Journal Pre-proof

Nanostructured scaffolds based on Bioresorbable polymers and
Graphene oxide induce the aligned migration and accelerate the
neuronal differentiation of neural stem cells

Y. Polo, J. Luzuriaga, J. Iturri, 1. Irastorza, J.L. Toca-Herrera, G.
Ibarretxe, F. Unda, J.R. Sarasua, J.R. Pineda, A. Larrafiaga

PII: S1549-9634(20)30168-4

DOI: https://doi.org/10.1016/j.nan0.2020.102314

Reference: NANO 102314

To appear in: Nanomedicine: Nanotechnology, Biology, and Medicine
Revised date: 17 September 2020

Please cite this article as: Y. Polo, J. Luzuriaga, J. Iturri, et al., Nanostructured scaffolds
based on Bioresorbable polymers and Graphene oxide induce the aligned migration and
accelerate the neuronal differentiation of neural stem cells, Nanomedicine:
Nanotechnology,  Biology,  and  Medicine  (2020),  https://doi.org/10.1016/
j-nano.2020.102314

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2020 Published by Elsevier.


https://doi.org/10.1016/j.nano.2020.102314
https://doi.org/10.1016/j.nano.2020.102314
https://doi.org/10.1016/j.nano.2020.102314

Nanostructured Scaffolds Based on Bioresorbable Polymers and Graphene Oxide
Induce the Aligned Migration and Accelerate the Neuronal Differentiation of
Neural Stem Cells

Y. Polo®, J. Luzuriaga™, J. lturri®, 1. Irastorza®, J.L. Toca-Herrera®, G. Ibarretxe®, F.

Unda®, J.R. Sarasua’, J.R. Pineda”® and A. Larrafiaga™

polimerbio SL, Donostia-San Sebastian, Spain.
*Department of Cell Biology and Histology, Faculty of Medicine and Nursing, University of the Basque
Country (UPV/EHU), Leioa, Spain.
“Institute for Biophysics, Department of Nanobiotechnology, BOKU University of Natural Resources and
Life Sciences, Vienna, Austria.
Group of Science and Engineering of Polymeric Biomaterials (ZIBI™ Gr. 'p), Department of Mining,
Metallurgy Engineering and Materials Science & POLYMAT, Univer ity of the Basque Country
(UPV/EHU), Bilbao, Spain.
*Achucarro Basque Center for Neuroscience, University of the Bastue Country (UPV/EHU), Leioa,
Spain.
$These authors contributed equally to this work.
*Corresponding Authors:  Aitor Larraflaga. T epa tment of Mining, Metallurgy
Engineering and ’'JAawvials Science & POLYMAT,
University of t'ie Rasque Country (UPV/EHU), Bilbao,
Spain.
Telephons. 34 946 013 935
E-mail: .*to’.larranagae @ehu.eus

ORCID: 00u?-0002-2123-6069

Jose '<. Pineda. Cell Signaling lab, University of the
Bz-aus Country (UPV/EHU), Leioa, Spain

Jelepnone: +34 946 013 218
E-mail:_joseramon.pinedam@ehu.eus

ORCID: 0000-0002-0900-7466

Funding sources

Basque Government (V/EJ) Department of Education, Linguistic Politics and Culture
(GIC 15/52, 1T-927-1¢), MINECO «Ramon y Cajal» program RYC-2013-13450 (JRP),
MINECO  PID2019-104766RB-C21, The  University of The  Basque
Country (UPV/EHU) by GIU16/66, UFI 11/44, COLAB19/03 and IKERTU-2020.0155.
GVI/EJ, 1T831-13, Hazitek ZE-2019/00012-IMABI and ELKARTEK KK-2019/00093.
Polimerbio and Y. P. have a Bikaintek PhD grant (20-AF-W2-2018-00001) and J.L. has
a UPV/EHU grant DOKBERRI 2019 (DOCREC19/49).

Conflict of interest
The authors declare that there is no conflict of interest.

Word Count-Abstract: 143

Word Count-Manuscript (body text + figure legends): 5629
Number of Figures: 9

Number of References: 60



Abstract

Within the field of neural tissue engineering, there is a huge need for the
development of materials that promote the adhesion, aligned migration and
differentiation of stem cells into neuronal and supportive glial cells. In this study, we
have fabricated bioresorbable elastomeric scaffolds combining an ordered
nanopatterned topography together with a surface functionalization with graphene oxide
(GO) in mild conditions. These scaffolds allowed the attact nent of murine neural stem
cells (NSCs) without the need of any further coating of ts vurface with extracellular
matrix adhesion proteins. The NSCs were able to give ris: to both immature neurons
and supporting glial cells over the nanostructured scatfolds in vitro, promoting their
aligned migration in cell clusters following ths nanostructured grooves. This system has
the potential to reestablish spatially oi.~nted neural precursor cell connectivity,
constituting a promising tool for tulire cellular therapy including nerve tissue

regeneration.
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Background

Regeneration of the nervous system still remains very challenging due to its
limited plasticity and poor ability to heal and recover its function after injury." Hence,
further research is necessary to develop effective strategies for a guided neural

regeneration and reestablishment of the lost nerve connectivity.

