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Abstract

Cell transplantation therapies in the nervous system are frequently hampered by glial
scarring and cell drain from the damaged site, among others. To improve this situation,
new biomaterials may be of help. Here, novel single-channel tubular conduits based on
hyaluronic acid (HA) with and without poly-L-lactide acid fibers in their lumen were
fabricated. Rat Schwann cells were seeded within the conduits and cultured for 10 days.
The conduits possessed a three-layered porous structure that impeded the leakage of the
cells seeded in their interior and made them impervious to cell invasion from the
exterior, while allowing free transport of nutrients and other molecules needed for cell
survival. The channel’s surface acted as a template for the formation of a cylindrical
sheath-like tapestry of Schwann cells continuously spanning the whole length of the
lumen. Schwann—cell tubes having a diameter of around 0.5 mm and variable lengths
can thus be generated. This structure is not found in nature and represents a truly
engineered tissue, the outcome of the specific cell-material interactions. The conduits
might be useful to sustain and protect cells for transplantation, and the biohybrids here
described, together with neuronal precursors, might be of help in building bridges

across significant distances in the central and peripheral nervous system.
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1. Introduction

Ideas for neural cell therapies have flourished since it was discovered that tissue
regeneration was viable [1] even in the central nervous system (CNS) [2,3]. However,
the regeneration in CNS tracts has not proved to be satisfactory due to the meager
axonal growth rate of adult neurons [4,5] and neurite retraction after a short time if no
synaptic connection has been reached [6]. In addition, astrocyte activation after trauma
leads to a glial scar which, though advantageous in preventing the lesion from

spreading, is detrimental for the reconnection of neural populations [7].

Proposals to overcome these difficulties involve the use of systems composed of
biocompatible structures acting as a provisory extracellular matrix, exogenous or
endogenous healthy cells transplanted within scaffolds, and different cytokines or
molecular cues to provide a regenerative guide [8]. A number of studies aiming at the
repair of nerve or brain tissue have been conducted with promising results, especially
those which used cylindrical or tubular structures to mimic nervous tracts [9-11]. These
anisotropic structures provide physical guidance for cell migration and axonal
penetration and elongation and they permit the investigation of the effects of guidance

stimuli to achieve efficient functional regeneration.

Schwann cells (SCs) are the main supportive cells of neurons in the peripheral nervous
system (PNS), and play an important role in neurodegeneration and protection: they
have an immunomodulatory effect and they wrap axons creating the myelin sheath
around them [12,13]. Furthermore, they constitute a source of multiple growth factors
which promote axon regeneration and angiogenesis [14,15]. SCs have been extensively
employed in in vitro cultures [16,17] and in vivo models [18,19] as candidates for

restoring defects in nerve bundles. Although they are cells of the PNS, Schwann cells



are able to regenerate and myelinate axons also in the CNS when transplanted [20-22];
for these reasons, SCs have been proposed as cells for transplantation in therapies for

spinal cord injury and other CNS disorders [23-28].

However, in vivo experiments with glia, neuronal precursors and stem cells [29,30]
show a significant loss of transplanted cells at the site of grafting, leading to a poor
restoration of functional properties [31]. In order to face this problem, porous scaffolds
with tailored properties and structure can be used to provide to the cells a more friendly

environment and to prevent them from spreading out of the lesion site [18,19,32].

Different types of hyaluronic acid (HA)-based scaffolds have been implanted into CNS
lesions to evaluate their biocompatibility and potential for inducing neural regeneration
[32-35]. HA is a glycosaminoglycan present naturally in the extracellular matrix of
several tissues in the human body. As a biomaterial, it is biodegradable, biocompatible
and resorbable. It is composed of hydrophilic polymeric chains and has numerous
advantages compared with other hydrogels, since it can be easily processed, delivered in
a minimally invasive way, and has mechanical properties similar to tissues [36,37]. In
addition, its degradation rate and the diffusion of active molecules through it can be
modulated by selecting a specific range of molecular weights, or by using different
crosslinking agents and fabrication procedures. Furthermore, HA induces a low
inflammatory response and may contribute to neovascularization through its low-
molecular weight oligomers [32,38,39]; in addition, it can be functionalized variously to
improve cell adhesion, proliferation, migration and differentiation [40,41]. For all these

reasons, HA seems a promising material for nerve and brain tissue repair [32,39-42].

