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Abstract

Relative to two-dimensional (2D) culture, three-dimensional (3D) culture of primary neurons has
yielded increasingly physiological responses from cells. Electrospun nanofibre scaffolds are frequently
used as a 3D biomaterial support for primary neurons in neural tissue engineering whilst hydrophobic
surfaces typically induce aggregation of cells. Poly-L-lactic acid (PLLA) was electrospun as aligned PLLA
nanofibre scaffolds to generate a structure with both qualities. Primary cortical neurons from E18
Sprague Dawley rats cultured on aligned PLLA nanofibres generated 3D clusters of cells that extended
highly aligned, fasciculated neurite bundles within 10 days. These clusters were viable for 28 days and
responsive to AMPA and GABA. Relative to the 2D culture, the 3D cultures exhibited a more developed
profile; mass spectrometry demonstrated an upregulation of proteins involved in cortical lamination,
polarisation, axon fasciculation and a downregulation of immature neuronal markers. Use of artificial
neural network inference suggests that the increased formation of synapses may drive the increase
development that is observed for the 3D cell clusters. This research suggests that aligned PLLA

nanofibres may be highly useful for generating advanced 3D cell cultures for high throughput systems.
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ANNI; artificial neural network inference
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PBS; phosphate buffered saline
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P-PLLA; plasma treated PLLA

SEM; scanning electron microscope



1. Introduction

Dissociated neurons in two-dimensional (2D) cell culture have been utilised as an in vitro model of the
central nervous system; however, cells grown in 3D culture demonstrate more appropriate
physiological behaviours than their 2D counterparts. Gene expression, cell signalling, morphology,
migration, proliferation and susceptibility to pathologies are documented to be more physiological in
3D culture environments?. This in part may be due to the different mechanical environments that cells
are exposed to in the efforts to generate these 3D cultures. Mechanical properties such as elastic
modulus®*, conductivity>® and wettability’” have all been demonstrated to influence cellular
behaviours and thus, material properties likely influence the increased physiological responses that

cells exhibit.

Due to the greater physiological relevance of 3D culture relative to conventional 2D cell culture, they
are used for a diverse range of research purposes®®. Cerebral cortical organoids are the gold standard
for 3D cell culture and recapitulate various physiological and structural properties of the brain®,
However, whilst organoids are physiologically representative of the cerebral cortex, they are limited
with regards to use in high-throughput methodologies due to the time taken to generate them and
the number of steps required by the protocol. An ability to rapidly produce simple, 3D neuronal

architectures, such as those resembling white (i.e. aligned axons or neurites) and grey matter (i.e.

grouped neuronal cell bodies), would be highly desirable.

Aligned nanofibres offer a means of generating the physiological aligned neurites that interconnect
cellular clusters in vivo'?. Previous studies have demonstrated aligned nanofibres are capable of
inducing aligned neurite extension for neurons cultured upon them, whether these neurons are
primary cells, cell lines or differentiated from stem cells'**8. Somatic clustering is also required in order

to represent a micro-circuit of the cerebral cortex. Limited adhesion of cells to the surface appears to



be crucial for producing an organoid; spinning bioreactors, hanging drop culture, suspension culture
or low-adherence surfaces have all been employed as a means of limiting adhesion®11923 | imongi

et al®*

suggested that there was an inverse relationship between cell-cell and cell-surface interactions.
If low-adhesion cultures are a necessity in the generation of cerebral organoids, limiting cell-
substratum interactions may promote 3D cell culture formation. Hydrophilic surfaces are used to
maintain a dispersed monolayer of cells whilst hydrophobicity typically prevents cells from adhering
to the substratum?®. PLLA is a hydrophobic polymer that can be electrospun, can induce aligned
neurite outgrowth and is frequently used for tissue engineering due to its biocompatibility and limited
ability to generate an immune/inflammatory response?®-33, Whilst a number of studies have utilised
aligned PLLA nanofibres as a method of providing a 3D substrate for neuronal culture previously3-1634,
several of these studies have employed neural stem cells/cell lines rather than primaries, PLLA
nanofibres that have been treated with plasma, functional groups or bioactive molecules to increase

their hydrophilicity and increase adhesion or primary dorsal root ganglion explants, and typically only

performed morphological characterisation rather than molecular.

The aim of the current work was to combine two biomaterial properties that are known to induce
desirable behaviours in cultured primary neurons (nanofibre alignment and hydrophobicity) and to
determine if a more developed neuronal culture could be generated by culturing primary cortical

neurons upon them.

2. Methods

2.1 Preparation of alighed PLLA nanofibre membranes

Aligned PLLA nanofibres were electrospun using a custom electrospinning set up to induce alignment
[Patent number: GB2553316A3°]. PLLA (Sigma-Aldrich Co Ltd, Poole, UK) was dissolved at 30% w/w in
hexafluoroisopropanol (HFIP) (Sigma-Aldrich) overnight at 30°C. The solution was delivered at 1 ml/h
to a 21 gauge stainless steel needle and subjected to an electric potential of 25 kV held between the

needle and a grounded rotating collector drum spaced apart by 150 mm. Plasma treated PLLA



nanofibres (p-PLLA) were prepared by exposing aligned PLLA nanofibres to argon/oxygen plasmain a
Plasmaline 415 Asher (CollabRx, Petaluma, USA) at 200 W for 5 minutes at a pressure of 200 mTorr.
Narrow diameter (ND) PLLA nanofibres were prepared by increasing the distance between the needle

and grounded rotating collector drum to 300 mm.