Within the field of neural tissue regeneration, the discovery and/or optimization
of biomaterials that fulfill the complex requirements fo. *his specific biomedical
application play a pivotal role. Much progress has beer m.2< in determining the ideal
features a biomaterial should have for its use as & neural replacement graft, and in
understanding the interactions of growing axons wi "% these biomaterials; however, the
regeneration levels induced by the biomater.a! us ually do not match those obtained by
nerve tissue autografts and the devel.pn ant of new and effective nerve regeneration

therapies is still an urgent clinical 1.~ed.**

The biomaterials for r<.e ddssue regeneration should be biocompatible and
biodegradable, while proviai.~a structural cues that promote oriented axon regeneration
and guidance signals f;2m cxtracellular matrix (ECM)-like components. Additionally,
they should also pres.nt long-term storage capability and ease of handling/suturing.*®
One important aspect to take in consideration is that the ECM is more than just a
structural component. Indeed, for stem cells in particular, both the topography and
composition of the ECM are pivotal in instructing cell fate choices by selective contact
guidance, promotion of cell adhesion and concentration of growth factors and/or
signaling ligands to defined niches.” However, negative effects produced by an
inappropriate choice of ECM can also be identified. For instance, an excess of the

typically employed ECM adhesion protein laminin of2y: (Lm211) can inhibit signaling



pathways required to initiate myelination.® Furthermore, laminin ECM proteins may
represent a lethal risk if at some point resident and/or grafted cells became cancerous. It
has been demonstrated that laminin primes the proliferation of brain tumor cells such as
ependymoma or glioblastoma cancer stem cells, becoming strongly correlated to
negative patient prognosis.® For all these reasons, it is urgent to design a biomaterial
scaffold with the ability to allow the attachment of neural stem cells and progenitors

without the need of a laminin coating.

To overcome these challenges, the use of polymeric ¢ ubstrates that mimic the
mechanical (e.g., elasticity, stiffness), geometrical anu chr.mical features of the ECM
has been described to satisfactorily promote the dih. rentiation of stem cells towards
neural lineages.”® Among the availabls polymeric substrates, bioresorbable
(co)polyesters based on L-lactide and ~-Co,rolactone are of particular interest. These
systems show inherent biodegradability, “iocompatibility and the possibility to tune the
mechanical properties and degrara::nn rates depending on the specific application, via
the precise control of the L-lacuJe-to-e-caprolactone ratio and synthesis conditions
(e.g., catalyst, reaction ten.er.ture and time).**** Nevertheless, nowadays, polymeric
devices are not just lion.2rt support materials for cell growth. To fit within the new
discipline of materi biology,’* they also need to mimic the morphological,
topographical and mechanical properties of the desired tissue.”® To fulfill these
requisites, nanopattern construction represents a promising strategy to endow the
material surface with specific geometrical and mechanical signals. Nanopatterns can
potentially elicit a stem cell response, as surface nanotopography could induce
pronounced changes to cell shape, and consequently also in gene expression.’® In this
regard, the importance of nanotopography was shown on the differentiation of adult

stem cells towards neuronal lineages, compared to unpatterned and micro-patterned



control surfaces.” Moreover, the combination of nanotopography with graphene
derivatives (e.g., graphene oxide (GO), reduced graphene oxide (rGO)) has been shown
to promote neuronal differentiation and axon alignment.*® In the recent years, GO-based
materials have been extensively explored as some of the most promising biomaterials

for neural regeneration®® thanks to their unique properties.?

However, there is still much to investigate regarding the impact of
nanotopography and graphene derivatives on the mobility o” the cells along the scaffold
device, the in situ differentiation of stem cells into glial o neuronal cells and the
necessary equilibrium between both pathways, to achicve 1 functional recovery of the
neural tissue. Therefore, we have developed ncver two-dimensional nanostructured
tissue engineering scaffolds based on biorzcbable polymers and GO as a new
alternative to promote the neurodifferentia.*an of murine neural stem cells (NSCs) and
progenitors, which are competent to gi.~ rise to both mature neuronal and glial cells.
The high efficiency shown by thec. nai.opatterned scaffolds, even under long incubation
periods compatible with usual dn =rentiation protocols, turns them into an optimal and

easy-to-produce tool.

Methods
Fabrication of scaffolds

PURASORB PLC 7015 (Corbion, The Netherlands) (PLCL 7015) is a
biodegradable copolymer of L-lactide and e-caprolactone in a 70/30 molar ratio, with a
weight average molecular weight (M,,) of 154.6 kDa and dispersity index (DI) of 2.10,
as determined by gel permeation chromatography (GPC). For the fabrication of the

scaffolds, PLCL films of around 150 pm were first obtained by compression moulding
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in a Collin P 200 E (Germany) hydraulic press at 175 °C. These films were subsequently
nanostructured by a thermo-pressing process at 190 °C and 20 N with the aid of a
commercially available silicon stamp (NIL Technology, Denmark) (period: 700 nm;
linewidth: 365 nm; depth: 350 nm) (Supplementary Figure 1). For the surface-
functionalization with GO, the nanostructured PLCL scaffolds were incubated in a 2
mg/ml dopamine-hydrocholoride (cat# H8502, Sigma-Aldrich, Spain) solution in 2-
amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) buffer (cat# T1503, Sigma-Aldrich,
Spain) at pH = 8.5 for 1 h to form a homogeneous layer ~f potydopamine (PDA). To
eliminate the excess of PDA and reagents, the films w>re thoroughly washed with
distilled water. Afterwards, PDA-coated films were ‘ncubated in a 0.25 mg/ml GO
solution (cat# 947-768-1, Graphenea, Spain) for ?0 nin to allow the deposition of GO
on the surface of the nanostructured scaffcle Finally, the scaffolds were extensively
washed with distilled water prior to tF »ir *.se and characterization. Circular samples of 6
mm diameter were punched out for .'tbsequent characterization and cell culture studies.
Details about the morphologica! ai 1 physico-chemical characterization of the scaffolds

can be found in the supplemn. ntar y material.

