to study various drug formulation for therapies to treat

FRDA and other diseases that affect sensory neurons.



In the present study, we report the influence of the physicochemical properties of particles on
their association, penetration, and distribution in sSNSP. Previous studies have reported the toxicity

of particles in neuronal cell lines,>* 32

and Leite et al. have recently studied the interactions between
modified gold and polylactic acid nanoparticles and 3D hESC-derived brain organoids.*? Herein,
versatile layer-by-layer (LbL) particle systems with various sizes (235—1000 nm), surface charges
(positive and negative), and densities (silica and polystyrene cores) were used. Additionally, a soft,
self-assembled nanoparticle system was examined to deliver FXN-expressing plasmid DNA as a
therapeutic strategy for FRDA; this nanoparticle system is based on bovine glycogen chemically
modified with ethylenediamine, which was previously used to deliver small interfering ribonucleic
acid (siRNA) into tumor spheroids.*® Our results provide useful guidance for designing particles

for drug delivery into 3D neurodegenerative disease cell models and for applying such models for

investigating therapeutic agents for the treatment of FRDA.
2. EXPERIMENTAL

2.1. Materials

Silica (Si) particles (0.235, 0.387, and 0.837 pum, 5% w/v aqueous solution) and FluoGreen
polystyrene (PS) particles (0.288, 0.450, and 1.01 pm, 5% w/v aqueous solution) were purchased
from microParticles GmbH (Berlin, Germany). Poly(ethylenimine) (PEI; Mw 10000-25000), 50
wt% solution in water), poly-L-arginine hydrochloride (Mw >70000), poly(sodium 4-
styrenesulfonate) (PSS; Mw ~70000), bovine liver glycogen (BG), ethylenediamine (EDA),
sodium (meta)periodate, sodium cyanoborohydride, bovine serum albumin (BSA), sodium acetate,
sodium bicarbonate, Dulbecco’s phosphate buffered saline (DPBS), without calcium chloride or
magnesium chloride, Accutase, and agarose were purchased from Sigma-Aldrich (St. Louis, MI,

USA). Plasmid DNA (pEGFP, 3 kbp) was obtained from the Commonwealth Scientific and



Industrial Research Organisation (Australia). Optimal cutting temperature (OCT) medium was
purchased from ProSciTech (Kirwan, Australia). Sodium chloride (NaCl) was purchased from
Chem-Supply (Gillman, Australia). Alexa Fluor 647 N-hydroxysuccinimide (NHS) dye, wheat
germ agglutinin (WGA), Alexa Fluor 488 conjugate (WGA-AFass), Hoechst 33342 (10 mg mL™!
solution in water), N2B27 medium, Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium,
insulin, transferrin, and selenium additives, N2 supplement, retinol-free B27 supplement,
penicillin-streptomycin, and GlutaMAX were purchased from Life Technologies (Scoresby,
Australia). Dialysis tubing (molecular weight cutofft (MWCO) 3.5 kDa) and Nunc Lab-Tek II
Chamber microscopy slides were purchased from Thermo Fisher Scientific (Scoresby, Australia).
DNA electrophoresis sample loading dye was purchased from Bio-Rad (Gladesville, Australia).
DMEM (with 4.5 g L™! glucose and L-glutamine) and trypsin (10X) were purchased from Lonza
(Basel, Switzerland). Fetal bovine serum was purchased from Bovogen Biologicals (Keilor East,
Australia). Paraformaldehyde 4% aqueous solution (EM grade) was purchased from Electron
Microscopy Sciences. Vitronectin and Tesr-E8 basal medium were purchased from STEMCELL
Technologies. Brain-derived neurotrophic factor (BDNF), SB431542, and neutrotrophin-3 (NT-3)
were purchased from STEMCELL Technologies. Illustra NAP-5 columns were purchased from
GE Healthcare and Life Sciences (Silverwater, Australia). CHIR99021 was purchased from
Sigma-Aldrich, bone morphogenetic protein 2 (BMP2) was purchased from In Vitro Technologies.
Milli-Q water was obtained from a Millipore Milli-Q purification system (Millipore Corporation,
Billerica, MA, USA).

2.2. Particle Preparation

2.2.1. Particles with a Si Core. Si particles with sizes 235, 387, and 837 nm were used to deposit

film composed of PEI (prepared as 2 mg mL ™! solution in Milli-Q water with 1 M NaCl), PSS