2.2 Characterisation of nanofibres

To quantify nanofibre diameter and morphology, PLLA, p-PLLA and narrow diameter (ND) nanofibres
were coated in 5 nm of gold using a Q150R ES sputter coater (Quorum Technologies, Laughton, UK)
prior to visualisation. A JSM-7100F scanning electron microscope (Jeol, Akishima, Japan), was used at
an acceleration voltage of 10 kV. For each independent electrospin, 3 nanofibre membranes were
utilised with 3 fields of view analysed for each membrane. Nanofibre alignment was measure using
the Directionality Fiji plugin to determine the dispersion of nanofibre orientation under the described
electrospinning parameters. Nanofibres were randomly selected for diameter quantification; 10
nanofibre diameters were measured for each field of view. Nanofibre diameters were measured using
ImageJ (NIH) to determine the average nanofibre diameter using nanofibres produced from three

independent electrospins.

Contact angles were measure using a Drop Shape Analyzer 10 MK2 (Kruss, Hamburg, Germany). Single
drops of de-ionised water, each 5 pL in volume, were applied to the surface of aligned PLLA
membranes and p-PLLA nanofibres and the contact angle was measured using a polynomial fit.
Orientation of the membranes was consistent for each contact angles measurement, with 3 nanofibre

membranes utilised for each of 3 replicates obtained from 3 independent electrospins.

For statistical testing of alterations to nanofibres, displayed in figure 3, one-way ANOVA was employed

with Tukey’s test used as a post hoc analysis.



2.3 Dissociation of primary cortical neurons

E18 Sprague Dawley cortices were provided by Brainbits UK (Long Eaton, UK). Tissue dissociation was
performed using mechanical trituration using a silanised glass pipette after 10 minute incubation at
37°Cin papain (0.5 mg/ml) (Sigma-Aldrich) dissolved in Ca?*-free Hibernate-E medium (Brainbits). Cells
were centrifuged at 200 x g for 90 seconds, resuspended in NBActivl medium (Brainbits) and a TC20
automated cell counter (BioRad, Watford, UK) was used to assess cell viability using Trypan Blue
(Sigma-Aldrich) to count cells prior to plating at 25,000 cells/cm?in subsequent experiments. Media

changes were performed every 7 days unless stated otherwise.

2.4 Cell Culture

Primary cortical neurons were seeded to aligned PLLA nanofibres. Cells were fixed in 4% (w/v)
paraformaldehyde (Sigma-Aldrich), permeabilised in 0.1% (v/v) Triton X-100 (Sigma-Aldrich) and
stained with anti-Blll tubulin (1:100) at 4°C (Santa-Cruz Biotechnology, Sc-51670) and secondary
antibody (FITC-labelled anti-mouse IgG, 1:300) (Vector Laboratories, FI-2000) on 1, 3, 5, 7, 9 and 10
days in vitro (DIV). Reagents were diluted into PBS and incubations performed at room temperature
unless stated otherwise. Images were taken on a Leica SP5 confocal microscope, using random
sampling to reduce bias of quantification. Cluster diameter, neurite dispersion, neurite bundle
diameter and neurite length were then quantified using ImageJ) and used for regression analysis.
Neurite dispersion was measured using the Directionality plugin of ImagelJ. R? values and residual plots
were calculated using GraphPad Prism 7.02. For each time point, 3 fields of vision and 3 replicates
were used. After 10 DIV, 3 fields of vision were not employed as no neurons were detected other than

those present within the cell cluster.

To determine mechanisms of self-assembly, dissociated primary cortical neurons were also seeded to
p-PLLA nanofibres and ND aligned PLLA nanofibres, fixed, permeabilised and stained with anti-BllI-
tubulin as described previously at 10 DIV. Student’s t-test were used to determine morphological

differences between the neurons cultured on PLLA and p-PLLA conditions described in figure 4.



2.5 Lactate dehydrogenase assay

Primary cortical neurons were plated on to aligned PLLA nanofibres. A 50 plL aliquot of culture
supernatant was removed from each well on days 1, 7, 14, 21 and 28. Supernatants were transferred
into a 96-well plate and mixed with 50 pL of LDH reaction mixture (Thermo Fisher Scientific, Waltham,
USA) and incubated at room temperature for 45 minutes. Stop solution (50 uL )was added and the
resultant absorbance values were measured at 490 nm using a BMG Labtech Clariostar plate reader.
Data are presented as a percentage of the control (absorbance value at DO) at each time point. One-
way ANOVA was performed to ascertain the influence of the material on viability with Tukey’s test

used as post hoc analysis.

2.6 Preparation of lysates for mass spectrometry

For proteomic analysis, primary cortical neurons were seeded to aligned PLLA nanofibres as described
previously and cultured for 14 days. Cells were then incubated for 2 minutes in lysis buffer (1/100
dilution of protease inhibitor cocktail (Sigma-Aldrich), 9.5 mM urea (Sigma-Aldrich), 130 mM
dithiothreitol (Sigma-Aldrich) and 34 mM octyl-beta-glycopyranoside (Sigma-Aldrich) in ddH,0) at
37°C. The cell lysate was then collected and sonicated in a water bath with ice 3 times for 5 minutes.
Between sonication steps, samples were stored on ice for 5 minute rest periods. Samples were then
centrifuged at 12,000 x g for 10 minutes and the supernatant was removed and frozen at -80°C until

use.