Cell culture

NSCs were obtained, cultured in Neurocult proliferation media and passaged as
previously described.”?* Cells were seeded at a density of either 5,000 cells to quantify
cell and leading-edge orientation or 10,000 cells per scaffold for differentiation
purposes. For the control assays, NSCs were seeded onto 12 mm coverslips either
coated with laminin or non-coated (L2020, Sigma, St. Louis, MO), as previously
described.?? Cell differentiation was induced using Neurocult differentiation supplement

(cat# 05752, Stem Cell Technologies, Vancouver, Canada) at 9:1 ratio, 2% B27



supplement (cat# 17504044, Gibco, Waltham, MA USA), in the presence of 100 U/ml
penicillin and 150 pg/ml streptomycin antibiotics. Fresh medium was replaced every
three days. Cell orientations were calculated by measuring the orientation angle of the
leading edge relative to a common reference point using ImageJ software. Further
detailed information about experimental procedure of cell cultures, immunostaining
protocols as well as scanning electron microscopy (SEM) observations and

videorecording®® of NSCs can be found in the supplementary material section.

Statistical methods

Comparisons between multiple groups we'e made using Kruskal-Wallis
followed by Dunn’s post hoc test or Holm-Sir'z« method. In turn, comparisons between
only two groups were made using U-Mani, \Whitney test, where p<0.05 was considered
as statistically significant. Results were , resented as mean + standard deviation (SD) or
standard error mean (SEM) (irui~awcd accordingly). The number of independent
experiments is shown in the r:spe-tive figure legend. For the mechanical properties of
the samples via atomic fcrce microscopy (AFM), the statistical difference between
groups was tested by ’-te.* and two-way analysis of variance (ANOVA) at a confidence

level of 95% (p<0.05).

Results

PLCL scaffolds are successfully fabricated, nanostructured and functionalized

The topography of the silicon stamp was faithfully replicated on the PLCL films,
yielding nanostructured PLCL scaffolds with a well-defined grooved pattern (Figure 1,
A). The surface of the scaffolds was characterized by ridges of 496.5+29.8 nm and

grooves of 203.3+22.8 nm. For a more detailed morphological characterization, atomic
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force microscopy (AFM) was employed (Figure 1, B). As evidenced from these images,
some ridges appeared slightly distorted, which can be ascribed to the soft mechanical
behavior of this polymer at room temperature.* The subsequent surface
functionalization with PDA did not have any detrimental effect on the observed
nanotopography (Figure 1, A and B). The concentration of the initial dopamine
hydrochloride solution and the reaction time were carefully controlled to avoid the
excessive deposition of PDA agglomerates that could deteriorate the native
nanostructured topography of the scaffolds (Supplementa © Figure 3, A). This
nanostructured topography was also preserved after the .21 tunctionalization with GO
(Figure 1, A and B). Working at higher GO concenti.*ions in this step resulted in the
excessive deposition of GO, which, again, coverza came areas of the polymeric film
(Supplementary Figure 3, B). In the cese of non-nanostructured PLCL scaffolds
(Supplementary Figure 4, A and B) a “light increase in the overall roughness was
observed as PDA and GO were u~oosited, similar to the results observed for the

nanostructured scaffolds.

To confirm the successful functionalization of the scaffolds with PDA and GO,
the samples were subje~ted to X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy and AFN! in force spectroscopy mode analysis. After PDA coating, an
increase (from 29 to 41%) of the contribution at 285.0 eV, that corresponds to C-C/C-H
bonds, was observed in the C 1s spectrum with respect to the pristine PLCL scaffold
(Figure 2, A). Additionally, in the N 1s spectra a peak centered at 400.0 eV appeared,
which can be ascribed to secondary and primary amine groups, and imine functionalities
from PDA. The differences in the XPS spectra after surface functionalization with GO
with respect to PDA-coated films was negligible and only a slight decrease (from 3.1 to

1.6%) in the nitrogen signal was detected.



Raman spectroscopy however, truly confirmed the presence of GO on the
surface of the PLCL scaffolds (Figure 2, B). The intensities of the D and G bands, which
are associated respectively to the disordered structure of graphene in sp®-hybridized
carbon and stretching of the C-C bond in graphitic materials,® increased with the
concentration of the employed GO solution for the incubation. Note that the D and G
bands were not present in the scaffold incubated with a 0.25 mg/ml GO solution but in
the absence of PDA adlayer, which highlights the importance of the PDA coating for the
successful functionalization of the surface with GO. Suh<eyent experiments were
performed with the scaffolds functionalized with a G concentration of 0.25 mg/ml,
which ensured a successful surface functionalizaticn while preserving the native

nanotopography of the PLCL scaffolds.

The employment of AFM in for~a _nectroscopy mode enabled the quantitative
evaluation of the mechanical properties \>dhesion) at the interface between cells and the
substrate. As can be observed in ~rure 2, C, hydrophobic probes led to larger forces
than fibronectin-coated ones fused as control), independently of the substrate under
analysis. For the hydrophuric probes, the maximum adhesion value, together with the
corresponding adhesion work, decreased with the different coatings applied
(Supplementary Table .). This could be explained by the higher hydrophobic character
of PLCL (water contact angle-WCA ~ 90-100°), in comparison with thin PDA (WCA ~
509, GO (WCA ~ 15-30° and laminin (< 10°) films which were gradually more
hydrophilic. This behavior highlights the fact that level-wise modification of PLCL took
place satisfactorily, and that just a few nanometers are enough to change the character of

the interface.