The stabilization of the HA hydrogel through crosslinking [43,44] is mandatory if one

wishes to obtain structures that are insoluble and capable of retaining their shape. Here



we employ divynil sulfone (DVS) as a cross-linking agent. DVS is known to be toxic
because of the reactivity of its vinyl groups [45,46], so its use implies a risk of toxicity
if remnants of this molecule are not completely washed from the material. However,
once reacted with the OH groups of the HA molecule these double bonds disappear,
and, if non-reacted molecules are thoroughly removed, the resulting HA-DVS networks
are devoid of inflammatory, pyrogenic or cytotoxic effects [47-50]. HA-based materials
employed in clinic for several uses in humans contain HA-DVS networks and count

with FDA approval [51,52].

In the present work, a concept is developed which might find application in the
regeneration of neural tracts in the CNS and of nerves in the PNS. A HA conduit with a
cylindrical inner channel and aligned poly-L-lactic acid (PLLA) microfibers located in
its lumen has been produced and characterized, and tested for cultures of Schwann cells.
The concept rests on the hypothesis that the regeneration of neural tracts will require a
niche of cells supportive for axon growth (such as Schwann cells and maybe other
neuroglia) and a structured, directional material substrate, onto which neurons may
project their axons. In our concept this directional substrate is provided by the PLLA
microfibers, while the HA conduit, thanks to the peculiar pore morphology of its walls,
should be able to isolate and protect the transplanted supportive cells seeded in its
interior from the external hostile microenvironment, permitting oxygen and nutrients
exchange and removal of waste products. The Schwann cells in the interior of the
conduit, besides being a pump for neurotrophic and angiogenic factors, should act as
natural scaffolding for axon outgrowth, and the microfibers should guide axonal growth.
Our study represents, thus, a first step in this wider concept; here solely the interaction
of Schwann cells with the materials of the conduit has been investigated and

characterized.



2. Materials and methods

2.1. Materials preparation

A polytetrafluoroethylene (PTFE) thin block with 1.5 mm-wide grooves of square
section was used as a mold for the conduits (sketch in Figure 1A). In each groove, a
single poly-e-caprolactone (PCL; PolySciences) fiber of 400-450 um diameter was
located using PTFE washers having external diameters of 1.5 mm every 3 cm of fiber in
order to keep it centered. These fibers acted as a template for the lumen of the conduits.
Solutions of HA (1.5-1.8 MDa, from Streptococcus equi; Sigma-Aldrich) 1, 3 and 5%
wt/wt in sodium hydroxide 0.2 M (NaOH; Scharlab) were prepared by gently stirring
for 24 h. Conduits made with such solutions are named onwards HA1, HA3 and HAS5,
respectively. Divinyl sulfone (DVS; Sigma-Aldrich) was then added as a crosslinker
(via a Michael 1,4-addition reaction) in a 9:10 DVS:HA monomeric units molar ratio.
Following its addition, the solutions were stirred for 10 s more and injected in the mold
grooves.

After 10 min the mold was set in a closed Petri dish to avoid evaporation and chilled to
-20°C for a minimum of 5 h. After fully frozen, the solution in the mold was lyophilized
(Lyoquest-85, Telstar) for 24 h at 20 Pa and -80°C to generate HA microporous
matrices due to the sublimation of water crystals. Next, the channel-generating PCL
fibers were carefully removed, resulting in the final conduits. One of the exterior
surfaces of the conduit, thus, remains in contact with air during the fabrication process.
This upper side of the conduit will be referred to as its top face. Finally, the conduits
were hydrated in distilled water for 2 h, cut 6 mm length, and stored at 4°C in sterile
water until use (up to 4 weeks).