(prepared as 1 mg ! solution in 50 mM sodium acetate buffer pH 5.2 with 0.5 M NaCl), and poly-
L-arginine (PLArg; prepared as 1 mg mL™! solution in 50 mM sodium acetate buffer pH 5.2). The
Si particles (40 pL, 0.05 wt%) were first washed with water three times by
centrifugation/resuspension cycles. The centrifugation speed was varied according to the particle
size: 1500 g for 3 min for 235 nm and 387 nm Si particles and 500 g for 1.5 min for 837 nm Si
particles. After each centrifugation step, the supernatant was removed, and the particle pellet was
resuspended in 200 pL of Milli-Q water. After the third wash, the pellet was resuspended in 200
uL of Milli-Q water, and 200 pL of PEI was added to the particle suspension. After 15 min of
mixing at room temperature (21 °C), excess PEI was removed by four centrifugation/resuspension
cycles as described above, using 50 mM sodium acetate buffer, pH 5.2 in the last two washes. The
same buffer was used in all subsequent steps during washing and adsorption. After PEI coating,
subsequent film formation on the particles involved the deposition of PSS-PLArg bilayer for the
positively charged particles (terminated with PLArg) and PSS-PLArg-PSS for the negatively
charged particles (terminated with PSS). The final particles were resuspended in 100 pL of sodium
acetate buffer and stored at 4 °C until further use. Some particles were collected after the final
deposition step for {-potential measurements and particle counting.

2.2.2. Particles with a PS Core. FluoGreen PS particles (40 puL, 5% w/v) with sizes 288, 450,
and 1000 nm were washed three times with 200 pL of Milli-Q water by
centrifugation/resuspension cycles. The centrifugation speed was varied according to the particle
size: 10000 g for 10 min for 288 nm and 450 nm particles and 1000 g for 3 min for 1000 nm
particles. Positively charged particles were fabricated by deposition of PEI. Briefly, after the last
washing step, the pellet was resuspended in 200 pL of Milli-Q water, and 200 uL of PEI solution

(2 mg mL™! in Milli-Q water solution with 1 M NaCl) was added, followed by 15 min of mixing



at room temperature and three washes by centrifugation/resuspension as described above.
Uncoated PS particles, i.e. without a PEI layer, were used as negatively charged particles.
Uncoated or PEI-coated PS particles were resuspended in 100 uL. of Milli-Q water and stored at 4
°C until further use. Some particles were collected after the final deposition step for {-potential
measurements and particle counting.

2.2.3. Synthesis of BG-EDA. BG nanoparticles functionalized with EDA were synthesized
according to a previously described method.*® Briefly, 100 mg of commercially available BG was
dissolved in 6 mL of 0.6 M acetic buffer (pH 5.0), followed by the addition of 0.12 mmol sodium
periodate and subsequent incubation for 2 h with stirring in the dark. Then, 0.6 mmol of EDA was
added, followed by the prompt addition of 1.2 mmol sodium cyanoborohydride. The reaction was
incubated overnight and the product was purified by dialysis against Milli-Q water and freeze-
dried.

2.3. Preparation of Fluorescently Labeled Particles

Fluorescently labeled particles with a silica core were prepared using Alexa Fluor 647-labeled
PLArg (AFe47-PLArg) as the third layer in the LbL film assembly. To prepare AFs47-PLArg, 5 mg
of PLArg (Mw > 70000) was dissolved in 2.5 mL of 50 mM sodium acetate buffer, pH 5.2. AF¢47-
NHS dye (2.4 x 10~* mmol) was added to the solution and incubated for 4 h with mixing and in
the dark. Unbound dye was removed by dialysis (MWCO 3.5 kDa) in Milli-Q water for 2 days
(the water was replaced 5 times). The final product was freeze-dried and stored at 4 °C until further
use. Particles with a PS core were purchased as fluorescently labeled FluoGreen-PS particles and
no further fluorescent labeling was required.

Fluorescently labeled BG-EDA nanoparticles were prepared by addition of 20 uL of 1 mg mL ™!

Alexa Fluor 647-NHS dye to 4 mg mL ' BG-EDA (2 mg of BG-EDA in 0.5 mL of 0.1 M sodium



bicarbonate buffer at pH 8). The reaction was carried out for 4 h in the dark at room temperature.
Unreacted dye was removed using Illustra NAP-5 filter columns (GE Healthcare) as per
manufacturer protocol and freeze-dried.

2.4. Particle Characterization

{-Potential measurements were performed by microelectrophoresis using a Zetasizer Nano-ZS
instrument (Malvern Instruments). A particle suspension (2 pL) was dispersed in 998 pL of Milli-
Q water. All measurements were performed in folded capillary cells (DTS1070, Malvern
Instruments) at 25 °C. Particle counting (LbL particles) was performed using an Apogee AS50-
Microflow cytometer to determine particle concentration. For the analysis, 2 uL of particles was
added to 398 uL of MilliQ-water and the forward scatter (FSH) vs side scatter (SSH) plots were
used. Imaging of particles in solution was performed using a Nikon A1R confocal microscope.

AFM imaging (in air) of BG-EDA nanoparticles was carried out in AC mode using a Cypher ES
atomic force microscope (Asylum Research, USA). The cantilever used was Tap300 from Budget
Sensors with a resonance frequency of 300 kHz and a spring constant of 40 N m™!. Before imaging,
BG-EDA nanoparticles were deposited on freshly cleaved mica and dried at a concentration of
0.01 mg mL".