For fibronectin-coated colloids, and despite the much lower values calculated,

the different content of the substrate also led to a variation in the adhesion-related
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response. In this case, forces of hydrophobic nature were not the dominant ones
anymore. Indeed, adhesion factors for bare PLCL suffered a 10-fold drop in comparison
with hydrophobic probe measurements (Figure 2, C and Supplementary Table 1). Here,
PDA-coated scaffolds appeared as the predominant ones while those containing GO on
top presented lower affinity for fibronectin, although still higher than control laminin

films. Therefore, the effective action of the surface modification is again confirmed.

Neural stem cells and progenitors attach and align followi 1g nanopattern shape without

the need of a laminin coating

Laminin has been extensively used for mo.alwyer coating of NSC cultures. To
test whether NSCs were able to adhere and < irvive to surfaces without laminin coating,
5,000 NSCs were seeded onto narosuucured scaffolds functionalized with GO
(NanoGO), which is reported to nromote cell adhesion and neuronal differentiation
thanks to its physico-chemical {27.cuies, ™" or without GO (NanoPDA). After initial
seeding, a time-course was zai-ied out observing how 10 min on laminin was enough
for cell attachment, where.s 45 min were needed on nanostructured scaffolds.
Progressively, tho .~ ¢~lls seeded on nanostructured scaffolds created aligned paths of
migration becoming cvident at 24 h. On the contrary, cells seeded on laminin kept a
randomized aleatory orientation (Supplementary figure 5). So, 45 min after initial
seeding, attached cells on only nanostructured surfaces showed an aligned cell-body
orientation evidenced by the cell shape (Figure 3, A). We noticed that this orientation
could follow the surface nanopattern (Figure 3, A Supplementary Figure 5). A
quantification representing the variation of angle measurements was performed and
determined that 70% of the cells were perfectly aligned with NanoGO, meanwhile

NanoPDA showed a 67% of cells aligned with a variation of 30°. Non-nanostructured
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scaffolds had shorter leading edge processes with no preferential orientation (Figure 3,
B). Two hours post-seeding, the length of the leading cellular process was determined.
The cells seeded on NanoGO showed the maximal elongation with an average of
32.45%6.74 pm while NanoPDA showed a reduced length of 23.66+5.41 um. On the
contrary, the leading processes of the cells seeded on non-nanostructured scaffolds
functionalized with GO (No NanoGO) were smaller than without the functionalization
(No NanoPDA) (13.74%£1.29 and 23.86%9.19 um respectively; p<0.001 ANOVA,

Supplementary Figure 6).

To test whether nanostructured scaffolds were hle (0 guide the orientation and
migration of NSCs for longer periods that are coripa.'ble with neuronal differentiation
protocols, the experiment was repeated by allz*»ing the seeded NSCs to grow for three
days in vitro (DIV3) in proliferation me.ium. Afterwards, the culture medium was
changed to differentiation medium to .low cellular neurodifferentiation. The culture
was kept for another seven days (*ota! DIV10, Figure 4, A). As previously observed
during 24 h (Supplementary F gu: > 5), the nanostructured materials induced an oriented
growth and migration of NCCs along the parallel grooves during the initial three days of
culture, independentl® oy the GO functionalization. Non-nanostructured surfaces only
showed large spheroii-shaped cellular structures as in (non-coated glass control)
standard free-floating neurosphere cultures (Figure 4, B). To further confirm the results
and corroborate that 1) cells were aligning according to the nanograting axis and 2) the
alignment could be maintained after cell differentiation, cells were seeded and allowed
to attach in proliferation medium for 24 h. Thereafter, the medium was changed to
induce cell differentiation and cells were fixed at DIV7 or DIV14. SEM analysis
demonstrated the alignment of cell clusters following the nanostructured grooves both at

DIV7 (Supplementary Figure 7, A) and DIV14 (Supplementary Figure 7, B). Thus,
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NSCs grew aligned with the surface nanopattern in a timescale compatible with neural

cell differentiation protocols.

Surface nanostructured grooves allow the oriented migration of neural stem and

progenitor cells

Since cell migration is a critical factor for complete tissue regeneration (e.g.,
wound healing), the next step was to assess the dynamics «f cell growth and adhesion
over the different biomaterials. Hence, NSCs were s:edel on the scaffolds and
videorecorded for 72 h to characterize its migratory nroerties. Cells cultured over
nanostructured scaffolds independently on the functio, alization with GO (NanoPDA vs.
NanoGO) displayed a lower motility with resz~cc to cells cultured over laminin (mean
velocity of 12.67+1.54 um/h (NanoPDA), _5.23+1.17 um/h (NanoGO) and 26.49+0.68
um/h (laminin control)), (p<0.001 ¢ e-way ANOVA, Figures 5, A and B and
Supplementary Video 1). Remar'..nly, the difference between GO presence and GO
absence conditions was not stitisw.~ally significant (p<0.075, One-way ANOVA, Figure
5, B). Persistence time cha ~ci.vizes the average time between significant changes in the
direction of a translocitio. of a cell.??® This value allows a quantitative analysis of the
differences in migratio 1 behavior. The results are shown in the percentage of time. The
cells cultured on nanostructured NanoPDA and NanoGO scaffolds showed significantly
more persistence than the cells cultured on laminin control (35.81+£19.19% (NanoPDA)
and 17.82+5.51% (NanoGO) with respect to 7.31+1.42% (laminin control)), (p<0.001,
One-way ANOVA, Figure 5, C). According to these results, nanostructured scaffolds
showed an increased pausing time in comparison with those coated with laminin
(98.81+0.96% (NanoPDA), 97.37+0.72% (NanoGO) and 91.14+1.31% (laminin