HA porous films (hereinafter HAf) were also prepared by injecting the 5% wt HA

solution with DVS in the same proportion as above in a glass Petri dish and drying



them for 24 h under a ventilation hood at RT, in order to compare them with the
conduits and study the effect of the 3D architecture.

In some of the HAS conduits thus prepared 20 PLLA fibers of 30 pum diameter
(Natureworks 6251D, Ingeo) were located inside their channel, as a loose bundle of
individual fibers; the conduits-with-fibers thus prepared are henceforth referred to as
HAS5-PLLA conduits. Also, PLLA films (hereinafter PLLAF) were solvent-cast from
PLLA pellets (PURASORB PL 18 with inherent viscosity 1.8dl/g, Corbion Purac) at
10% w/v in chloroform in a Petri dish and air-dried for 24 h at RT. The HAf and PLLAf
membranes obtained were die-cut into 7 mm-diameter discs, to obtain a seeding area in
the planar substrates comparable to glass coverslips (same size), used as positive

controls in cell culture experiments.

2.2. Morphological analysis

The conduits’ structure and microporosity was observed, after coating with gold the
lyophilized samples, in a JSM 6300 scanning electron microscope (SEM; JEOL) at 10
kV. Some HA5 and HA5-PLLA scaffolds were cut longitudinally and transversely to

examine their inner structure and the lumen surface.

2.3. Swelling assay and determination of the conduits’ dimensions

The water uptake of HA1, HA3 and HAS was assessed by weighing them in their dry

state, mo, and at different times, m;, after keeping them at 37°C in a closed chamber with

controlled relative humidity of 100%. Four replicates per sample were measured. The

water content, WC, was defined as the ratio of the mass of water absorbed at each time
me—mg

and the mass of the dry HA, — Immersion experiments in distilled water and in
0

physiological solution (DBPS; Sigma-Aldrich) were performed similarly by immersing



four samples of HA3 and HA5 conduits for up to 4 h, but the swelling rate was so fast
that only the equilibrium water content EWC (i.e. the WC after 10h equilibration) was
determined. In these experiments, the liquid water contained in the conduit’s channel
was removed before weighing. Thus the WC values in these experiments comprise both
the water retained in the conduits’ micropores and the water taken up by the HA matrix
chains, while in the controlled-atmosphere sorption experiments only water taken up by
the HA chains is recorded.

The characteristic dimensions of transverse sections of HA3 and HA5 conduits, both in
dry and wet states (more than 10h swelling immersed), were determined from
photographs taken with a camera and a diffuse-light high-contrast background. From
these photographs, and with the ImageJ processing software (NIH Research Services

Branch, USA), the length of the side of the cross-section, Is, and the lumen area, Ao,

. . d?
were determined. The lumen diameter was calculated from the area, A, = "T where d

is the diameter, assuming circularity (which was of 0.9 or higher as checked for 8
replicates). The conduit lengths before and after swelling were measured with a
micrometer. Data from the conduits’ main dimensions were represented as the relative
dimensional variation (i.e. dimension in swollen state / dimension in dry state). No
results were gathered for the HA1 conduits in these experiments (EWC in immersion
and dimensional variations due to swelling) because their extreme softness and high
EWC impeded safe handling and no reproducible data could be obtained.

For the calculation of diffusion coefficients an external equivalent diameter, deg, Of the
conduits was needed, which was determined for rectangular section cylinders in

accordance with the ANSI/ASHRAE 130 standard:
a 1+n 1/ -5
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In this case, n = 0, and both a and b were Is.
The approximate solution at short times for the one-dimensional Fick diffusion equation

for a thin slab of thickness e is [53],
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where Mi/M.. is the fractional water uptake and D is the diffusion coefficient. Assuming
that this equation is valid for the conduits and that they have radial symmetry, the
diffusion coefficients of water through the hydrogels were calculated. The wall
thickness was taken in each case as e = (deq-d)/2 for the three HA concentrations (HAL,

HA3 and HA5S) with the data collected in the swelling assay.