2.5.Complexation of Plasmid DNA

The formation of the BG-EDA/DNA complex was studied using agarose gel electrophoresis.
Model pEGFP plasmid (3 kbp) expressing green fluorescent protein was prepared as a solution in
DPBS (0.4 uyg mL ™). A 2 mg mL™! BG-EDA solution was prepared in DPBS. Complex formation
was studied using varying BG-EDA-to-plasmid DNA mass ratios (0.5, 1, 10, 15, 20, and 30 w/w)
in 30 pL final volume and incubated at room temperature for 30 min. Next, 5 pL of nucleic acid

loading dye was added and mixed for 10 s by vortexing. Then, 30 uL of solution containing BG-



EDA/DNA complexes was loaded onto 1.6% agarose gel and electrophoresis was performed for
30 min at 150 V. Control samples containing only DNA or BG-EDA were prepared in 30 pL of
DPBS.

Aqueous phase AFM imaging of BG-EDA nanoparticles complexed with pDNA (weight ratio
of20) was performed in 0.2x PBS using a Cypher ES atomic force microscope (Asylum Research,
USA) with BlueDrive. The cantilever used was BL-AC40-TS from Asylum Research with a spring
constant of 0.09 N m™! and a resonance frequency of 30 Hz in liquid. 3D images were processed
using Igor 6.37. Prior to imaging, BG-EDA/DNA complexes were placed on freshly cleaved mica
and incubated at room temperature for 1 h to allow for the settling of the particles.

2.6. Generation of sSNSP

hESC (WAO09, WiCell) were maintained as bulk culture in feeder-free conditions on vitronectin-
(STEMCELL Technologies) coated dishes using TeSR-E8 basal medium (STEMCELL
Technologies). For neural induction to neural crest progenitors, cells were plated on a laminin-
coated organ culture dish in TeSR-E8 medium. After 24 h, the medium was removed and replaced
with neural basal medium (NBM)-DMEM/F12 medium (1:1 mixture) supplemented with 1% N2
and 1% B-27 supplements, 1% Insulin-Transferrin-Selenium-Sodium Pyruvate (ITS-A), 1% L-
glutamine, 0.3% glucose supplemented with CHIR99021 and SB431542 (3 and 10 pM,
respectively). Media was changed every 2-3 days. After 5 days of incubation, cells were harvested
and plated in U-bottom ultra-low attachment 96-multiwell plates (Corning) in NBM supplemented
with 1% N2 and 1% B-27 supplements, 1% IST-A, 1% L-glutamine, and 1%
penicillin/streptomycin/amphotericin. This medium was also supplemented with BMP2 and FGF2
(10 and 20 ng mL !, respectively) to form sNSP. Half media changes (50% of old media replaced

with fresh media) were performed every 2—3 days. After 68 days of incubation, the medium was

10



replaced with NBM medium supplemented with 1% N2 and 1% B-27, 1% IST-A, 1% L-glutamine,
1% penicillin/streptomycin/amphotericin as well as 10 ug mL ™! of Y27, 10 ng mL™' BDNF, beta
nerve growth factor (B-NGF), NT-3, and glial-derived neurotrophic factor (GDNF) for 1 week.
sNSP were incubated further for 6-8 days in NBM supplemented with 1% N2 and 1% B-27
supplements, 1% IST-A, 1% L-glutamine and 1% penicillin/streptomycin/amphotericin. In these
experiments, SNSP were used after 3 weeks of growth and were typically 300-500 pm in diameter.

2.7. Particle—sNSP Incubation

2.7.1. LbL Si Core Particles and PS Particles. SNSP cultured in 96-well round-bottom plates
were placed in 200 pL of fresh NBM culture medium. Particle suspensions (Si 837, 387, and 235
nm, and PS 1000, 450, and 288 nm) were prepared at 3.0 x 107 particles in 30 uL of Milli-Q water.
The cell number in one sNSP is estimated to range from 1 x 10° to 3 x 10°, which corresponds to
a particle-to-cell ratio ranging from 100 to 300, respectively. For the static cell culture, SNSP were
incubated with particles for 72 h at 37 °C, 5% COz in a humidified atmosphere. For the dynamic
cell culture incubation, plates were mounted onto orbital shaking platforms set at 120 rpm and
incubated for 72 h at 37 °C, 5% COz in a humidified atmosphere.

2.7.2. Amine-Modified BG Particles. BG-EDA was prepared in DPBS and added to cells at a
final concentration of 10 pg mL™!. SNSP were incubated with BD-EDA for 72 h at 37 °C, 5% CO2
in a humidified atmosphere.