control)), (p<0.001, One-way ANOVA, Figure 5, D). Also the total traveled distance for
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an interval of 8 h was similar on nanostructured scaffolds NanoPDA and NanoGO and
much higher in the case of laminin control (40.79+35.89 um (NanoPDA), 68.59+16.95
pm (NanoGO), and 316.91+45.01 pm (laminin control)), (p<0.001, One-way ANOVA,

Figure 5, E).

Neural stem and progenitor cells cultured on nanostructured scaffolds are able to

generate neuronal and astroglial lineage cells

Another important aspect for neural tissue cell the-apy is to preserve the
capabilities to generate newborn neurons as well as the,- sur,portive glial cells. To check
whether nanostructured scaffolds were permissiv: tu the generation of both neuronal
and astroglial lineages, NSCs were first kept ¥2r 24 h in proliferation medium and then
switched to differentiation medium. At DIV7 with differentiation medium, both
nanostructured and non-nanostructureu <caffolds with or without GO were fixed for
immunostaining. Neuroblasts are .~eu,onal precursors with migratory properties that
strongly express the protein doub:~cortin (DCX).*3! On the other hand, astrocytes are
other abundant cells in the ceitral nervous system that abundantly express glial acidic
fibrillary protein (G"™Ar).” Double immunofluorescence against DCX and GFAP
showed the presence « f both these cell types on the nanostructured scaffolds (Figure
6A). In the case of non-nanostructured scaffolds, due to the lack of adhesion, only few
cells were counted on the immunostaining. Control cultures grown using laminin

showed a homogenous non-aligned patterns of cell organization of DCX (Figure 6B).
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Both nanotopography and GO change the profile of gene expression with respect to

laminin at different times post seeding.

Laminin has been widely used as extracellular matrix component for NSC
growth. Because nanostructured scaffolds and GO are alternative substrates permissive
for cell attachment, we decided to compare the profile of gene expression changes
between NanoGO and NanoPDA with respect to laminin at different cell culture time
points. We found that both NanoGO and NanoPDA wrre permissive to maintain
MASH-1 expressing neural progenitor cells and allowed a 1.ild increase in the TLX
neural stem cell marker at early time points (1.55+0.20 and 2.36+0.49 fold at DIV3 and
DIV7 dropping to 0.83+0.07 at DIV10 (Figure 7A)). Interestingly we observed an
increase of gene expression of NeuN (2.51+7.96 fold) and DCX (54.66+19.58 fold) at
DIV7 in NanoPDA scaffolds, both relateu to neural fate (Figure 7B), together with a
stable expression of the stem/astrogliai marker GFAP (1.00+0.06 fold). However, the
S100B, a marker of mature astroc,.>s, .nowed a delayed increase rising from 0.84+0.04
to 1.50+0.19 from DIV7 to DIv1c for NanoGO with respect to laminin control (ratio 1).
These results suggested t:°at ~anostructured grooves were able to induce significant
changes on the profile o1 jene expression with respect to laminin during the progression
of the cell culture. No ably, the rate of expression of neuronal markers (DCX, NeuN)
was higher in NSCs seeded over NanoGO and NanoPDA at intermediate time points

(DIVT).

NSC differentiation to astroglial lineage is accelerated by the presence of both

nanostructured grooves and GO

To contrast the information provided by gene expression profiles, we decided to

check both protein expression and cell fate by immunofluorescence over cells on
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nanopatterned surfaces. NSCs cultured with differentiation medium on laminin-coated
coverslips progressively differentiate towards mature astroglial fates over time (Figure
8). The level of glia maturation can be determined as follows: i) immunostaining for
GFAP and the absence of S100B (immature glia), ii) the presence of both markers
(maturing glia) and iii) the absence of GFAP and presence of S100B (fully mature glia).
In control (laminin-coating) conditions, GFAP positive cells increased over time from
0.64+0.13% at DIV3 to 28.35+3.13% at DIV10 (p<0.005, One-way ANOVA) (Figure
8). These cells also presented a more intense GFAP+ stainir? w.*h longer differentiation
time. On the other hand, S1008+ staining did not presf.iu ~uch variation with values of
20.97+1.48% at DIV3 and 28.60+7.07% at DIV10 /n>2 99, One-way ANOVA). But the
maturing glia presenting GFAP and S100B double si.'n, increased from 0.32+0.08% to
7.92+1.27% from DIV3 to DIV10, showing the maturation of the cells over time
(p<0.05, One-way ANOVA). The cstreglial differentiation of cells seeded on the
nanostructured scaffolds showed a 1. markable increase on the amount of GFAP positive
cells at DIV3 with respect to lamir ir. NanoPDA 75.25+4.10%, NanoGO 99.02+8.58%,
laminin control 0.64+0.12% p<0.05, One-way ANOVA). Therefore, both the
nanopatterning and the vesence of GO seemed to shorten the onset of the glial
differentiation of NC7s. Also, the percentage of S100B+ increased in all the scaffolds
tested at DIV3 with respect to laminin control: NanoPDA 35.84+2.33%, NanoGO
71.94+4.37% and laminin control 20.97+1.48% (p<0.05, One-way ANOVA). Again,
this quick maturation was more remarkable on the nanostructured scaffolds
functionalized with GO. The amount of GFAP+/S100B+ double stained cells was also
higher on the nanostructured scaffolds tested, with respect to laminin control at DIV3:
NanoPDA 33.96+2.37%, NanoGO 70.94+6.37% and laminin control 0.32+0.08%