2.7 Mass spectrometry

Lysates prepared from primary cortical neurons were diluted in tri-ethyl ammonium bicarbonate
(Sigma-Aldrich) (50 mM) prior to reduction in DTT (5 mM) at 56°C for 20 minutes and alkylation in
iodoacetamide (Sigma-Aldrich) (15 mM) at room temperature for 15 minutes in the dark. Lysates were

then digested for 16 hours using trypsin at 37°C at a 20:1 protein:protease ratio (w/w) in a



thermomixer (650 rpm). Samples were then de-salted and concentration was performed using
HyperSep C18 spin tips (10-200 uL size) using the manufacturer’s protocol. A vacuum concentrator
(Eppendorf, Hamburg, Germany) was then used to concentrate the samples before resuspension in 5

% (v/v) acetonitrile in 0.1 % (v/v) formic acid (Fluka Analytical, Buchs, Switzerland).

Samples were analysed using a Sciex TripleTOF 6600 mass spectrometer coupled in line with an
eksigent ekspert nano LC 425 system running in micro flow. Samples (4 pL) were injected and trapped
onto a YMC Triart-C18 pre-column (0.3 x 5 mm, 300 um ID) (mobile phase A; 0.1 % (v/v) formic acid
(Fluka Analytical), B; acetonitrile with 0.1 % (v/v) formic acid (Fluka Analytical)) at a flow rate of 10
puL/minute mobile phase A for 2 minutes prior to gradient elution onto the YMC Triart-C18 analytical
column (15 cm, 3 um, 300 um ID) in line to a Sciex TripleTOF 6600 Duospray Source using a 5 um
electrode, positive mode +5500V. Initially, information dependent acquisition (IDA) mode was used
to acquire a spectral library before using SWATH mode for data independent acquisition in order to
generate quantitative data. The parameters for linear gradients used for IDA were as follows: mobile
phase B increasing from 3 % to 30 % over 68 minutes; 40% B at 73 minutes. A column wash at 80 % B
and re-equilibration was then performed (total run time = 87 minutes). The parameters for linear
gradients used for SWATH were: 3-30 % B over 38 minutes; 40 % B at 43 minutes. Column wash and
re-equilibration were performed as described previously (total run time = 57 minutes). For spectral
library generation, IDA acquisition mode was utilised with a top 30 ion fragmentation (TOFMS m/z
400-1250; product ion 100-1500).

Exclusion was performed for 15 seconds using rolling collision energy, 50 ms accumulation time; 1.8 s
cycle. For SWATH acquisition, 100 variable windows were used; 25 ms accumulation time, 2.6 s cycle
(m/z 400-1250)%. ProteinPilot 5.0.2, iodoacetamide alkylation, thorough search with emphasis on
biological modifications (Swissprot rat database June 2018) was used to search the IDA data whilst
Sciex OneOmics software®” extracted against the locally generated library (false discovery rate filtering

of 1 % and excluding shared peptides) was used to analyse the SWATH data. Within the Sciex



OneOmics software, the parameters used were: 12 peptides per protein, 6 transitions per peptide, XIC

width 30 ppm, 5 min retention time window.

2.8 Artificial neural network inference (ANNI) modelling

This approach was used for the simulation of protein-protein interactions based on confident and
significant altered proteins generated through label-free quantitative mass spectrometry3. The use
of ANNI enables the prediction of influence of all proteins among themselves and highlights their inter-
relationship through the generation of interaction intensities for each protein with the remaining
inputs. Generated interaction intensities can be positive and negative. Here, a 3-layered multi-layer
perceptron with backpropagation learning and sigmoidal activation function was used®°. Monte Carlo
Cross-validation was applied to prevent overfitting using a randomly assigned 60:20:20 split for

training, testing and validation.

Here, 186 proteins were analysed using ANNI resulting in the generation of 35 000 interactions.
Selected proteins had confidence values greater than 50%; the confidence value cut-off was relaxed
to generate a larger and more robust network. Interaction intensities were ranked by absolute
interaction value. The top 100 most-influential interactions were selected and applied to Cytoscape

(v3.6.0) for the visualisation of protein-protein interactions.

2.9 Network analysis

Significant interactions from the ANNI were input in to Cytoscape and the BINGO plugin®® was used to
determine gene ontologies that were significantly overrepresented within the dataset, using a
Hypergeometric test with a Benjamini and Hochberg False Discovery rate correction, set at a
significance level of 0.05. “Developmental” gene ontologies were overrepresented within the network

analysis and were selected for further analysis.
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2. 10 Bioinformatic analysis

The 113 unique proteins that were identified with greater than 70% confidence that were significantly
deregulated were enriched using Metacore. Three gene ontologies of interest were selected,
“Developmental”, “Synaptic”, and “Adhesion”. Heatmaps were generated for proteins that were

classified in to each of these categories using Morpheus software or identified using the BINGO plugin.

2.11 Validation of mass spectrometry by Western blot analysis
For this, protein lysates were prepared and quantified as described previously. Lysates were separated

using SDS-PAGE and transferred onto nitrocellulose membrane filters. Membranes were incubated
overnight in primary antibodies to either Vdac1 (Cell Signalling Technology, D73D12), Vdac2 (Abcam,
ab37985) or HSP60 (Abcam, ab46798) diluted in in 3% w/v BSA in PBS. Blots were then incubated for
2 hours in secondary antibodies, consisting of horseradish peroxidase (HRP)-conjugated horse anti-
mouse Ig (Cell Signalling Technology, 7076S) or goat anti- rabbit IgG (Cell Signalling Technology, 7074S)
diluted in 3% (w/v) Marvel in PBS. Blots were developed with Pierce ECL Western blotting substrate
(Thermo Fisher Scientific) and imaged using an ImageQuant Las 4000. Quantification was performed
using Aida Image Analyzer v4.03 and protein loading was corrected against Vdacl, the housekeeper.
Student’s t-test was used to determine differences between the control and the nanofibre derived
lysates.

