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1 ABSTRACT

2 Hearing loss is a condition highly prevalent worldwide. It affects people
3 of a broad age range since the causes and risk factors are varied. At present,
4  some types of hearing impairments have a palliative treatment whereas some,
5 especially for those where otic neurons are damaged, cannot be properly
6 treated. Recent findings had shown it possible to use human embryonic stem
7  cell-derived otic neural progenitors (ONPs) as a new mode of treating hearing
8 loss caused by damage to the spiral ganglion neurons (SGNs). To improve
9 the efficiency and overcome some limitations of this potential treatment, we
10 have applied principles of tissue engineering which involves an interaction
11 between cells and an extracellular matrix —mimicking scaffold. Here, we
12  describe the influence of poly(l-lactic acid)(PLLA) aligned fibres on ONP cell
13 morphology, proliferation, neuronal differentiation and establishment of neural
14  polarity under both progenitor and neuralising conditions. The results show
15 that most of ONPs on aligned fibres exhibited bipolar morphology and
16 extended their neurites along the major fibre axis. Their proliferation was
17 lower than those in 2D culture but the differentiation of ONPs on aligned fibres
18 was significantly enhanced in both progenitor and neuralising conditions as
19 indicated by the fluorescence intensity and number of cells that were positive
20 for neuronal markers (B-tubulin 11l and NF200) and the expression pattern of
21  spiral ganglion molecular markers (MMP13, NPR2 and NTNG1). Moreover,
22 axonal and dendritic markers (TAU and MAP2 respectively) were also

23 induced after 14 days in culture.
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27

28 INTRODUCTION

29 Hearing loss is one of the most common causes of disability. According
30 to the available data from the World Health Organization (WHO), around 360
31 million people worldwide are suffering from moderate or greater hearing loss.
32  Several types of hearing loss can be categorised according to the area of the
33 ear where the problem lies. Sensorineural hearing loss, which is caused by
34 the damage to the hair cells or the auditory nerve in the inner ear is the most
35 common. Unlike other nonmammalian vertebrates, damage or degeneration
36 of human hair cells and spiral ganglion neurons (SGNs) is irreversible 2,
37 Even though cochlear implants can be used to overcome a hair cell deficit,
38 loss of SGNs can limit the effectiveness of this treatment °. Thus, alternative

39 strategies for SGN regeneration have been widely researched and stem cell

40 therapy has been proposed as a potential therapeutic path.

41 Findings from a recent study highlight the possibility of SGNs
42  restoration using a stem cell-based strategy. Otic neural progenitors (ONPS)
43 that were differentiated from human embryonic stem cells were found to
44  exhibit true otic characteristics as indicated by the expression of several otic
45 markers such as PAX8, PAX2, SOX2 and FOXG1. They were also able to
46  further differentiate into SGNs under ‘neuralising’ condition, becoming positive
47  for neuronal markers, displaying appropriated membrane currents and firing
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48 action potentials. When transplanted into gerbils that were deafened by the
49 application of ouabain (a model of auditory neuropathy), they engrafted and

50 significantly improved the auditory thresholds *.

51 However, there are some potential limitations in this study that might
52 constrain a wider application of this approach. The deafness-inducing drug
53 ouabain damages primarily the type | SGNs, while type Il SGNs and glial cells
54  remain mostly intact °>. These preserved tracks might act as a guidance cue
55 for the transplanted cells, facilitating them to reach their targets centrally and
56 on the periphery. In cases were these tracts are absent, such as in a cochlear
57 nerve aplasia, ONPs might not be able to extend their neurites effectively and
58 functional restoration might be impaired. Moreover, there are some putative
59 drawbacks in delivering cells directly by cell injection. Based on evidence from
60 other experimental systems, the retention of cells at the target site and cell
61 survival rate can be poor ®’. To overcome those limitations, the use of a
62  support or tissue engineered scaffold mimicking the extracellular matrix may

63 be advantageous.