(p<0.05, One-way ANOVA).
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It is also worth mentioning that the nanostructured scaffolds functionalized with
GO, even though they showed the fastest glial differentiation, presented a reduced
amount of GFAP+, S100p+ and GFAP+/S100B+ double positive population at DIV7
(GFAP+ 12.07+1.83%; S100B+ 0.25+0.10%; GFAP+/S100B+ 0.25+0.10%) (p<0.05,
One-way ANOVA) and DIV10 (GFAP+ 4.33+0.50%; S100p+ 18.68+1.29%:
GFAP+/S100B+ 2.98+0.43%) (p<0.05, One-way ANOVA) with respect to the values
observed at DIV3 (GFAP+ 99.02+8.58%; S100B+ 71.94+4.37%; GFAP+/S100B+
70.9446.37%). On the other hand, the NanoPDA scaffo!ds >lso presented a lower
population (5.89+0.20%) of GFAP+ positive cells e¢ 2Mv10 compared to laminin

control (28.35£3.13%) (p<0.05, One-way ANOVA)

NSC differentiation to neuronal lineray> IS enhanced by the combination of

nanostructured grooves and GO

NSCs cultured with difrrenciation medium on laminin-coated coverslips
progressively differentiate t>words mature neuronal fates over time, losing DCX and
expressing instead Neul' (Fi,ure 9). The level of neuronal maturation was determined
by: i) immunostai”ing for DCX and the absence of the nuclear neuronal marker NeuN
(immature neurons), ) the presence of both markers (maturing neurons) and iii) the
absence of DCX and presence of NeuN (fully mature neurons). In control laminin-
coating conditions, the DCX positive cell population dropped significantly from
30.85+2.41% at DIV7 to 15.90£0.02% at DIV10 (p<0.05, One-way ANOVA). The
percentage of maturing neurons co-expressing DCX+/NeuN+ was of 15.66+3.31% and
14.46+2.05% for DIV7 and DIV10, respectively (p<0.108, One-way ANOVA). When
we turned to evaluate mature cell differentiation over scaffolds, we found an enhanced

neurodifferentiation of the cells on NanoPDA and NanoGO compared to laminin
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control. We found that both NanoGO and NanoPDA scaffolds increased the amount of
NeuN+ positive cells at DIV10, compared to laminin control (NanoGO 90.41+0.20,
NanoPDA 96.72+3.06% and laminin control 28.62+1.30%). Furthermore, NanoGO
scaffolds increased the number of NeuN+ positive cells with respect to both laminin
control and NanoPDA at DIV7 (NanoGO 52.50+0.04%; NanoPDA 3.2+0.01% and
laminin control 18.46%3.20%) (p<0.05, One-way ANOVA), thus considerably
shortening the time needed for complete neuronal differentiation (Figure 9).
Remarkably, PDA-coated scaffolds (NanoPDA) were enouzh to increase DCX+
(49.10+1.47%) and NeuN+ (96.72+3.05%) cell popul-ucns at DIV1O0 even without a
need of neither laminin nor GO compared to laminin (n<0.05, One-way ANOVA). The
number of neurons co-expressing DCX+/NeuN- v.2s significantly increased on the
NanoPDA scaffolds at DIV10, with respect t. N-noGO and laminin control (NanoPDA
49.18+0.03%; NanoGO 24.08+0.02% anc' laminin control 14.46+2.05%), (p<0.05, One-
way ANOVA). Overall, NanoGO _-~affolds seemed to accelerate the most the NSC

differentiation into neuronal pathw.v

Discussion

In the present <:udy, we characterized a nanostructured scaffold able to support
the oriented alignment, growth, migration and differentiation of neural stem and
progenitor cells. Although the use of nanostructured scaffolds as a tool to promote cell
alignment and differentiation is well reported in bibliography from a conceptual
perspective, most of the studies either employ non-biodegradable substrates or complex
procedures for the fabrication of the scaffolds, which enormously limit their potential in
the biomedical field.®**% Besides, the fabrication and post-functionalization processes