2.12 Pharmacological stimulation of the 3D neuronal clusters

Primary cortical neurons were dissociated and cultured upon aligned PLLA nanofibres as described
above for 14 days. At 14 DIV, neurons were washed with Hank’s buffered saline solution (Thermo
Fisher Scientific) three times and incubated for 15 minutes at room temperature with Fluovolt
Membrane Potential Probe (Thermo Fisher Scientific), prepared according to the manufacturer’s
protocols (Thermo Fisher Scientific). Neurons were then washed three times in Hank’s buffered saline
solution and incubated in NbActivl medium (Brainbits). Plates were then loaded into a BMG Labtech

Clariostar fluorescence plate reader and maintained in 5% CO; at 37°C. Recordings of fluorescence

11



intensity were taken every 60 milliseconds. At 12 and 26 seconds, automated injection of AMPA (10
uM) and GABA (25 uM) was performed. Raw data were converted in to A Fluorescence/Fluorescence
(A F/F) for figures and subsequent statistical testing using ANOVA (GraphPad Prism 7) was applied to

determine significant alterations in A F/F.

Spontaneous activity was also investigated using Fluovolt-loaded primary cortical neurons cultured on
aligned PLLA nanofibres. Neurons were loaded as described previously and spontaneous fluorescence
was quantified using a Leica SP5 confocal microscope. During quantification, cells were maintained at

37°Cin an atmosphere of 5% CO,.

3. Results

Culture of primary cortical neurons on aligned nanofibre membranes resulted in the rapid self-
assembly of 3D cellular architectures. Clear compartmentalisation of the cell bodies could be
observed, mimicking the gray matter of the brain more closely than the typical dispersed, random
network that is observed for 2D primary neuronal cultures. Neurites extending from these clustered
cell bodies were highly aligned and fasciculated. These 3D cellular architectures were confirmed to be

stable up until 28 days and electrically active.

3.1 Characterisation of aligned poly-L-lactic acid nanofibres

Aligned PLLA nanofibres were generated using electrospinning. These nanofibres were electrospun as
a membrane of highly aligned individual nanofibres (figure 1A) with a dispersion of 13+0.5° suggesting
a high degree of alignment. The average diameter of the nanofibres was 858+57nm and the fibres

displayed a smooth morphology (figure 1B).
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3.2 Morphological analysis and viability of the 3D neuronal structures

A time-course experiment was run to demonstrate the self-assembly behaviours of the clusters rather
than failure to dissociate (figure 1D-F). Over the time course, cell cluster size, neurite length and
alignment were observed to increase, demonstrating progressive aggregation. By 10 DIV, neurites
were aligned in the orientation of the nanofibres. Clusters were predominantly cylindrical, with an

average width of 201+32 um and an average length of 634+£142 um.
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Figure 1: Characterisation of PLLA nanofibres and self-assembly of primary cortical neurons grown on a
membrane of aligned PLLA nanofibres. For figures D-F, nanofibre alignment is consistent with the
nanofibres displayed in figures A and B. Cells were stained with DAPI and anti-Blll tubulin. (A) x1,000
magnification scanning electron micrograph of PLLA nanofibres; average nanofibre diameter,
858+57nm, average nanofibre dispersion 13+0.4°. Scalebar = 100pum. (B) x25,000 magnification scanning
electron micrograph of PLLA nanofibres, a smooth morphology is observed. Scale bar = 1um. (C) Cell
viability data shows that the organoids remain relatively stable for extended periods. A significant
increase is observed between days 7 and 14 but after this point, cell viability remains stable (one-way
ANOVA; n = 4, Fs 1, = 8.738, p = 0.0011). (D) At 1 DIV, neurons exhibit a typical, dispersed monolayer (E)
At 5 DIV, cluster formation is evident yet directionality of neurite extension is low (F) At 10 DIV, self-
assembly has occurred and the cell cluster has extended long, aligned neurites. Scale bar = 50um

A significant increase in LDH release was observed for neurons cultured upon aligned PLLA nanofibre
membranes (figure 1C, one-way ANOVA; Fs 1, = 8.738, p = 0.0011). No cytotoxic effect was observed
for primary cultures as similar levels of lactate hydrogenase (LDH) were detected in culture medium

between the control (absorbance at DIVO) and days 1 and 7 (Dunnett’s multiple comparison test, q =
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0.01597 and 0.6546, p = >0.999 and 0.9838 for DIV1 and DIV7 respectively). At DIV14, a significant
elevation in LDH release was detected (Dunnett’s multiple comparison test, q = 3.736, p = 0.0265) that
was consistent at days DIV21 (Dunnett’s multiple comparison test, g = 3.896, p = 0.0282) and DIV28
(Dunnett’s multiple comparison test, q = 4.359 p = 0.0093), suggesting some cell death. However, no
significant increase was found between DIV14 and DIV28 (Tukey’s multiple comparison test, q =

0.8806, p = 0.9870).
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Figure 2: Correlation between neuronal morphological features for primary cortical neurons
grown on aligned PLLA nanofibers, p = <0.0001 for all figures. Solid line indicates the
regression line. (A) Correlation between neurite length and neurite bundle diameter (R? =
0.7599, n = 120). (B) Correlation between cell cluster diameter and neurite bundle diameter
(R2=0.3171, n = 93). (C) Correlation between the cell cluster diameter and neurite length (R?
=0.5301, n =93).