64 The complexity of the cochlea and sound sensing mechanism make
65 tissue engineering for the inner ear a difficult task ®. Most of the promising
66 previous work relies on the improvement of the cochlear implant biological
67 interface. . Various reports indicated that alteration of electrode surface
68 topography, chemistry or biological functionalisation offer a great opportunity

69 for the improvement of this prostheses *2°.
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70  The physiological extracellular matrix of the inner ear has also been studied
71 as a natural, tissue engineered scaffold. Mice, rat and human cochlea were
72  decellularised and extracellular matrix contents, identified. However, these
73  decellularised matrices will not be appropriated for clinical application of
74  transplanted cells, and have not been widely used to support stem cell
75  differentiation %L.In this study, we aimed to investigate the behaviour of ONPs
76 on a biomaterial and explore if this scaffold could provide advantages for
77 ONP transplantation. Poly(l-lactic acid)(PLLA), a biodegradable and
78 biocompatible polymer, was fabricated as aligned electrospun fibres and used
79 as a scaffold for ONP culture. To address the effect of aligned fibres on
80 ONPs, cell attachment, proliferation, differentiation and establishment of

81 neural polarity were then analysed.

82

83 MATERIALS AND METHODS

84 Human embryonic stem cell (hESC) culture

85 Shefl hESC line was cultured and used for the derivation of otic neural
86 progenitor. hESC colonies were maintained on inactivated mouse embryonic
87 fibroblast (MEF) feeder layers on gelatin-coated tissue culture flasks. The
88 culture media consisted of knockout Dulbecco’s modified Eagle’s medium
89 (Invitrogen), 20% knockout serum replacement (KOSR), 1% nonessential
90 amino acids, 2mM L-glutamine, (all from Invitrogen), 0.1ImM -

91 mercaptoethanol (Sigma), and 4ng/ml of basic fibroblast growth factor
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92 (bFGF; R&D systems). The colonies were passaged in clumps every 7 days

93 using collagenase and mechanical dissociating methods.

94  Differentiation of hES cells into otic neural progenitors (ONPs) and

95 sensory neurons

96 Generation of otic neuroprogenitors was performed as described in

97 Chen et al 2012. Briefly, undifferentiated hESCs were dissociated to single

98 cells using 0.025% trypsin-EDTA (Sigma). After trypsinization, cell suspension

99 was pelleted at 157 rcf for 5 min and passed through a 100 um cell strainer
100 (BD Labware) to get completely dissociated cells or very small aggregates.
101 Cells were counted and plated onto laminin-coated T12.5 flasks (R&D
102  systems, 5upg/cm?) at the seeding density of 4000 cells/cm?. Cells were
103 maintained in a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM)
104 and F12 nutrient supplemented with N2 and B27 (DFNB). FGF3 (50ng/ml)
105 and FGF10 (50ng/ml) were added to the medium as supplements to drive the
106 differentiation “#%2. The differentiated medium was replaced every 2 days. After
107  3-4 days, other epithelial-like and surrounding cells were scraped off to enrich
108 for ONPs. The flask was cleaned from time to time and ONPs were then
109 allowed to grow for further 10-12 days. The purified ONPs were then
110 maintained in otic stem cell full medium or OSCFM (DFNB supplemented with
111  bFGF (20ng/ml), IGF1 (50ng/ml) and EGF (20ng/ml)) and expanded on 0.1%

112  gelatin-coated flask until sufficient cell numbers were obtained.

113 Neuralisation of ONPs into auditory neurons was induced with Shh-

114  C24ll (500ng/ml) , bFGF (20 ngml) and neurotrophins (NT3 and BDNF; 10
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115 ng/ml each) added at different time points as previously described by Chen et

116  al. 2009 and 2012 #?2,

117 Preparation of polylactic acid electrospun scaffolds

118 Ten percent wt. of poly(L-lactide) (PLLA) were prepared by dissolving
119 in 3:1 chloroform: methanol respectively. The solution was stirred for 1 hour at
120 room temperature or until the polymer was totally dissolved. Three ml of
121  polymer solution was electrospun from a 3 ml plastic syringe that attached to
122 a flat tip needle at constant flow rate, which was controlled by a multispeed
123  syringe pump. A high voltage (~10-12kv) was applied to the needle tip to
124  charge the polymer solution and form a liquid jet. An aluminum-rotating disk
125 was used as a grounded collector to collect the electrospun fibres. Random
126 and high alignment of fibres was collected at the rotation speed of 180 and

127 2000 rpm respectively.