are frequently performed in the presence of organic solvents that may induce a cytotoxic
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effect if they are not completely eliminated.*” Herein, we employed a fully
bioresorbable, FDA-approved polymeric material based on L-lactide and e-caprolactone
(70/30 molar ratio).® This copolymer undergoes a random-scission of its ester linkages
in aqueous solutions and starts losing weight after approximately 80 days in PBS.*
Considering also that, in the bulk degradation process, the degrading chains are not
expelled out to the surrounding environment until the end of the degradation process,*
we do not expect any interference of the degradation by-products with the cell
differentiation process studied herein. Thanks to its the moplastic nature, the
nanotopography of a commercially available silicon sw..mp was easily and quickly
replicated on the polymeric film without the need m =ny organic solvent or complex
processes, which highlights the robustness, sc.'ability and versatility of this
methodology. Following this solvent-free s. at.gy, the post-functionalization of the
nanostructured scaffolds was achieve t b* exploiting the multiple interactions between
PDA and virtually any substrate n slightly basic aqueous solutions.** First, the
nanostructured scaffolds were ~na.=r. with a thin and homogeneously distributed layer
of PDA that preserves the nctive \ianotopography of the original films. The PDA coating
played a pivotal role in u.~ subsequent functionalization with GO as demonstrated by
the absence of GO " uwe surface of the scaffolds when PDA was not employed as an
adlayer. This can be associated to several interactions between PDA and GO, including
hydrogen bonding between amine and hydroxyl groups of PDA and GO respectively

and 7-m stacking between catechol groups of PDA and the hexagonal lattice of GO.*

The properties of these scaffolds offer the advantage of NSC adhesion without
the need of a laminin coating. Additionally, the nanostructured scaffolds NanoGO and
NanoPDA offered the advantage of cell alignment and elongation along the

nanostructured grooves. Even though the induction of cell alignment and elongation
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164344 \ve found

according to a determined nanograting axis has been reported before,
that nanostructured scaffolds also allowed the directionality of cell migration along the
nanostructured grooves. Thus, our strategy goes a step further allowing the possibility of
creating migration paths of NSCs and their differentiated cell progeny that follow a

determined orientation according to the desired nanopatterning.

Another important aspect to take in consideration is the effect of the scaffolds to
enhance and accelerate neural differentiation. We found tfat nanostructured scaffolds
are able to induce cell differentiation towards both neu ona’ and astroglial lineages.
Moreover, they are able to induce the differentiation tnv *ard ; neuronal lineages at earlier
times than those of the ECM adhesion p-ote’™n laminin. The induction of
neurodifferentiation of stem cells thanks *2 a synthetic nanostructure has been
previously reported.’’” Besides, we found «.» increase on GFAP+ positive cells at early
stages in the nanostructured scaffolds  'anoPDA and NanoGO. It has been reported
before the positive GFAP staininc of INSCs cultured from postnatal mouse forebrains, *
so these results may indicate the nresence of undifferentiated NSCs in the culture at
DIV3 and 7 on the scaffo.s. The amount of S100p+ positive cells is also increased at
DIV3 in NanoGO sci rfo.1s and at DIV7 on NanoPDA scaffolds compared to laminin
control. Interestingly, S100B is expressed in both mature astroglia and early
oligodendrocyte precursor cells.***” In agreement with previous works, we cannot
exclude the possibility of S100p+ oligodendroglial cells at DIVV3 on NanoGO scaffolds

compared to NanoPDA.*®

On the other hand, it has been previously reported that the presence of GO
enhances cellular neurodifferentiation,”® while the combination of GO with electrical
stimulation induces NSC proliferation, neuronal differentiation and neurite elongation.*®

Although GO has been widely chosen instead of pure graphene due to its better
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capability for laminin assembly, not much data has been reported for the effects of GO-
coated scaffolds without the use of ECM-like intermediates.”®** We found that laminin-
free NanoGO scaffolds reduced the time cells need to express neuronal markers with
respect to standard laminin coating and NanoPDA scaffolds. Thus, both nanopatterning
and GO surface functionalization can be combined to enhance and accelerate neuronal
differentiation. In agreement with our results, other works claimed that nanostructured
rGO microfibers were able to offer an alternative substrate for NSC adhesion when
compared with 2D graphene films, and an increasing neur~na, differentiation but with
only few astroglial cells surrounding the microfibers.>* i1, agreement with this work of
Guo et al., we observed that neuronal differentiatiu> was boosted at DIV7 on the
NanoGO scaffolds, at the expense of the astrorlia: population. However, it is well
reported in literature that glial cells are .. :eessary to support neuronal cells.®>°
Astrocytes for example, cooperatc with neurons on several levels, including
neurotransmitter trafficking and rec:«cling, ion homeostasis, energy metabolism, and
defense against oxidative stress.’”*® Consequently, this faster differentiation may
provoke a mid-term reduc-ion of viability probably by changes of compensatory
proportions of neurons ai.? “stroglial support. Following the same reasoning, GO has
also been previousi, reported as a potential cytotoxic agent in chicken embryos>°
However, we have not found a variation of apoptotic/pycnotic nuclei in
immunostainings experiments, neither retracting cell process nor cell blebbing after

SEM examination. This fact reinforces the arguments for the potential clinical use of

these nanopatterned scaffold systems.
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Figure Legends

Figure 1. Morphological characterization of the nanostructured scaffolds.

(A) SEM and (B) AFM micrographs of nanostructured PLCL (Nano), nanostructured
PLCL coated with PDA (NanoPDA\) and further functionalized with GO (NanoGO). (C)
AFM 3-dimensional micrograph and (D) SEM cross-section micrograph of a

nanostructured PLCL scaffold. Scale bars, 2 um.

Figure 2. Surface characterization of the scaffolds.

(A) High resolution C 1s (top) and N 1s (bottom) XPS -~nevtra of nanostructured PLCL
(Nano), nanostructured PLCL coated with PDA (Jan. PDA) and further functionalized
with GO (NanoGO). (B) Raman spectr. of NanoGO scaffolds at different
concentrations of GO solution. (C) Me=n odhesion force (left) and work of adhesion
(right) values for FSi (white) and fib, ~nectin-coated (grey) probes. The error bars
correspond to the standard error ¢ :“e \nean (SEM). Statistically significant differences

(p<0.05) were observed in all the Lases, except in those indicated by n.s.