2.4. Cell cultures

Primary rat Schwann cells (SCs, Innoprot) were employed for cell cultures in the
materials. SCs were grown in flasks to confluence at 37°C, 5% COg, in a serum positive
culture medium with growth factors (Schwann cells medium kit, Innoprot). Cell culture
experiments were performed on one lateral face (excluding the top face) of HA
scaffolds (HAS), on HA scaffolds with their lumen empty or filled with 20 PLLA fibers
(HA5-PLLA), on HA films (HAf), on PLLA films (PLLAT), on single-PLLA fiber
bundles of 20 fibres, and on coverslips as controls. All materials were sanitized and
preconditioned for cell culture by two successive rinses with ethanol 70° (Scharlab) for
1 h each in a laminar flow cabinet, and then rinsed with ethanol 50° and 30° for 10
minutes each, followed by a final rinse thoroughly with deionized water. They were

preconditioned overnight in culture medium at 37° C.



At passages between 4 and 6, the SCs were trypsinized (Gibco), centrifuged at 1000
rom for 7 min and seeded at a density of 2-10° cells/sample suspended in 3 pl of
medium, either inside the conduit’s lumen, over the bundle of PLLA fibers, or onto the
films. A 5 pul Hamilton syringe (SGE Analytical Science) was used for this purpose. The
HA conduits had been slightly dehydrated before seeding; in that way, the material
partly swells with the injected medium and outside leakage of the cell suspension could
be avoided. Four HA5 conduits were seeded on one of their outer surfaces with a
micropipette at the same SCs density in order to verify if cells could penetrate through
the conduits’ wall. The top side of the conduits was meticulously avoided during this
experiment, since it possessed different porosity. All samples were left incubating
undisturbed in a multiwell culture plate at 37°C at 5% CO. for 30 min to prevent cells
from flowing out the conduits. Next, SCs culture medium was added to each well and

the cells were cultured for 1, 5 and 10 days, renewing the culture medium every 2 days.

2.5. MTS viability assay

To evaluate the cell viability within the conduits, MTS or 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium salt assays (CellTiter 96
Agueous One Solution Cell Proliferation Assay, Promega) were carried out on samples
of HAS, HA5-PLLA, HAf, PLLAT and on glass coverslips as positive controls (N=4
each). When incorporated to the cells, MTS was bioreduced by metabolically active
cells at different times of culture (1, 5 and 10 days) in a rate proportional to the number
of live cells in culture. After 3 hours of incubation with the reagent, the medium was
removed, and its absorbance was measured with a Victor Multilabel Counter 1420

spectrophotometer (Perkin-Elmer) at 490 nm.



2.6. Flow cytometry analysis

Cell viability was assessed also with a LIVE/DEAD Cell Viability Assay kit (Life
Technologies) based on plasma membrane integrity and esterase activity. Briefly,
unfixed samples (control coverslips, HA5 conduits and HA5-PLLA conduits, after 5
and 10 days of cell culture) were incubated with 2 uM of calcein AM (marker for live
cells) and 4 uM of ethidium homodimer-1 (EthD-1; marker for dead cells) for 30 min at
room temperature. Cells in samples of HA5, HA5-PLLA and control coverslip were
detached with trypsin and analyzed by flow cytometry (FC500, Beckman Coulter)
measuring fluorescence emission for calcein and ethidium homodimer-1 (i.e. 530 + 30
nm and 610 + 20 nm band-pass, respectively). Data were analyzed by using RXP
software (Beckman Coulter, Brea, CA, USA), measuring the cumulative sum of three
samples for each condition and timepoint to ensure a cell population over 100000 cells
(a requirement of the LIVE/DEAD kit protocol). Only cells with positive staining for
calcein (bottom right region in the fluorescence scatter plot, named as LIVE cells) or for
ethidium homodimer-1 (upper left, named as DEAD cells) were considered for this
study. Thus, unlabeled cytometer counts (negative for calcein and ethidium homodimer-
1), comprising cell debris and apoptotic cells with low esterase activity, were excluded.
As for the few double-stained cells (positive for both stains), they were discarded
because of the inconsistency of a cell being alive and dead simultaneously.