128 Scanning electron microscopy (SEM)

129 The morphology and alignment of fibres and cells on the scaffolds were
130 visualised by SEM (Philips XL-20) at an accelerating voltage of 20 kV. Each
131 scaffold was coated with gold using a sputter coater (Emscope SC 500) prior
132 to the observation. The images were then analysed using image J software

133 (NIH).

134 ONP cell culture on the scaffolds
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135 The hES-derived ONP cells were seeded onto electrospun scaffolds
136 that were sterilized in cold 70% ethanol for 15 min, washed 3 times with cold
137 PBS and incubated in OSCFM medium overnight. About 8000 ONPs were
138 seeded onto a 1 cm? scaffold membrane, using a very small volume (20 pl).
139 To allow attachment to the scaffold, cells were allowed to settle for one hour
140 before the medium was topped up. ONPs were then maintained in either
141  progenitor (OSCFM) or neuralising conditions for up to 14 days. Size of
142  scaffolds and cell density were scaled up for gqRT-PCR gene expression

143  analysis (5x10° cells/ 4 cm? scaffold) in order to obtain good RNA yields.

144  SEM sample preparation for ONPs on 3D scaffolds

145 As ONPs are loosely attached cells and most of them were not preserved
146 under normal preparation, a new preparation protocol was established
147  especially for ONPs. Culture medium was removed from the wells and the
148 cells were fixed with warm Karnovsky’s fixative, which is a mixture of 2%
149 paraformaldehyde, 2.5% glutaraldehyde and 0.1M Sodium Phosphate buffer,
150 for 3 hours. ONPs were then dehydrated sequentially in 10%, 30% and 50%
151 methanol for 5 min each, followed by an air dried for 3 days. The samples

152  were dried again in a vacuum oven at room temperature overnight.

153 Actin Staining

154  After the cells were fixed in 4% paraformaldehyde in PBS for 1 hr, they were
155 rinsed with PBS and permeabilised with 0.3% Triton X-100 (PBST) for 15 min.
156 Three hundred and fifty pul of Texas-red-X phalloidin (1:150, Invitrogen) was

157 then added to each well and left on the rocking plate for 1 hr. The cells were
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158 then rinsed with PBS after phalloidin was removed and cell nuclei were

159 counterstained with DAPI (1:200; BioLegend)

160 Quantification of cell directionality

161 Fluorescent images from actin staining were used for the quantification of cell
162 directionality. The images in red channel were converted to binary images
163 using the thresholding method and the orientation of cells on binary images
164 were then analysed by orientationd distribution, an imagedJ’s plugin for
165 directional analysis. The distribution of orientation histogram was

166 automatically generated from each image.

167 Calcein-AM staining

168 Calcein-AM powder (Santa Cruz) was resuspended with anhydrous DMSO to
169 make a 2mM stock solution. Working solution was prepared immediately prior
170 to use by mixing Calcein-AM stock solution with the culture medium in 1:2000
171 dilutions. After the media was discarded, Calcein-AM working solution was
172  added to each well and incubated under 5% CO, at 37°C for 45 min. The cells
173 were then washed with media and visualised under the fluorescent
174  microscope. Intracellular esterases in live cells hydrolyse a non-fluorescent
175 Calcein-AM to strongly fluorescent Calcein, which appeared green in cell
176 cytoplasm. Numbers of Calcein positive cells from at least 10 different fields

177  were used to calculate the estimated cell number on a 1cm? scaffold.