2.8. Transfection of SNSP

BG-EDA/DNA complexes using model pEGFP plasmid or FXN-EGFP-expressing plasmid
(FXN_M23; pPB-efla-FXN-IRES-eEGFP-neo) for transfection were prepared in DPBS at a w/w
ratio of 20, as described for the gel electrophoresis study. For pEGFP plasmid, plasmid DNA was

delivered at 0.5 or 1 pg per well. After 30 min of incubation at room temperature, 30 uL of solution
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containing BG-EDA/DNA complexes was added to sNSP. After 48 h, the supernatant was
removed and 200 pL of fresh medium was added. sNSP were cultured for another 48 h (4 days
post-transfection) or 96 h (6 days post-transfection).

DNA transfection following delivery of pEGFP or FXN M23 plasmid was assessed by the
increase in the fluorescence intensity of EGFP expression. Transfection efficiency was expressed
as the mean fluorescence intensity (MFI) in the treated cell sample normalized to the MFI of the
untreated cell control.

2.9. Dissociation of SNSP for Flow Cytometry Analysis

After particle-sNSP incubation (Section 2.7) or transfection (Section 2.8), sNSP were
dissociated for flow cytometry analysis. Washing and dissociation of sNSP were performed in a
96-well round-bottom plate. The cell culture medium was removed and sNSP were washed twice
with 200 uL of DPBS. Additional washing was done by transferring each sNSP to a new well
containing 200 pL of DPBS. The washing process—placing the sNSP in wells containing 200 pL
of DPBS—was repeated twice. After the final wash, each sNSP was transferred to an empty well
and 150 pL of Accutase solution was added. SNSP were allowed to dissociate for 30 min at room
temperature with occasional mixing by pipetting. Next, 100 uL. of 1% BSA-PBS solution was
added to each well. The dissociated cells were centrifuged at 250 g for 7 min in the plate and the
supernatant was discarded. The cell pellet was resuspended in 200 puL of 1% BSA-PBS solution
and centrifuged (250 g for 7 min). Pelleted cells were resuspended in 200 uL of DPBS and pipetted
through a cell strainer for analysis. The association of particles with the cells from the sSNSP was
analyzed on a BD Accuri C6 flow cytometer and is expressed as a percentage of cells that are
AFea7-positive (for LbL Si core particles) or FITC-positive (for PS core particles). Briefly, the

population of sensory neurons (excluding non-cellular fragments from digested sNSP) was
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identified based on an untreated cell line control (U87 MGQG). The fluorescence intensity of
untreated cell population was plotted as a histogram and gates were set to determine the percentage
of fluorescence-positive and fluorescence-negative populations (assuming the untreated cells had
no fluorescence). The gating strategy is shown in Figure S1. The same gates were applied to all
other samples to enable comparison between the particles studied and to exclude from the analysis
any unwashed particles that have a different scattering pattern owing to their smaller size
(compared to the cell population).

2.10. Cryostat Sectioning of SNSP for Confocal Imaging

The cell culture medium was removed and sNSP were washed twice with 200 pL of DPBS.
Additional washing was done by transferring each sNSP to a new well containing 200 uL of DPBS.
The washing process—placing the sNSP in wells containing 200 pL. of DPBS—was repeated
twice. Next, sNSP were fixed with 4% paraformaldehyde for 15 min at room temperature.
Paraformaldehyde was then removed and cells were washed once with 200 uL of DPBS. sNSP
were kept in a 20% sucrose solution in DPBS until further processing. Before cutting into sections,
sNSP were placed in OCT medium in a square cryostat mold and frozen at —20 °C. At least 20
sections (20 um thick) were collected for each sNSP.

Slides were then washed by rinsing in DPBS until traces of the OCT medium were removed.
Slides were placed in Hoechst solution (1:10000 in DPBS) and incubated for 5 min at room
temperature, followed by three rinses with DPBS. For membrane staining, slides were placed in
WGA-AF4sg solution (5 pg mL ") and incubated for 5 min at room temperature, followed by three
rinses with DPBS. Slides were then air-dried in the fume hood. Thin glass slides were placed on

top of the samples mounted with few drops of Pro Gold anti-fade mounting media. Cells were
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imaged with a Nikon A1R confocal microscope equipped with a 20% air objective or a 40x water
objective.

2.11. Minimum Information Reporting in Bio—Nano Experimental Literature (MIRIBEL)

The studies conducted herein, including material characterization, biological characterization,
and experimental details, conform to the MIRIBEL reporting standard for bio—nano research,**
and we include a companion checklist of these components herein.