Figure 3. Neural ste'n cclls and progenitors align along the nanostructured grooves
without a need of lamir in coating.

(A) Brightfield microscopy images of NSCs forty-five minutes after seeding, showing
the parallel alignment of cell elongations on nanostructured scaffolds. (B) Distribution
of cell orientation measuring angle degrees around the mean (90°) in NanoGO (78 cells
analyzed), NanoPDA (45 cells), No NanoGO (31 cells) and No NanoPDA (26 cells).

Scale bars, 25um.
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Figure 4. Neural stem cells and progenitors align following the nanostructured grooves
without the need of a laminin coating.

(A) Scheme of experimental design. (B) Images showing the evolution of NSC cultures
over the different substrates with no ECM protein coating in any of them. Cells align
during the initial three days following the nanostructured grooves and do not detach
during one-week differentiation. Cultures with non-nanostructured grooves grow
forming cell clusters without any preferential cell alignment. Control condition using a
coverslip without any ECM protein coating shows that ce!'= uo not attach growing as

neurospheres. Scale bars, 100 pum.

Figure 5. Nanostructured grooves induce the guid2a migration and alignment of neural
stem and progenitor cells.

(A) Videomicroscopy snapshots at C, 24, 48 and 72 h post seeding in nanostructured
scaffolds illustrates the dynamic pru-ess of the parallel cell alignment. On the contrary
NSCs seeded on laminin-coated <'iriaces show a random distribution over time. (B)
Mean cell velocity, (C) C-ll persistence, (D) Pausing time and (E) Total traveled
distance of the cells over th: NanoPDA and NanoGO scaffolds compared to laminin
control. Bars are shiowii as mean £ SEM. Dots show individual data. ***p < 0.001,

Kruskal-Wallis One Way Analysis of Variance on Ranks. Scale bars, 50 um.

Figure 6. Neural stem and progenitor cells cultured on nanostructured scaffolds are able
to generate neuronal and astroglial precursor cells.

A) Confocal microscopy images of DCX (neuroblasts) and GFAP (astrocytes)
immunostaining on nanostructured surfaces. Aligned clusters containing neuronal and

glial lineage cells are observed at DIV7 after switch to differentiation medium. DAPI
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was used as a counterstain for cell nuclei. B) Confocal microscopy images of a DIV7
cell culture on laminin coating. Non-oriented neural precursor DCX+ and homogenous
cell dispersion determined by DAPI counterstaining shows non-aligned cell distribution

contrary to nanostructured surfaces. Scale bar, 75um.

Figure 7. Both nanostructured grooves and GO accelerate the expression of neuronal
and glial differentiation genes.

(A) Comparison of gene expression of NSCs cultured o NonoPDA, NanoGO and
laminin coated glass at DIV 3, 7 and 10 post-seeding. pression of stemness genes
(MASH1 and TLX), (B) neuronal differentiation acnes (NeuN and DCX) and (C)
astroglial differentiation genes (GFAP and S100p. - 2<0.05 compared to laminin (gray

line), Duncan’s method One Way Analysis 21 /a’ 1ance on Ranks.

Figure 8. Both nanostructured groo.=s and GO accelerate the differentiation of neural
stem and progenitor cells towards ¢<t'oglial lineage.

(A) Double immunofluore.~ence for the astroglial lineage markers GFAP (red) and
S100B (green) at DIV > 77 and 10 post-seeding in the different conditions. (B)
Quantification of «he nruportion of GFAP+ (C) S100p+ and (D) GFAP+/S100p+ double
stained positive cells. *p<0.05 compared to laminin. ***p<0.001 between the
treatments NanoPDA and NanoGO, Holm-Sidak method One Way Analysis of Variance

on Ranks. Scale bar, 50 um.

Figure 9. Both nanostructured grooves and GO accelerate the differentiation of neural

stem and progenitor cells towards neuronal lineage.
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(A) Double immunofluorescence for the neuronal lineage markers DCX (red) and NeuN
(green) at DIV 3, 7 and 10 post-seeding in the different conditions. (B) Quantification of
the proportion of DCX+, (C) NeuN+ and (D) DCX+/NeuN+ double stained positive
cells. *p<0.05 compared to laminin. ***p<0.001 between the treatments NanoPDA and

NanoGO, Holm-Sidak method One Way Analysis of Variance on Ranks. Scale bar, 50

um.
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Figure 3
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Figure 5
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Graphical Abstract

In the present work we describe the fabrication and characterization of a
biodegradable nanostructured poly(L-lactide-co-g-caprolactone) (PLCL) scaffolds either
with or without graphene oxide (GO) functionalization, to support the alignment,
growth, migration and differentiation of neural stem and progenitor cells without a need
of a laminin coating. Furthermore, our scaffolds induce a fast and efficient cell
differentiation towards neuronal lineages while maintaining a glial cell population,
which makes these materials a very attractive neural reran compounds for future

therapeutic approaches.
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Highlights

e Thermoplastic nanopatterning of FDA-approved elastomeric bioresorbable

polymer.
e Polydopamine-mediated surface functionalization with graphene oxide.
e Migration paths for neural stem and progenitor cells are created.

e Fast and efficient stem cell differentiation towards neuronal lineages.
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