178 BrdU Viability assay
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179 DNA synthesis monitoring immunofluorescence assay, 5-Bromo-2" -

180 deoxy-uridine (BrdU) labeling and detection kit I (Roche) was used to verify
181 the viability and proliferative capacity of ONPs on the scaffolds. Ten uM BrdU
182 was added to the culture medium and incubated for 48 hr before they were
183 fixed with ethanol fixative, labelled with mouse anti-BrdU and anti-mouse
184 fluorescein. The concentration of reagents and antibodies were used
185 according to the manufacturer’s instructions. Viable cells were then quantified

186  under fluorescent microscope.

187 Immunolabelling and quantitation of fluorescence intensity

188 After 14 days on the scaffolds, the ONPs were fixed with 4%
189 paraformaldehyde in PBS for 1 hr and permeabilised in 0.1%Triton X-100 for
190 15 min. Then, they were incubated for 1 hr at room temperature in blocking
191 solution (0.1%Triton X-100, 5% normal donkey serum, 1% BSA in PBS)
192 before the primary antibodies were added. Double staining of B-tubulin 1lI
193 (TUJ1l) (1:100, mouse monoclonal, Covance) and NF200 (1:100, rabbit
194  polyclonal, Sigma), as well as Tau (1:50, rabbit polyclonal, Santa Cruz) and
195 MAP2 (1:200, mouse polyclonal, Abcam) were performed in this study. After
196 the cells were incubated with primary antibodies overnight at 4°C, the
197 antibodies were rinsed off and secondary donkey anti-mouse or anti-rabbit
198 antibodies conjugated with Alexa Fluor 488 or Alexa Fluor 568 (1:250,
199 Invitrogen) were applied and incubated for 1 hr at room temperature. For
200 nuclei labeling, the cells were counterstained with DAPI (1:200, 4’,6-

201 diamidino-2-phenylindole; BioLegend).

10
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202 Fluorescence intensity per cell was evaluated using ImageJ software
203  (NIH). All images were converted to black and white colour to avoid the bias.
204  Freehand selection was used to draw the area over each cells and the level of
205 fluorescence in a given region was measure as a mean grey value. This
206 number was then subtracted by the average background intensity of that

207 image.

208 RNA extraction and gene expression analysis

209 Total RNA was extracted using Trizol (Invitrogen) and Qiagen RNeasy
210  column combination protocol 2. 1 ml of Trizol was added to two 4 cm?
211  scaffolds and pipetted up and down to dissolve the fibres. After 5 min at room
212  temperature, 200 ul of chloroform was added and mixed thoroughly. Each
213 tube was incubated for 2 min at room temperature, then spin down at 12,000
214 g for 15 min at 4°C. After the centrifugation, the transparent upper phase was
215 gently removed and transferred to a new tube. RNase-free 70% ethanol (500
216 ul) was then added and mixed well using the pipette. The mixture was

217 transferred to the RNeasy mini spin column and preceded according the

218 manufacturer protocols.

219 QuantiTect Reverse Transcription Kit (Qiagen) was used to transcribe the
220 extracted RNA to cDNA. Then, to check the expression of neural markers,
221 real-time PCR was performed using Rotor-Gene SYBR Green (Qiagen).
222  Primer sequences of housekeeping and target genes (from 5’ to 3’) were as
223  follows: GAPDH, ATGGGGAAGGTGAAGGTCG and

224  TAAAAGCAGCCCTGGTGACC; NTNG1, TTGTGGATTGGAAAGGCTGC and

11
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225 GGTTGGAAGGGATTCAGGGA; NPR2, AACGCCATGCACCAGAAATT and
226 CATCTTCAGGCCAACAACCC; MMP13, TTGAGCTGGACTCATTGTCG and

227 TCTCGGAGCCTCTCAGTCAT.

228  Statistical analysis

229  All experiments were analysed using analysis of variance (one-way ANOVA)
230 followed by Bonferroni’s post hoc comparison tests. Statistically significant
231  differences will be considered if the p-value is less than 0.05 (p<0.05). All
232 values are shown as mean * standard deviation from at least 2 independent
233 experiments. All the graphs and statistic calculations were performed on