Regression analysis was performed to ascertain the influence of the cell clustering on various neuronal

structures (figure 2). A strong positive correlation was observed between neurite bundle diameter had

a strong positive correlation with neurite length (R? = 0.7599, p <0.0001; figure 2A) while a positive

correlation was observed between cell cluster diameter and neurite bundle diameter (R?> = 0.3171, p

<0.0001; figure 2B) and neurite length (R? = 0.5301, p<0.0001; figure 2C).

3.3 Elucidating the Mechanism of Self Assembly

PLLA was plasma treated in argon-oxygen plasma to reduce the hydrophobicity. As a result of the
plasma treatment, pitting was observed (figure 3A) in the previously smooth surface of the nanofibres
(figure 1B) and the wettability of the PLLA nanofibres was significantly enhanced (figure 3B) (t(16) =
26.44, p = <0.0001). When primary cortical neurons were cultured upon the plasma treated PLLA (p-

PLLA) and cell clustering was not evident (figure 3C and 4A; t(21) = 23.38, p <0.0001) and the neurites
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that extended from cells were less aligned (figure 4B; t(12) = 4.56, p <0.001), thinner (figure 4C; t(18)

=13.37, p <0.0001) and shorter (figure 4D; t(18) = 14.12, p < 0.0001).

A significant reduction was also observed in the diameter of the PLLA nanofibres upon plasma
treatment (F227=3.816, p <0.0001). Aligned PLLA nanofibres were electrospun to a smaller diameter
ND PLLA, that was not significantly different from the hydrophilic p-PLLA nanofibres (F;.7=3.816, p =
0.7970) yet retained their hydrophobic properties although this was significantly lower than the
control aligned PLLA nanofibres (contact angle = 131.94+2° and 112.3+0.66° for PLLA and ND PLLA
respectively). One-way ANOVA, F, 5= 0.8935, p <0.0001). Neurons cultured on these nanofibres not
only failed to form cell clusters but either did not survive or differentiate to neurons; cells on the

narrow diameter nanofibres exhibited nuclear staining but did not express the neuronal marker (BllI-
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Figure 3: Determining the mechanism that induces formation of 3D cell clusters from primary cortical neurons (A) Plasma
treated PLLA (p-PLLA) nanofibres displaying pitting. Scale bar = 1 um (B) Primary cortical neurons grown on aligned p-PLLA
nanofibres at 10 DIV display a significant reduction in neurite length (average length = 571 um for untreated PLLA, 88.8 um
for p-PLLA. Student’s t-test, n = 30; p value = <0.0001, t = 14.12, df = 18) and diameter (average neurite bundle diameter =
14.74 um for untreated PLLA, 3.133 um for p-PLLA. Student’s t test; n = 30, p value = <0.0001, t = 13.37, df = 18) relative to
neurons grown on untreated PLLA nanofibres. Scale bar = 50 um. (C) Narrow diameter PLLA nanofibres (ND PLLA); no pitting
is observed for narrow PLLA nanofibres. Scale bar = 1 um. (D) Nanofibre diameter for untreated, plasma-treated and narrow
diameter aligned PLLA nanofibres (870+20nm, 473+73nm and 517+38nm respectively. A significant reduction in diameter
is observed for p-PLLA and narrow diameter nanofibres relative to the control (one-way ANOVA, Tukey’s multiple

comparison, n =30; F, .. 3.816, p = <0.0001 for both) but were not significantly different from each other (one-way ANOVA,

Tukey’s multiple comparison, n = 30; F_ __3.816, p = 0.7970). (E) Contact angles for untreated, plasma treated and narrow

2,27
diameter aligned PLLA nanofibres (131.9+2°, 11.9+2.7° and 112.3+0.66° respectively), a significant reduction in contact
angles is observed for plasma treated and narrow diameter nanofibres (one-way ANOVA, n = 16; F, 5 =0.8935, p =<0.0001
for both) (F) Culture of dissociated E18 cortical neurons on the narrow diameter NFs resulted in limited detection of

neuronal marker Blll-tubulin despite the detection of the nuclear DAPI stain. The inset displays primary cortical neurons at
an equivalent timepoint, grown in 2D culture. Scale bar = 50 um.
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Figure 4: Changes to cortical neuronal behaviours induced by reducing the hydrophobicity. (A) Average diameter of
cortical neuronal cell clusters that self-assembled on aligned PLLA and p-PLLA nanofibres (Student’s t-test, n = 22; t(21)
=23.38, p =<0.0001). (B) Average dispersion of neurites grown on aligned PLLA and p-PLLA nanofibres (Student’s t-test,
n =13; t(12) = 4.56, p = 0.0007); high dispersion is indicative of poor alignment. (C) Average neurite bundle diameter of
neurites grown on aligned PLLA and p-PLLA nanofibres (Student’s t-test, n = 19; t(18) = 13.37, p = <0.0001). (D)
Hydrophobic PLLA nanofibres significantly increase the average length of neurites (Student’s t-test, n = 19; t(18) = 14.12,

p = <0.0001).

3.4 Proteomic Characterisation of the 3D Neuronal Clusters

Network analysis of the interactome generated by the ANN revealed many significantly enriched gene

ontologies (table 2). The most significantly enriched gene ontologies related to “Development”

(Hypergeometric test, (BINGO software®: Nervous system development, p = 0.000585; Anatomical

structure development, p = 0.000661; Multicellular organismal development, p = 0.000661;

Developmental process, p = 0.000925; System development, p = 0.00109; Regulation of neuron

projection development, p = 0.00308).