3. RESULTS AND DISCUSSION

3.1. Particle Preparation

Neurospheres are 3D cell models that mimic aggregates of heterogeneous sensory neurons found
in the DRG within the peripheral nervous system.? Templated particles were selected as a well-
characterized particle system with tunable physicochemical properties such as size and surface
chemistry to investigate particle association with neurospheres. LbL assembly was chosen as a
method of particle preparation to deposit a multilayered film on a spherical template. Templates
of various sizes, materials, and densities are commercially available and can be engineered further
to modify the particle properties. In the present study, two types of templates were selected, Si and
PS, based on their amenability to surface modification by film deposition and their use as particle
templates for biomedical applications, including cancer therapies and vaccines, as demonstrated
by previous studies.*>*¢ The use of particles of the same size and surface charge but of different
materials enables comparison of the effect of particle density on particle interactions with sNSP.
The densities of Si and PS are respectively 1.8 and 1.05 g cm . Therefore, the particles with a Si
core are expected to show a faster sedimentation rate compared with the particles with a PS core.
In addition, three different sizes for each type of template were examined: 235, 387, and 837 nm

for Si particles, and 288, 450, and 1000 nm for PS particles. To prepare LbL Si particles, the
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template was primed with PEI to introduce a positive charge on the surface and facilitate the
growth of the film through the electrostatic interaction of negatively charged PSS and positively
charged PLArg. The film was formed with AFe47-PLArg to fluorescently label the particles and
allow monitoring of the particles by flow cytometry and confocal laser scanning microscopy. To
investigate the effect of particle surface charge on cell association, particles with negative and
positive net surface charge were prepared, namely negatively charged particles terminated with
PSS (giving the final shell structure [PEI-PSS-(AFe47-PLArg)-PSS]) and positively charged
particles terminated with PLArg (final shell structure [PEI-PSS-(AFe47-PLArg)]). PS particles
were obtained as FITC-labeled, eliminating the need of an additional fluorescent material in the
film. For the PS template, the bare particles served as a model of a negatively charged system,
whereas the PEI-coated PS particles represented a positively charged PS system. The {-potential
of the particles, which is indicative of surface charge, was measured using microelectrophoresis.
The physicochemical properties of the different particle systems examined, including size, surface
charge, and composition, are summarized in Table 1 and representative imaging analysis of the
particles is shown in Figure S2. To improve reproducibility, reporting, and re-analysis, this study
conforms to the MIRIBEL standard,** and a companion checklist is provided in the Supporting

Information.
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Table 1. Particle characterization

Particle system Template Density”  Size” Charge® Outer Fluorophore
(gcm™)  (nm) (mV) layer
Si 837 nm (+) Silica 1.8 832 22+3 PLArg  AF647 (shell)
Si 837 nm (—) Silica 1.8 832 -40+6 PSS AF647 (shell)
Si387 nm (+) Silica 1.8 387 30£7 PLArg  AF647 (shell)
Si387 nm (-) Silica 1.8 387 -42+4 PSS AF647 (shell)
Si 235 nm (+) Silica 1.8 235 29+8 PLArg  AF647 (shell)
Si235nm (-) Silica 1.8 235 -43+7 PSS AF647 (shell)
PS 1000 nm (+) Polystyrene 1.05 1000 38 +4 PEI FITC (core)
PS 1000 nm (-) Polystyrene 1.05 1000 39+4 A FITC (core)
PS 450 nm (+) Polystyrene 1.05 450 35+£5 PEI FITC (core)
PS 450 nm (—) Polystyrene 1.05 450 37x6 A FITC (core)
PS 288 nm (+) Polystyrene 1.05 288 19+8 PEI FITC (core)
PS 288 nm (—) Polystyrene 1.05 288 44+8 A FITC (core)
BG-EDA (free) Soft particle ~ N/A® 24 + 4 33+4 - AF647
(glycogen)
BG-EDA (complex)  Soft particle  N/A® 184+11 5+£2 A AF647 (BG-
(complexed EDA)
with DNA)

“Density is based on information from the manufacturer.

bSize is based on information from the manufacturer (PS and Si cores) or dynamic light scattering measurements at
25 °C (BG-EDA; BG-EDA complex).

‘C-Potential was measured by electrophoresis at 25 °C. These values represent the average and standard deviation of
10 measurements.

4, not applicable.

“N/A, not available.
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3.2. Particle Association with sSNSP Assessed by Flow Cytometry

hESC-Derived sNSP were used as in vitro models to assess the effect of the physicochemical
properties of particles on their distribution in 3D neuronal cell models. The binding between
particles of different sizes and neurons was first studied by flow cytometry to measure the
association of the particles with cells in the SNSP. After incubation of fluorescently labeled
particles with the sNSP, the sNSP were dissociated to obtain single cells for flow cytometry
analysis. The association of the positively charged particles with cells within the sSNSP decreased
with increasing sizes of the Si core from 65% (Si 235 nm (+)) to 20% (Si 837 nm (+)) (Figure 1A).
To understand the influence of surface charge on the association of particle with cells within the
sNSP, the association of particles of different compositions in the outer layer was investigated.
Particle surface charge was modulated by varying the outer layer of the particles. To confer a
negative charge, PSS was deposited as the outer layer and to confer a positive charge, particles
were terminated with a PLArg outer layer. Significantly higher association was observed for the
235 nm positively charged particles (PLArg-terminated) compared with the negatively charged
particles (PSS-terminated) (Figure 1B). Although the 837 nm PLArg-terminated Si particles also
showed slightly higher sNSP association than its negative counterpart, the difference was
statistically non-significant (Figure 1B), similarly to the (statistically non-significant) difference
observed for the 387 nm Si particles. Likewise, the effects of charge and size on the association of
PS-based particles with sSNSP were statistically non-significant. Negatively charged 288 nm PS
particles appeared to show the highest association of PS-based particles with sNSP.