234  GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA, USA).

235

236 RESULTS

237 Visualization and quantification of fibrous scaffolds

238  After the fibres were fabricated, three independent electrospun scaffolds were
239 visualized and quantified. SEM micrograph and histogram of angle difference
240 demonstrated that most the fibres were aligned, with an average diameter of
241 0.931£0.1 uym (Figure. 1A and B). Random fibres were also fabricated and
242  characterised to be used as a control in the experiments (Figure 1C). They
243 were spun with the same set up as in aligned-fibres but the collector was
244  rotated at the lowest speed. The distributions were almost equal in all angles

245  for random fibres (Figure 1D).

12
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246 The effect of aligned PLLA fibres on ONPs morphology

247  The morphologies of hESC-derived ONPs grown under progenitor conditions
248 (OSCFM) for 3, 7 and 14 days on aligned PLLA fibres were investigated by
249 actin staining (Texas-red Phalloidin). Nuclei were counterstained with DAPI.
250 When cultured on tissue culture plastic for a few passages, ONPs were flat
251 and spread with an average size of 300 um (Figure 2A). On the contrary, a
252  distinct morphology was observed on 3D fibres, with cells being smaller with
253 an average size of 200 um. After 3 days in culture, some of the ONPs were
254  spreading on the fibres (arrowhead) and elongated cells were noticed (arrow)
255  (Figure 2B). As for day 7 and 14, most of ONPs exhibited bipolar morphology
256 (69+4%) and displayed a parallel, aligned pattern in some areas of the
257  scaffold (arrow) (Figure 2C). However, cells with polygonal morphology were
258 also presented (arrowhead). In some other areas on the scaffolds,
259 randomness of ONP cell arrangement still existed (Figure 2D). On the other
260 hand, ONP growing on the random PLLA fibres were spreading in all

261 directions and showed irregular morphology (Figure 2E).

262 SEM is another method that was used to confirm the findings from fluorescent
263 imaging. ONPs indeed extend along the fibre axes and the cells with different
264  orientation or irregular shape arise from the crossing fibres presence in the
265 scaffolds (Figure 2F,G). The micrographs also revealed that single ONP cells

266 attached to few fibres at a time.

267  Orientations of cell distributions were quantified using OrientationJ plugin from
268 Imaged. The orientation of each pixel is evaluated and plotted as a histogram

269 against the orientations in degree. The histograms demonstrated that ONPs

13
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270 on 2D tissue culture plastic (Figure 2H) and PLLA random fibres (Figure 2J)
271 have broad distributions of orientation and several peaks were presented in
272 the histograms. While the cells on PLLA aligned fibres (Figure 2I) exhibited
273 one big peak, which indicated that most of the cells were arranged in a certain

274  degree.

275 The effect of aligned PLLA fibres on ONPs viability and proliferation

276 To check the number of viable ONP cells on the scaffolds, Calcein-AM
277  staining was carried out. After 14 days of culture, the number of viable cells
278 on neuralising 2D, control (OSCFM) PLLA and neuralising PLLA were all
279  significantly lower than those found on control (OSCFM) 2D (Figure 3A). The
280 lower numbers found on PLLA could be partially explained by the lower cell
281 attachment expected on PLLA fibres, as no bioactive sites are presented and
282 they were not treated with any chemicals or biological compounds that would
283 enhance cell attachment.. A decreased cell number under neuralising
284  condition could also infers that ONPs are differentiating into non-proliferating
285 neurons 2. Therefore, the population of cells with dividing capability is lower.
286 It is noted that the differences between control and neuralising conditions on

287 2D were larger than those on PLLA.

288 The proliferation of ONPs was also investigated using a BrdU incorporation
289 assay (figure 3B). A significant reduction of cell proliferation, triggered by
290 culturing cells on PLLA was noticed after 3 days, regardless of the culture
291 conditions. The trend was maintained after 14 days, although the differences
292  were not large enough to remain significant. . The reduction of the percentage

293 of BrdU positive cells in neuralising conditions was, however, more obvious.