In order to better quantify cell fate (fraction of apoptotic, late apoptotic and necrotic
cells) at each culture time, cells cultured on coverslips and in both types of conduits
were stained using annexin V-FITC (Immunostep) in combination with propidium
iodide (PI; Life Technologies). Samples were incubated in calcium binding buffer with
annexin V-FITC 1:100 for 30 min in the dark, rinsed with PBS, suspended with PI (1

pg/ml) and, after that, the cells were immediately trypsinized and monitored with a flow
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cytometer. Again, the cumulative sum of three samples was used for each factor and the
percentages of viable, apoptotic and necrotic subpopulations determined after 1, 5 and
10 days of culture by means of RXP software. Quadrant A2 (upper right, annexin
V+/P1+) included late apoptotic and necrotic cell populations; apoptotic cells appear in
quadrant A4 (bottom right, annexin V+/P1-) displaying green fluorescence and necrotic
cells in quadrant Al (upper left, annexin V-/P1+). Although the unlabeled counts are
frequently considered viable cells (quadrant A3, bottom left, annexin V-/PI-), this
region inherently includes an unknown fraction of cell debris; those which are able to

seep after the first FS/SS gating.

2.7. Cell morphology analysis

2.7.1. Immunocytochemistry

HA5 and HAS5-PLLA conduits were rinsed with PBS after each culture time, fixed for
20 min in formaldehyde 4% w/v at room temperature, permeabilized for 30 min with
blocking buffer (PBS + 1% BSA + 0.1% Tween-20), and incubated with mouse
monoclonal anti-p75 (1:100 in blocking buffer, Sigma-Aldrich), rabbit anti-p0 (1:50,
Abcam), rabbit anti-GFAP (1:500, Dako) or rabbit anti-s100 (ready to use,
ImmunoStar) antibodies overnight at 4°C in a humidified chamber. After rinsing in
PBS, SCs inside the conduits were incubated with secondary antibodies goat anti-mouse
Alexa 488 (1:200 in blocking buffer, Jackson Immunoresearch). To reveal F-actin, non-
immunotreated samples were stained with BODIPY FL phallacidin (1:200 in PBS, Life
Technologies) by incubating for 30 min. The nuclei of all samples were counterstained
with DAPI (1:5000 in blocking buffer, Sigma). After additional washes with PBS,
immunopositive SCs were observed using a multiphoton technique (FV1000 MPE,

Olympus) to see them without cutting the conduits. Images by confocal laser scanning
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microscopy (FV1000, Olympus) were obtained after opening the conduit in order to
examine the lumen in all samples.

To follow in time the proliferation of the SCs inside the conduits, every 2 days samples
were fixed and cut transversally and the cross-sections were observed in the confocal
microscope, up to 11 days of cell culture.

The HAS5 conduits with the SCs seeded on one of their outer faces were fixed after 5
days of culture and stained only with DAPI. In order to study the cells within the
conduits, these were carefully cut with a scalpel in longitudinal sections (unless
otherwise specified) after the cell fixation and staining.

In addition, some of the HA5 conduits cultured for 10 days were fixed with
formaldehyde were subjected to trichrome staining. Firstly, the samples were treated
with Harris” hematoxylin for 10 min and rinsed just 10 s with HCI (Sigma-Aldrich)
0.1% in absolute ethanol. The second staining was performed with a solution of Alcian
Blue 8GX (Sigma-Aldrich) in acetic acid (Scharlab) 3% v/v with pH 2.5 for 30 min.
After washing the conduits with cells for 1 h with tap water, they were immersed in a
Picro Sirius Red Solution (Abcam). The three stains were intended to reveal cell nuclei,
mucopolysaccharides and collagen | and Il from the ECM secreted by
the SC, respectively. To avoid excessive staining of the crosslinked HA structure of the
conduits (HA is indeed a mucopolysaccharide), 3 last rinses of 15 min with acetic acid
3% v/v were conducted, and samples were left O/N in the same solution. Once stained,
the samples were included for 1 h in sucrose 30% w/v to cryoprotect cells and
embedded O/N in OCT (Leica). Finally, the OCT blocks were freezed at -30° C and cut
each 5 um with a CM 1520 cryostat (Leica), in order to observe the slices with a

microscope (Eclipse 80i, Nikon)
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2.7.2. Scanning electron microscopy