The association of Si and PS particles was then compared to examine the effect of particle
density on the association of cells from sNSP. The particles examined had comparable size and

charge, but a different core density, i.e., Si (1.8 g cm ) and PS (density 1.05 g cm™>). The results
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in Figure 1C and 1D indicate a generally higher association with cells from sNSP for particles with
a Si core than with a PS core for a given particle size and charge. A limitation of this experiment
is that although their densities differ, the diameters of the Si and PS particles are not identical (e.g.,
Si 235 nm and PS 288 nm). However, a previous study on immune cell interactions of polymer
particles in the presence or absence (capsule) of a solid mesoporous Si template suggests that
density influences cell binding of particles of the same size.*’ Hence, we would expect the denser
Si-based particles to display higher binding than PS-based particles of the same size and surface
properties.

The results in Figure 1 were obtained after incubation of the various particles with SNSP under
static (non-mixing) conditions. To investigate any potential effect of particle sedimentation during
incubation, the particles were incubated with sSNSP under dynamic (orbital mixing) conditions in
a parallel experiment. As indicated from Figure S3, which compares static condition data in Figure
1 with corresponding samples incubated under dynamic conditions, no significant difference in
particle—sNSP association was observed when particles were incubated with SNSP with (MIX) or

without (STAT) mixing.
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Figure 1. Association of particles with sNSP. Effect of Si particle (A) size and (B) charge on

particle association with sSNSP evaluated by flow cytometry. Effect of core density (PS or Si

particles) on association of (C) positively and (D) negatively charged particles with sNSP. Data

are shown as the average mean =+ standard error of the mean (n = 4). Statistical analyses were

performed using one way-ANOVA with Tukey’s multiple comparison test. ***p < (0.001.

3.3. Particle Distribution in SNSP Assessed by Confocal Microscopy

Confocal microscopy was used to analyze the distribution of the particles in hESC-derived

sNSP. Frozen sNSP were cut into 20 um-thick sections. Representative cross-sections from the

surface and center of the sphere are shown in Figure 2 (for the 235, 387, and 837 nm Si particles)

and Figure 3 (for the 288, 450, and 1000 nm PS particles). Higher-resolution images of sNSP
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cross-sections are shown in Figures S4-S9. Imaging of sections derived from sNSP treated with
LbL Si particles largely confirmed the results obtained by flow cytometry and suggests that among
the particles we examined the positively charged 235 nm are most efficient for SNSP penetration
(Figure 1A, Figure 2A and 2B, Figure 4). It also indicated that although a large proportion of the
particles accumulate at the SNSP periphery, the smallest particles (235 nm) can penetrate deep into
the spheres (up to 250 um from the surface) regardless of their surface charge (Figure 2A and 2B,
Figure S4). Contrary to the flow cytometry results that showed low association of PS particles with
sNSP (Figure 1C, D), PS particles could be observed inside sections up to ~200 um of depth
(Figure S7). Interestingly, with the large positively charged particles, i.e. 837 nm PLArg-
terminated LbL Si particles and 1000 nm PEI-coated PS particles, the binding observed from flow
cytometry (Figure 1C) was localized mainly on the surface of the spheres (Figures 2A and 3A).
This may indicate that the particles are less able to penetrate the SNSP, which may be due to their
size and hence a limited ability to cross tight cell—cell junctions within SNSP, and/or electrostatic
interactions between the positively charged particles and negatively charged ECM components.
Overall, the effect of charge on sNSP penetration as observed by confocal microscopy is two-fold:
(1) larger negatively charged 837 nm Si- and 1000 nm PS-based particles show less binding and
penetration than their positively charged counterparts, which may be caused by electrostatic
repulsion between negatively charged particles and negatively charged ECM components; and (ii)
smaller negatively charged 235 nm Si- and 288 nm PS-based particles are also able to penetrate
the sNSP (Figures S4 and S7) similarly to their positively charged counterparts. It is possible that
the porosity of the SNSP allows smaller (<288 nm) particles to penetrate more freely regardless of
charge although charge can influence subsequent cell binding or internalization, which is

consistent with the flow cytometry results for Si particles (Figure 1B).
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A
Si 235 nm (+) Si 387 nm (+) Si 837 nm (+)