14
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294  The effect of aligned PLLA fibres on ONPs differentiation

295 We investigated the differentiation behaviour of ONPs on PLLA electrospun
296 fibres in both conditions (progenitor and neuralising) using immunostaining of
297 the early neuronal marker B-tubulin Il (TUJ1), and the mature neural marker
298 neurofilament-200 (NF200). After 14 days in culture, the expressions of TUJ1
299 and NF200 were enhanced when the cells were grown in the neuralising
300 condition or on aligned fibres (noted that cell number per area on the fibres
301 are lower than those on 2D) (Figure 4A). Mean Fluorescent intensity per cell
302 and number of positive cells for both markers were increased even without
303 any neurotrophins supplement (Figure 4B). On 2D, the intensities of both
304 markers were relatively the same in control and neuralising conditions but
305 numbers of positive cells were higher in the neuralising one. Similar trend was
306 observed on random fibres with a slight increase of fluorescence intensity.
307 The significant difference was detected only on TUJ1 between control 2D and

308 neuralising random fibres.

309 Expression of both neuronal markers studied was enhanced on ONPs seeded
310 on aligned fibres under both culture conditions. There was a clear, statistically
311 significant shift of labelling intensities (p<0.0001). This indicated that the
312 alignment of fibres alone could effectively drive the differentiation of ONPs.
313 Neuralising condition increased the neuronal marker expression on aligned
314 fibres even further and the intensity of both TUJ1 and NF200 were

315 significantly increased comparing to control condition. .

316 Several molecular markers known to be highly expressed in differentiated

317 ONPs were also explored. Matrix metalloproteinase (MMP13), natriuretic

15


https://doi.org/10.1101/120279

bioRxiv preprint doi: https://doi.org/10.1101/120279; this version posted March 24, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

318 peptide receptor2 (NPR2) and Netrin-G1 (NTNG1) * were used as
319 differentiation marker genes and analysed by qRT-PCR (Figure 4C). These
320 genes are upregulated in a specific manner during SGN development.
321 MMP13, also known as collagenase-3, is a zinc-dependent proteolytic
322 enzyme involved in the remodeling of ECM and is enriched at late
323 developmental stage of SGN (Lu et al., 2011; NCBI, 2016a). NPR2 encodes
324 an integral membrane receptor for natriuretic peptides, which is required for
325 axon bifurcation in SGN and auditory circuit assembly *#7?%, NPR2 is highly
326 expressed at very early stage, then dropped in the middle and finally raised
327 again in the late developmental stage of SGN. NTNG1 encodes a
328 preproprotein that can be further processed into a secreted protein, which is
329 responsible for axon growth and guidance. It is highly expressed throughout

330 the SGN development but the level is slightly higher in the early stage »?°.

331 All three genes were upregulated when ONPs were cultured in neuralising
332 medium and on the aligned scaffolds. The increment ranged from 1 to 6 folds.
333  The upreguration of MMP13 and NPR2 on aligned fibres were even higher
334 than those on 2D neuralising conditions. On the contrary, the induction of
335 NTNG1 was maximised on 2D neuralising condition. However, due to wide
336 deviations, none of them are considered as significantly different. From the
337 pattern of gene expression that were observed, it can be inferred that after 14
338 days of differentiation, ONPs on aligned fibres are in a late developmental

339 stage.

16


https://doi.org/10.1101/120279

bioRxiv preprint doi: https://doi.org/10.1101/120279; this version posted March 24, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