At 10 days of culture, HA5 and HA5-PLLA conduits were fixed at 37°C during 1 h with
2.5% glutaraldehyde in PB 0.1 M, washed using the same buffer and post-fixed by
immersion in 2% osmium tetroxide in PB 0.1 M for 90 min in dark. After 4 washes with
distilled water at 4° C, the samples were dehydrated in a graded ethanol (30°, 50°, 70°,
96° and 100° for 10 min each). After dehydration, conducts were dried in a critical point
dryer in order to exchange ethanol for CO2. Conduits were coated with an ultrathin layer

of gold and observed in a Hitachi S-4800 SEM.

2.7.3. Transmission electron microscopy

Conduits (HA5 and HAS5-PLLA) cultured for 10 days were fixed with 2.5% of
glutaraldehyde, postfixed with 2% osmium tetroxide, rinsed and dehydrated with
increasing concentrations of ethanol. Next, samples were embedded in Araldite
(Durcupan, Fluka) and polymerized at 60°C overnight. Ultrathin sections (0.5 um
thickness) were cut (UC6, Leica) and observed under a FEI Tecnai Spirit G2

transmission electron microscope (TEM).

2.8. Image processing and statistical analysis

Image processing and analysis was done using an in-house software developed under
MATLAB R2009a (The MathWorks, Inc.). A series of fluorescence microscopy images
of HAS and HAS-PLLA conduits stained with phallacidin after 10 days of culture were
joined sequentially to obtain a global panoramic view of the entire conduit in length
(see sketch in Figure 1D). All images were grayscaled and the central axis of the
conduit was manually outlined throughout its entire length. Introducing the diameter of

the channel as an input parameter (400 pm), the channel edges were calculated from the
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central axis. Once the center and edges of the channel were delineated, the grey
intensity value (0 — 256) of all pixels in each transversal section (Y-axis, image height)
of the lumen was measured and, thus, the mean value and its standard deviation was
calculated for each section throughout the conduit length. Both mean and standard
deviation data from HA5 and HA5-PLLA images were normalized (up to 1) considering
0 and 1 the lowest and highest grey intensity values of the entire image, respectively.

The data collected from the MTS assay are reported as the mean * standard deviation
assuming the data are normally distributed (hypothesis proved). The statistically
significant differences (with respect to control) were assessed with a confidence degree
of 95% with the software Statgraphics Centurion XVI (StatPoint Technologies,
Warrenton, VA) by means of the Tukey’s honestly significant differences (HSD) mean
comparison test after finding no relevant differences between samples variances by a
one-way ANOVA study of the data. A similar procedure was applied to EWC data
gathered in the immersion swelling assay, comparing samples immersed in water with
those immersed in DPBS. A later ANOVA study of the swelling assay data revealed
differences between the variances of the dimensional variation distributions and,
therefore, three pairwise mean comparisons were performed between the groups (length,

width and inner diameter).

3. Results

3.1. Conduit morphology

Soft stable conduits were obtained with dimensions 5.38 + 0.25 mm long and 1.25 *
0.12 mm wide, with a centered inner cylindrical channel of 0.41 + 0.06 mm diameter
(Figure 1B and 1C). This conduit length was chosen to agree with the dimensions of the

striatal pathway in a rat model of Parkinson’s disease, as read from Paxinos and
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Watson’s rat brain atlas [54]. Conduits with lengths up to 20 mm could also be
produced with the same methods, but they are not shown here. The central channel was
wide enough to permit insertion of 20 PLLA fibers within (Figure 1B and 2B).