B

Si235 nm (-) Si 387 nm (-) Si 837 nm (-)

Figure 2. Distribution of LbL Si particles in sNSP. Confocal microscopy images of
representative cross-sections taken from the center and surface of the sNSP after treatment with
(A) positively and (B) negatively charged LbL Si particles. Particles were prepared with Si cores
of 235, 387, or 837 nm. Nuclei were stained with Hoechst and pseudo-colored as cyan and AFe47-

labeled particles are in magenta. Scale bars are 100 um.
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A

PS 288 nm (+) PS 450 nm (+) PS 1000 nm (+)

B

PS 288 nm (-) PS 450 nm (-) PS 1000 nm (-)

Figure 3. Distribution of PS particles in sNSP. Confocal microscopy images of two

representative cross-sections taken from the center and surface of the sNSP after treatment with
(A) positively and (B) negatively charged PS particles. Particles were prepared with PS cores of
288, 450, or 1000 nm. Nuclei were stained with Hoechst and pseudo-colored as cyan and FITC-

labeled particles are in magenta. Scale bars are 100 um.
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To further examine the penetration of the Si particles in sNSP, the middle section of a
representative sphere was imaged at different depths i.e. at the surface (<50 um), 100—150 pm, and
200-250 pwm (Figure 4). All LbL Si particles were located close to the surface of the sSNSP and the
387 nm Si particles penetrated the sSNSP up to a depth of 150 um. The smallest (235 nm) particles
terminated with PLArg could reach cells at depths of 250 um. These results therefore suggest that
for particles with a solid template, a small particle diameter (<288 nm) and a positive surface
charge might enhance penetration inside sNSP. These findings may be useful in targeting the
sensory neurons of the DRG in the peripheral nervous system, which are implicated in pain
management and ataxia.*® 3° Although nanoparticle design for targeting the human nervous system
is most often discussed in the context of crossing the blood—brain barrier (BBB) for drug delivery
to the brain, where nanoparticles with sizes of <100 nm are preferred,*’ targeting the sensory

neurons of the DRG bypasses the BBB as administration can be performed intrathecally.
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Depth Depth Depth
<50 um 100-150 pm 200-250 pm

Si 837 nm
(+)

Si 837 nm
)

Si 387 nm
(+)

Si 387 nm
(=)

Si235nm
(+)

Si235 nm
-)

Figure 4. Penetration of LbL Si particles into sSNSP. Images show the middle section of a
representative sphere at different depths. Nucleus (stained with Hoechst) is blue, cell membrane

(WGA-AFauss) is green, and AFe47-labeled particles are red. Scale bars are 20 pum.
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3.4. Amine-Modified BG as a Delivery System of DNA to sNSP

In addition to examining solid particles with Si and PS cores, a flexible, “soft” particle system
based on bovine-derived glycogen (Figure S2C) was studied. Glycogen is a naturally occurring
biomolecule, structured as a nanoparticle with a diameter of ~20 nm and an inherent negative
charge. The chemical modification of BG with EDA to introduce amine groups has been
previously demonstrated as a strategy to enable the loading of negatively charged nucleic acid to
form polyplexes.’* BG-EDA complexed with siRNA has been found to penetrate a 3D model of
prostate cancer and confer gene silencing. Other glycogen derivatives obtained by modification
with 3-(dimethylamino)-1-propylamine and 1-(2-aminoethyl) piperazine have been used to form
100-250 nm complexes with DNA, which were effective for transfection of brain tissue of Sprague
rats.!

Herein, the penetration of free BG-EDA nanoparticles into sNSP was first investigated by
confocal microscopy. The presence of evenly distributed nanoparticles in the cross-sectional
images of the surface and the center of the sNSP indicates deep penetration into the sNSP.

Representative confocal images are presented in Figure 5.
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Figure 5. Distribution of BG-EDA in sNSP. Images show two representative sections from the
(A) surface and (B) center of the SNSP. Nucleus (stained with Hoechst) is blue and AFe47-labeled

BG-EDA particles are red. Scale bars are 100 pm.

The ability of BG-EDA to complex plasmid DNA and transfect cells within the sSNSP was
examined. Polyplex formation between BG-EDA and a model plasmid expressing green
fluorescent protein (pEGFP) was studied by agarose gel electrophoresis (Figure 6A). A fixed
amount of DNA (0.5 pg) was incubated with varying amounts of glycogen to obtain polyplexes
with various BG-EDA/DNA weight ratios. The absence of a DNA band indicates polyplex
formation, whereas the presence of a DNA band indicates the presence of excess or free DNA in
the mixture. Figure 6A indicates that effective complex formation occurs within a BG-EDA/DNA
ratio range of 20-30. For transfection experiments, a BG-EDA/DNA ratio of 20 was chosen, at
which the polyplex had a diameter of approximately 180 nm and a slightly positive charge, as
measured by dynamic light scattering (DLS) and microelectrophoresis, respectively (Table 1).