340 The effect of aligned PLLA fibres on ONPs polarization

341 To verify the polarisation of differentiated cells, ONPs were fixed and co-
342 stained with anti-TAU (axonal marker) and anti-MAP2 (dendritic marker)
343 antibodies after 14 days under different culture conditions. On TC plastic,
344  ONPs under progenitor condition rarely expressed TAU and MAP2 but a slight
345 increase of TAU expression was observed and cells with positive MAP2 were
346 identified under neuralising condition (Figure. 5A). On align fibres, ONPs in
347 both progenitor and neuralising conditions were positive for both neuronal
348 polarity markers. Some ONPs also showed specific localization of MAP2 in
349 the soma and TAU in both soma and axon indicating a polarization of those
350 cells (arrow). However, the majority of the cell population did not yet specify
351 their neuronal polarity. The number of positive cells was then quantified and
352 the results revealed that neuralising 2D, control PLLA and neuralising PLLA
353 can increase the percentage of TAU and MAP2 positive cells by 2 to 8 folds
354 when comparing to Control 2D group (Figure 5B). The percentages of those 3
355 conditions were comparable but the most prominent one was observed on

356 neuralising PLLA.

357 Discussion

358 Not only limited to mature cells, the correlation between substrate properties
359 or microenvironment and stem cell fate has been widely investigated. Stem
360 cell differentiation is one of the main interests in tissue engineering and
361 regeneration, as in many cases the desired cell type is required prior to

30

362 transplantation for the safety and efficiency of the treatment It is

363 increasingly clear that the native microenvironment that supports stem cells or

17
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364 ‘stem cell niche’ plays a crucial role in the control of stem cell behaviour and
365 fate decision *!*2. Thus, a considerable amount of work is currently being
366 performed employing this view that allows taking control over stem cells and

367 directing them to the desired behaviour.

368 Numerous studies have explored the use of electrospun fibres as tissue
369 engineering scaffolds for the repair of both central and peripheral nervous
370 system injuries 334, Aligned electrospun fibres have also been used by many
371 research groups. Its advantages in neurite guiding and extension has been

372  reported in vitro 7

and the success repair were also demonstrated in vivo
373 %3 However, those studies were performed with the cells that are not
374 directly relevant to the auditory system and tissue engineering for SGN
375 damage or degeneration has never been tried. Here, we investigated the

376 response of ONPs, a promising cell type that could be used for SGN

377 regeneration, to the aligned fibrous tissue-engineered substrate (PLLA).

378 There are many parameters that affect electrospinning process and fibre
379 morphology. They are needed to be optimised in order to achieve the ideal
380 scaffolds for each work “°. So, in order to obtain an aligned fibre mesh with
381 the diameter of ~1 um, which is expected to be the compromise fibre size for

382 neuronal guidance, proliferation and differentiation *+*?

, electrospinning
383 parameters were manipulated. The most suitable parameters obtained were
384  used to produce aligned and random electrospun fibres. The visualisation and

385 quantification of SEM images showed that we can successfully obtain both

386 fibre types.
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387  One of the very first ONP features that we monitored when grown on PLLA
388 fibres was cell morphology. The dissimilarity of ONPs morphology on 2D and
389 3D matrices are to be expected as the cells that were cultured on 2D tissue
390 culture plastic are flat and can only spread in horizontal plane, while on 3D,
391 which is considered to be closer to physiological conditions, cells can spread
392 in all directions *°. The parallel cell pattern is a promising result indicating that
393 alignment of the fibres can act as a guidance cues for ONPs. Calcein-AM
394 staining and BrdU assay also demonstrated that the numbers of viable,
395 attached cells and the percentage of cell proliferation were lower on the fibres
396 comparing to 2D culture plastic. These findings are coherent with the idea

397 cells are differentiating, reducing or stopping proliferation altogether 2.

398 In previous studies of the role of scaffolds on neural differentiation,
399 experiments have been performed under neural-inducing conditions such the
400 presence of neurotrophins. However, the effect of the external scaffold on the
401  progenitors is rarely described *4~*. From the expression of neuronal markers
402 in protein and RNA level, we clearly showed that ONPs were sensitive to the
403 change of physical environment (aligned fibres) and were able to differentiate
404 even in the normal expansion medium. Under neuralising condition, ONP
405 differentiation was increased even further. This indicated that there is a
406 synergistic effect between physical (fibre alignment) and chemical cues

407 (neuralising agents).