The morphology of HA5 and HA5-PLLA conduits is shown in figures 1C and 2. The
central channel (Figure 2C) runs from end to end the conduit (Figure 2A). In the case of
HAS5-PLLA conduits, the PLLA fibers (Figure 2B’) are located in the interior of the
channel (Figure 2B) as a bundle of loose individual fibers.

A study of the porosity in different zones of the HA5 conduits walls revealed three pore
types (Figure 2C and details 2D, 2E and 2F in it). The channel inner surface (Figure 2D)
had a uniform microporosity of around 1 pm size (detail in figure 2D’); the inner matrix
of the wall (Figure 2E) showed honeycomb-like interconnected larger pores, and the
external surface of the conduit (Figure 2F) was rough with a randomly-sized scatter of

pores in the order of a few microns.

3.2. Water uptake

By means of high-contrast photographs of conduits in dry and swollen states it was
possible to determine the dimensional changes of the materials upon water sorption. The
swelling stretch ratios along the relevant sample dimensions (length, width, inner
diameter) were almost the same, around 1.21 (Figure 3A).

The water uptake of the HA1, HA3 and HA5S conduits in dynamic swelling experiments
under controlled relative humidity was recorded until reaching equilibrium, Figure. 3B.
The EWC decreased with the concentration of HA in the starting solution, from 4.24 +
0.19 for HAL to 1.55 + 0.03 for HA5. The diffusion coefficients of water in each HA
porous matrix was determined with the slope of the linear fit of the data, according to

equation 2, for a wall thickness, e, of 0.62 mm (inset in Figure. 3B). It was checked that
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the data used for the fit satisfied z = 4Dt/e? << 1 and the interval (me-mo)/(Mw-mo) < 0.6,
in which equation (2) is a proper approximation. Values of 1.478-10"%, 1.483-10%3,
1.679-1013 m?/s, respectively, were obtained for the water diffusion coefficient of the
HAL, HA3 and HA5 samples, revealing, thus, that the water sorption kinetics were alike
in all the cases. Data from the swelling assay with HA3 and HA5 conduits immersed in
distilled water or in DPBS revealed parallel results to those in humidified atmosphere,
insofar as the ratio of the EWC for HA3 and HA5 was close to two (and 2.23/1.55 =
1.44 for HR100%). The overall EWC values, however, were 30 times higher, compared
to data from Figure 3B, due to the considerable amounts of liquid lodged inside the
scaffold’s matrix micropores, in agreement with its porous nature as seen by SEM. No
differences were found in the amount of liquid absorbed by the conduits immersed in
water or in DPBS, albeit the presence of ions in the latter. The conduits with the lowest

water uptake (HAS5) were selected for further study with the cells.

3.3. Viability of Schwann cells in conduits and on films

The viability and proliferation of SCs cultured on HA films, on PLLA films, on
coverslips, within HAS conduits, and within HA5-PLLA conduits was assessed (Figure
4A). Absorbance in MTS assays increased with culture time for both HA and PLLA
films, but with values significantly different at all times, those of the PLLA being
always higher and closer to the coverslip data. In HA5 and HAS5-PLLA conduits,
absorbance reached higher values than in the two-dimensional HAf, having the same
order of magnitude for each culture time as those found on PLLAf at day 10.
Quantitatively, flow cytometry analyses revealed an increase in the percentage of LIVE

SCs for all samples, whereas the percentage of dead cells remained nearly constant over
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time. There are only few discrepancies between the 3D conduits, which show a similar
behavior, and the control.