AFM imaging of the BG-EDA/DNA polyplexes under aqueous conditions shows nanostructures
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consistent with this size (Figure S10), as well as free plasmid and BG-EDA owing to the
incomplete complexation at a 20 w/w BG-EDA/DNA ratio. For comparison, polyplexes consisting
of BG-EDA and siRNA had mean diameters of 150 nm in PBS as measured by DLS.*>* When in
culture media, the size of the BG-EDA/nucleic acid complexes is expected to increase slightly
owing to the adsorption of serum proteins, as previously demonstrated using stochastic optical
reconstruction microscopy.*?

The association of BG-EDA/DNA polyplexes with cells from within SNSP was compared with
that of free BG-EDA (Figure 6B). Both complexed and free BG-EDA showed high cell association
with 60% of cells within the SNSP associating with free BG-EDA and over 80% of cells for BG-
EDA/DNA.

Finally, the functional effect of pEGFP plasmid DNA transfected in sNSP (Figure 6C) was
assessed. BG-EDA/pEGFP polyplexes (w/w ratio 20) were incubated with SNSP for 4 or 6 days.
A 35% increase in the EGFP expression was observed 4 days post-transfection in cells treated with
BG-EDA/pEGFP polyplexes (w/w ratio 20) compared to untreated cells. The expression of EGFP
was confirmed by confocal microscopy (Figure 6D and Figure S11). This effect was enhanced by
delivering a higher amount of plasmid (from 0.5 to 1 pg) and by increasing the incubation time
from 4 to 6 days, i.e., EGFP expression was measured 6 days post-transfection. As sSNSP provide
a useful in vitro platform to screen drugs/compounds to treat FRDA, the delivery of a
therapeutically relevant plasmid DNA encoding pEGFP-FXN (0.5 ng per well) was examined
(Figure S12). The results are consistent with those obtained for the model plasmid, showing
approximately 55% increase in EGFP protein expression in sSNSP that can potentially be further
modulated by engineering the promoter region of the plasmid. In addition, BG-EDA has been

shown to be highly biocompatible when injected systemically in a healthy mouse model.*?
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Although a more detailed toxicological and immunological characterization of BG-EDA is

warranted, our results show the potential of BG-EDA in gene therapy aimed at FRDA.
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Figure 6. Characterization of BG-EDA/DNA complexes. (A) Agarose gel electrophoresis
analysis of plasmid DNA complexation with BG-EDA: Lane 1, plasmid DNA; Lanes 2-7, BG-
EDA/DNA complexes at different weight ratios; and Lane 8, BG-EDA control. (B) Glycogen cell
association evaluated by flow cytometry, showing association of AFes47-labeled BG-EDA and BG-
EDA/DNA complexes at w/w ratio 20 with neurospheres. (C) Glycogen-mediated DNA

transfection as measured by an increase in EGFP fluorescence after treatment with BG-



EDA/pEGFP formed at w/w ratio 20. MFI was normalized against “Cells control”. Data are shown
as the average mean + standard error of the mean (n = 3). Statistical analyses were performed using
one way-ANOVA with Tukey’s multiple comparison test. ***p <0.001. (D) Confocal microscopy
image of a section of sNSP transfected with AFe47-labeled BG-EDA complexed with pEGFP.

Scale bar is 100 um.

4. CONCLUSIONS

In the present study, the effects of particle size, surface charge, and density on the distribution
and penetration of different particle systems in 3D human sensory neuronal models were
investigated. Particles with “solid” silica or polystyrene cores were prepared via LbL film
deposition or adsorption on spherical templates, respectively. The results show that a positive
surface charge and a size within 230-280 nm facilitate penetration of the particles to the interior
of sNSP. Particles that are more dense, due to the presence of a silica core, showed enhanced
penetration (up to 250 um deep in the sphere), whereas lighter particles (PS core) with similar size
and charge could penetrate the SNSP, however, less efficiently. “Soft” glycogen nanoparticles (30
nm) showed an even distribution within the SNSP. When assembled with plasmid DNA to form a
polyplex (180 nm), the polyplexes efficiently penetrated sSNSP and importantly, the delivered
pEGFP plasmid DNA was functional as demonstrated by the expression of EGFP in neurons up to
6 days post-transfection. This work provides guidance on particle design for delivery to 3D
neuronal culture. Although nanoparticle design for crossing the blood—brain barrier has been a
major focus in brain delivery research, other routes for brain delivery and in combination with cell
replacement therapy can be potentially exploited to tackle some of the currently incurable
neurodegenerative diseases including FRDA. We demonstrate that the stem cell-derived 3D

neuronal cell model used in this work is a useful platform to screen various particle formulations
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and could be used in future studies to identify effective nanomedicines for drug delivery to
neurons.
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