408 In order for neural cells to function after they are differentiated, polarization
409 and/or establishment of axons and dendrites are required *’. Beside from

410 intrinsic factors, extracellular signal also controls polarity specification as the
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411 neural cells are physiologically surrounded by extracellular matrix. Various
412  axonal guidance and repellent molecules have been identified to effectively
413 control the asymmetric growth of neurites and leads to axon or dendrite
414  formation *®*°, Some growth factors such as NT3 and BDNF that were used in
415  our differentiation medium also help enhancing neuronal polarization *°°*. As
416  we previously found that ONPs are differentiated on the aligned fibres and lots
417  of them are positive for mature neuronal marker (NF200), the establishment of
418 neural polarity is another aspect to confirm the transition to a mature neuronal
419 phenotype. Culturing of ONPs on aligned scaffolds and under neuralising
420 condition increased the expression of neuronal polarity markers (TAU and

421  MAP2) but the polarities of those positive cells were not yet to be specified.

422

423

424  FIGURES
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426  Figure 1. Electrospun fibres from optimized electrospinning parameters. (A) SEM
427 image of PLLA aligned fibres and alignment analysis (scale bar = 10 um). (B)
428  Histogram of angle difference showing that most of the fibres are parallel to the
429  reference line. (C) SEM image of random fibres collected with the lowest collector
430 rotation speed (scale bar = 20 um). (D) Histogram of angle difference on random
431 fibres.
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452  Figure 2. Actin staining showing ONP cell morphology on (A) tissue culture
453 plastic (B) PLLA aligned fibres after 3 days in culture (C,D) PLLA aligned

454  fibres after 14 days in culture (E) PLLA random fibres after 14 days in culture.
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455  Scale bar=200um. Scanning electron micrographs of the cells were shown on
456 (F) random and (G) aligned PLLA fibres. The cells were masked in blue for
457  the visibility. Scale bar=50um. Distribution of cell orientation on tissue culture
458 plastic, PLLA aligned and random fibres were measured and shown as

459  histograms on (H), (1) and (J) respectively.
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461 Figure 3. Viability and proliferation of ONPs on PLLA fibres. (A) Number of viable
462  ONPs on 1xlcm?® PLLA aligned fibres after 14 days in culture. Data is mean=SD. (B)
463 ONPs proliferation after 3 and 14 days culture on PLLA aligned fibres. *p<0.05,

464  *p<0.01

465
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467  Figure 4. The differentiation of ONPs on PLLA fibres. (A) Immunostaining of ONPs
468 on 2D tissue culture plastic and 3D aligned PLLA fibres for neuronal markers, TUJ1
469  or R-tubulinlll (green) and NF200 (red). Scale bar=400 um. (B) Mean fluorescent
470 intensity per cell of B-tubulinlll and (C) NF200 on different culture materials. *p<0.05,
471  ***p<0.0001 (D) The effect of aligned substrates on the expression of MMP13,
472 NPR2 and NTNG1 in ONPs. Data is meanSD.
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Figure 5. ONP polarization on PLLA aligned fibres. (A) Immunolabelling of neural
polarity markers, TAU (green) and MAP2 (red) on ONPs. Scale bar=400 um. (B)
Percentage of TAU and MAP2 positive ONPs when cultured on different substrates

for 14 days. Data shown are meanzSD.
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478 CONCLUSIONS AND FUTURE WORKS

479 In summary, we have demonstrated that otic neural progenitors (ONPs) can
480 attach, survive and be able to differentiate on aligned PLLA fibres. The
481 physical cue (alignment of fibres) can help enhancing the differentiation of
482 ONPs even in the absence of neuralising agents and guiding neurite
483 extension along the alignment axis. In addition, it also influences changes on
484  ONP morphology and the specification of neural polarity. This aligned PLLA
485 scaffolds can also be further manipulated to facilitate the transplantation. A
486  conduit could be made by rolling the PLLA electrospun sheet and seed it with
487 ONPs and glial cells. These applications could be highly useful to develop

488 new strategies to repair the auditory nerve.
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