Gene Ontology Description p-Value | Corrected p-Value | Cluster Frequency
Cellular process 2.46E-15 2.37E-12 56/74 75.6%
Localisation 7.62E-14 3.68E-11 31/7441.8%
Transport 1.35E-13 3.99E-11 29/7439.1%
Establishment of localization 1.65E-13 3.99E-11 29/74 39.1%
Establishment of localization in cell 3.76E-09 7.27E-07 13/74 17.5%
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Cellular localisation 1.13E-08 1.81E-06 13/74 17.5%
Neurogenesis 1.52E-08 2.10E-06 13/74 17.5%
Multicellular organismal process 2.17E-08 2.62E-06 24/74 32.4%
Nervous system development 2.72E-08 2.92E-06 15/74 20.2%
Protein localization 4.98E-08 4.03E-06 13/74 17.5%
Macromolecule localization 5.15E-08 4.03E-06 14/74 18.9%
Biological regulation 5.28E-08 4.03E-06 40/74 54.0%
System development 5.72E-08 4.03E-06 21/74 28.3%
Anatomical structure development 5.85E-08 4.03E-06 22/74 29.7%
Developmental process 8.39E-08 5.16E-06 24/74 32.4%
Protein transport 8.55E-08 5.16E-06 12/74 16.2%
Establishment of protein localization 9.45E-08 5.37E-06 12/74 16.2%
Regulation of biological process 1.20E-07 6.42E-06 38/74 51.3%
Regulation of cellular component 1.72E-07 8.73E-06 10/74 13.5%
organization

Regulation of cellular process 3.91E-07 1.89E-05 36/74 48.6%
Generation of neurons 6.10E-07 2.81E-05 11/74 14.8%
Regulation of cellular component size 6.94E-07 3.05E-05 7/749.4%
Intracellular transport 1.03E-06 4.32E-05 9/74 12.1%
Intracellular signaling pathway 2.58E-06 1.01E-04 12/74 16.2%

Table 2: The top 25 statistically overrepresented gene ontologies within the mass spectrometry dataset

Proteomic analysis of the neurons grown on the nanofibres revealed a shift in the proteomic profiles.

Western blots were used to validate the mass spectrometry. VDAC2 and HSP60 expression were

quantified (figure 5A) and the relative fold changes for each were compared to the values observed

for mass spectrometry (figure 5B). VDAC2 exhibited a 2.11-fold upregulation (p = 0.011, t(4) = 4.479)

while HSP60 exhibited a 3.09-fold change upregulation (p = 0.0071, t(4) = 5.083) as quantified by

Western blot. For mass spectrometry, the observed upregulation for VDAC2 and HSP60 were 2.28 and

2.72 respectively. A marked reduction in the expression of proteins that were involved in adhesion

was observed (figure 5C) whereas for synaptic proteins, an approximately equal number of proteins

were up- and down-regulated (figure 5D). The majority of developmental proteins were upregulated

(figure 5E); figure 5F displays ribosomal proteins which are downregulated during development.
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Figure 5: Fold changes for proteins that were differentially expressed for neurons grown on PLLA nanofibres relative to
the 2D control. (A) Western blots for two of the proteins (HSP60; confidence value = 70%; VDAC2; confidence value =
56%) within the dataset alongside the housekeeper protein, VDAC1. Significant upregulation of HSP60 (Student’s t-test,
n =3; p =0.0071, t(4) = 5.083) and VDAC2 was observed for cortical neurons cultured on PLLA nanofibres (Student’s t-
test, n = 3; p=0.011, t(4) = 4.479). (B) Normalised fold change values for mass spectrometry and Western blots for the
selected proteins (C-E) Heat map visualization of fold change for selected gene ontologies as detected by mass
spectrometry (n = 3) (red = increased expression, blue = decreased expression) (C) Adhesion (D) Synaptic (E)
Developmental (F) Developmental - Ribosome

Analysis of the interactions of the identified proteins using an artificial neural network (ANN) indicated
SNAP-25, reticulon-4 and DPYL2 as key mediators within the observed changes, with all other proteins
exerting negative influence on these proteins to restore equilibrium within the system (figure 6). Two
distinct networks appeared within the interactome. The first negatively regulates the expression of

SNP25, a synaptic protein that is upregulated on the PLLA nanofibres. The second network displays a
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greater degree of overlap as two upregulated proteins (Dpysl2 and Rtn4) are negatively influenced by

the same range of proteins.
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Figure 6: Artificial neural network inference (ANNI) of protein interactions. The strongest influencers that are up-/down-
regulated by culture of primary cortical neurons on aligned PLLA nanofibres are displayed. The size of the node is relative
to the number of interactions within the system. The colour of the node is dependent on the expression, red = increased
expression, blue = decreased expression whilst the intensity is relative to the fold change. The arrows indicate the
directionality of the influence. The colour of the arrows indicate the type of influence (red = positive influence, blue =
negative influence) while the width of the arrow indicates the strength of the influence.

3.5 Response to pharmacological stimulation

Primary neurons cultured upon the aligned PLLA nanofibres demonstrated spontaneous spiking
activity and responsiveness to a pharmacologically relevant agonist and antagonist, AMPA and GABA
respectively (figure 7A; one way ANOVA: F; 5055 = 1432, p <0.0001). A significant increase in A F/F was
observed after administration of AMPA (Tukey’s multiple comparison: p <0.0001), an agonist to
excitatory neurons, could be ameliorated by administration of GABA (Tukey’s multiple comparison: p
<0.0001), an agonist to inhibitory neurons (figure 7B). Voltage changes were also quantified for
spontaneous activity (figure 7C). At several points, the fluctuation in voltage exceeds a root mean

square of 4, indicating signal 4 times greater than that of the noise, suggestive of spiking behaviour.
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Figure 7: Fluovolt loaded 3D cell clusters generated using aligned PLLA nanofibres exhibit spontaneous and
pharmacologically induced changes to membrane potential. (A) The averaged trace of 3 independent replicates. At
approximately 13 seconds, AMPA (10 uM) is administered (1), resulting in an increase in membrane potential while GABA
(25 uM) is administered at approximately 26 seconds (2), resulting in a decrease in membrane potential. (B) A significant
difference was observed between each of the conditions (F2,205 =1432, p = <0.0001) (C) Putative spontaneous spiking
events were observed in the cell clusters; spikes were identified as datapoints that exceed 4 times the value of the root
mean square (RMS). Sampling rate = 12 milliseconds.

4. Discussion

Aligned PLLA nanofibres were capable of inducing 3D neuronal architectures from a dispersed
monolayer of primary cortical neurons within 10 days. The 3D neuronal architecture was composed
of clustered cell bodies and aligned projections of fasciculated neurites extending an average of
6341142 um from the cluster, although some heterogeneity was observed for the shape of the
clusters. Whilst a significant increase was observed in LDH release at day 14, LDH levels in the culture
medium remained consistent until 28 days. This is proposed to be due to a developmental apoptotic
process; during development, both in vivo and in vitro, approximately 40% of cortical interneurons
undergo apoptosis between days 11 and 18*. At 14 DIV, the same timepoint as the increase in cell

death, neurons were demonstrated to be responsive to pharmacological agonists and exhibited
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spontaneous spiking behaviours using a voltage sensitive dye, confirming that the 3D cell clusters were
viable and exhibited some electrical activity, although further characterisation is needed to determine
electrophysiological maturity relative to 2D cell culture. In conjunction with the LDH data, the activity
at 14 DIV suggests that the cell clusters were stable until at least 28 days. On untreated PLLA
nanofibres, correlations were noted between neurite morphology and the size of the clusters
themselves, suggesting a role of cluster formation in the extensive neurite network that was observed

(figure 2).

Whilst whole brain regions have been generated using stem cells'*?, studies utilising primary cortical
neurons that generate the desired neuronal architecture of compartmentalised cell bodies and
neurites have required manual assembly via pelleting®® or pre-made molds* to culture cells in. High
concentrations of cells are typically employed!***4> and whilst complex neurite arborisation is
observed® 2, control over the direction of neurite outgrowth is atypical®. In contrast, here the use of
aligned hydrophobic nanofibres generated the desired neural architectures with relatively few cells
(25,000 cells/cm?) and controlled the directionality of the arborisation. While the work of Harris et
al®, Struzyna et al*®, Adewole et al* generated the desired architectures using their hydrogel based
system, the clustered cell bodies were produced manually. The self-assembly of 3D cell clusters on
aligned PLLA nanofibres contrasts the assembly methods of previous studies, minimising potentially
detrimental handling of cells, whilst the methods of Kadoshima et al'! and Lancaster et al* limit the

cells to form in accordance with genetically pre-defined neuronal architectures.

4.1 Elucidating the mechanism for 3D neuronal architecture self-assembly

Inhibition of cell-substrate adhesion was suggested to be key for promoting organoid formation?®23

and thus hydrophobicity was proposed as a mechanism for manipulating the adhesion of cells to the

surface. For 2D primary neuronal cultures, the ability of cells to form clusters is inversely proportional
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to the adherence of cells to the surface and the mechanical tension exerted by the neurites®’. The
mechanical tension exerted by neurites remains constant yet the force adhering the cells to the
surface is proportional to the hydrophilicity of the surface®’; thus on more hydrophobic surfaces, cells
are more able to migrate and form clusters. However, the results indicate that hydrophobicity is not

the only component that can influence cellular migration and the self-assembly behaviours of the cells.

The plasma treated hydrophilic nanofibres attenuated the migratory properties of the cells but had a
significantly lower diameter than the control PLLA nanofibres (figure 3D); decreased diameter could
play a role in the reduced adhesion of cells as neurons can wrap lamellopodia around narrow
nanofibres®. Electrospun nanofibres that were hydrophobic and possessing a diameter that was not
significantly different from the plasma treated nanofibres were prepared (ND nanofibres; figure 3C,
3D and 3E) but non-neuronal cells predominated the cultures (figure 3F). Reduction of nanofibre
diameter increases the surface area and thus, degradation rate®’; as PLLA degrades to lactic acid, it is
possible that the reduction in nanofibre diameter induced cellular changes through lactic acid
accumulation, inducing a shift in the sub-populations of cells within the culture. Several studies have
shown a correlation between surface hydrophilicity and cell viability>®; neurons cultured on the plasma
treated nanofibres may have survived due to this factor but been prevented from aggregating due to
the lack of hydrophobicity. Alternatively, the ND nanofibres may not have been hydrophobic enough
as they were still significantly less hydrophobic than the control aligned PLLA nanofibres (figure 3E;
one-way ANOVA; F,15=0.8935, p <0.0001). In addition, changes to the cellular microenvironment may
be secondary to the biological changes induced by culture on the nanofibres; neurons cultured on the
fibres show a decrease in expression of adhesive proteins (figure 5C). The exact mechanism
responsible for the clustering appears to be a complex process that is at least partially dependent on

hydrophobicity although other aspects appear to be involved.

4.2 Elucidating the mechanism for development of the cortical neurons
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Due to the correlation that was observed between cell cluster size and the length/width of neurite
bundles (figure 3), cell clustering was theorised to be a key factor in the development of the extensive
neurite outgrowths and subsequent developmental molecular changes (figure 5). However, ANNI and
bioinformatics analyses suggest that the changes are driven by the increased formation of synapses.
The probability of synapse formation increases with decreasing inter-soma distance and when axons
and dendrites pass within a threshold distance of each other®**2, Proteomic analysis confirmed the
importance of synaptic proteins in the development of the structure. Of the three key nodes within
the interactome (SNAP-25, Dpysl2 and Rtn4; figure 6) generated by ANNI, all 3 were detected in the
list of synaptic proteins and two possessed a further function in development (Dpysl2 and Rtn4) (figure
5), suggesting that these 3 are key drivers in the development of the neuronal structure. Thus, the
mechanism of 3D cell cluster formation is theorised to be limited adhesion, migration and subsequent
soma cluster formation. The close proximity induces the formation of a greater number of synapses,
increasing the expression of synaptic proteins which have a significant overlap of function with

developmental proteins (figure 5), stimulating the development of the neurons.

4.3 Molecular Characterisation of the 3D Cellular Structures

Initial network analysis demonstrated that the most significantly overrepresented gene ontologies
were developmental gene ontologies (figure 5). Proteins that are downregulated as a result of
culturing neurons on the PLLA nanofibres include proteins that play a role in neurogenesis but
decrease as neurons mature (Dcx>*%%) and play a role in neurite initiation and arborisation (Stxbp1 and
Marcks>>®8). Notably, mass downregulation of the ribosomal proteins was observed (figure 5F);
ribosomal protein downregulation has recently been observed to occur during development of the
forebrain®. In contrast, upregulated proteins had notable roles in lamination of the cerebral cortex,
for example Rab18, Dpysl2, Tubb2B, Ncan, DBNL, TubalA, Rtn4, Rab5a and Stmn2%% axon

fasciculation, guidance and growth (CNTN1, Ncan, Tubb38%>6¢) and polarisation (DBNL, Dpysl26%%4),
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These results suggest that the 3D cellular structures are more similar to their in vivo counterparts than

the 2D control at a proteomic level.

4.4 Limitations to using aligned PLLA nanofibres to generate 3D cortical structures

The reliance on axonal tension as a means of self-assembly*” may explain the homoaggregation that
occurs; all cells within the clusters were neuronal. Cells that stained for DAPI but did not stain for BllI-
tubulin were present and localised external to the structure. Whilst this demonstrates that the culture
can support the survival of non-neuronal cells as part of a non-contact co-culture, it represents a
limitation of using the PLLA nanofibres for generating a mixed 3D neuronal culture. Whilst this cluster
may appear to be more structurally representative of the in vivo cortex than a conventional 2D culture,
incorporating glial cells into the structure to form a heteroaggregate will be key to developing the 3D
neuronal cluster to an organoid®. The absence of integrated glial populations within our research has
been overcome by Lancaster et al*? and Kadoshima et al'! via differentiation of stem cells to terminally
differentiated glia. It is possible that by combining the differentiation protocols with the aligned PLLA
nanofibre structures described within this paper, the absence of glial populations can be prevented.
In addition, the size of the 3D cellular structure will be limited by the range of oxygen and nutrient

diffusion into the tissue in the absence of well-developed vasculature?®,

4.5 Future implications

This facile method of culturing 3D neuronal cultures has implications for numerous fields. Due to the
simplicity of the protocol and the speed of generating the structure relative to other methods'®!?, the
3D culture could be employed for high throughput assays as a method of reducing the number of
animals required to generate organotypic slices. The cell clusters could also be used to study
developmental processes such as neurite fasciculation, neurite outgrowth or dendritic spine

formation within fasciculated bundles. With the ability to specify the directionality of the neurite
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extension due to contact guidance along the nanofibres, several of these cell clusters could be

complexed to represent neural circuitry in vitro in a similar manner to the methods of Peyrin et al®’,

|68 |69

Kanagasabapathi et al®® and Berdichevsky et al®®, although these methods mimicked the connections
between two pathways exclusively in 2D culture. Serruya et al’® generated 3D cell clusters and aligned
neurites encapsulated within an agarose shell and proposed their use to repair damaged pathways or
as sensors for a brain-machine interface, re-routing connections from deep brain regions to the
surface, thus reducing the invasiveness of recording electrodes. A key factor enabling such advances
is that the cell clusters are grown on PLLA which, unlike several biomaterial polymers, is known to be

highly biocompatible in an in vivo setting. Thus, the methods outlined here could also be used to

develop similar neural implants for use in brain repair.

5. Conclusions

The work describes a facile method of culturing primary cortical neurons to generate a homogenous,
electrically active cortical neuronal cluster with predominantly aligned neurites. These neuronal
clusters exhibit an upregulation of proteins that are involved in cortical lamination, polarisation and
maturity, suggesting that from a molecular perspective, they are more developed and physiological
than their 2D counterparts. Untreated PLLA nanofibres show promise for advanced 3D cell culture due
to their biocompatibility and promotion of the self-assembly of these 3D neuronal structures. Due to
the increasing use of 3D cell culture for pharmaceutical uses and developmental research, it would be
highly advantageous to extend the applicability of these approaches by producing in vitro neural

architectures using self-renewing cells as well as primary neurons.
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