Cell fate in HA5 and HA5-PLLA conduits was studied in more depth by flow cytometry
using annexin V-FITC and PI, to clearly distinguish viable, apoptotic and necrotic cell
populations. Figure 5A shows, as an example, two scatter plots (corresponding to a
control sample and a HA5-PLLA conduit) of the fluorescence intensities read for cells
stained with these reagents, both after 10 days of culture. Quadrants A1 and A2 (upper
left, PI+/annexin-, and upper right, Pl1+/annexin+, respectively) include those cells with
damage in their membranes (late apoptotic and necrotic cells) because they allow Pl to
go through and display red fluorescence. Apoptotic cells, as it has been already stated,
appear in quadrant A4 (lower right, annexin+/Pl-) displaying green fluorescence. The
cytometry counts are colored according to their spatial density, from highest (red) to
lowest (blue). Quantitatively, the fractions of viable cells, apoptotic cells, and necrotic
cells for the HA5 conduit at 10 days were 82%, 4% and 12%, respectively, similar to
the same data for the control (87%, 5% and 9%). In the case of HA5-PLLA conduits the
proportion of viable cells was slightly lower: 75%, 3%, and 22%, respectively (Figure

5B).

3.4. Morphology and distribution of Schwann cells along the conduit channel

At day 10 the cells cultured inside the HA5 and HAS-PLLA conduits were
immunopositive for the Schwann cell markers GFAP, p75 and S100 (Figure 6A-D’),
proving the stability of their phenotype under these culture conditions. The PLLA fibers
were densely covered by SCs (Figure 6A"-D’), these were aligned parallel to the fiber
axis, well adhered on the PLLA, and displayed a morphology with an overall spindle

shape oriented in the direction of the fiber (Figure 6G and 6H). On the lumina surfaces
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of both HA5 and HA5-PLLA conduits, SCs achieved a high density after 10 days of
culture, completely covering the lumen’s surface (Figure 6A, D, F). Whereas SCs on
coverslips were planar (Figure 6E), on the lumen’s surface they exhibited a wide range
of morphologies, with more bumpy shapes and tight cell-cell contacts (Figure 6F; see
also Figure 7B). These morphologies on the lumina were found both for HA5 and HA5-
PLLA conduits, independently of the presence of the PLLA fibers in the channels.

The seeded cells proliferated to the extent of forming a continuous gap-free tube
spanning the lumen’s length. At day 10 of culture a tapestry of Schwann cells had
developed which coated the inner surface of the conduit’s channel (Figure 7A). This
tight cell mantle (Figure 7B) formed a cell cylinder which was easily detached from the
channel surface when the conduits were cut for observation (Figure 7C and 7D).
Trichrome staining of cyrosections of HA5 seeded conduits (Figure 7E and F) showed
that the continuous layer of SCs on the lumen was approximately 20 — 35 um thick.
(collagen fibers in maroon) This thickness is also inferred from ultrastructural details of
longitudinal (Figure 7G) and transversal sections (Figure 7H) seen by TEM; these
further show that SCs’ nuclei sections (dark grey) were elliptical in longitudinal
sections, with the major axis parallel to the lumen axis, and were rounded in transversal
cuts, what might suggest a bipolar spindle-like cell shape. Confocal microscope images
of the conduits’ cross-sections at different culture times revealed the progressive
coverage of the channel’s cross-sectional circumference by the proliferating SCs,
showing that fully developed cell tubes had formed by day 9, and that by day 11 the
tube’s cross-section had a significant cell density (Figure 8). A thickness estimate based

on the day 11 image in Figure 8 is agrees with the above 20-35 micron figure.
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These experiments also proved the impermeability to cell diffusion of the inner channel
surface, since no cell could be detected in the conduits’ matrix beyond the lumen region
(Figure 7A, D, E, F, and Figure S2 of the infiltration experiment.

The expression of myelin protein zero (pO) after 10 days of culture increased in
comparison with day 1 (Figure 9) in HA and HA-PLLA conduits. At short culture
times, the protein p0 was barely expressed and it was restricted to the perinuclear area,
whereas at longer culture times this glycoprotein was more intensively expressed in the
whole cytoplasm.

A more macroscopic view of the biohybrids was obtained with the help of a set of
fluorescence microscopy images spanning the whole length of the conduits; the set of
images was then fitted together to obtain the global reconstruction shown in Figure 10,
and the intensity of color at different points of each section of the tubes was taken as an
indirect measure of the cell density. The standard deviation around the mean value of
the cell density shows the degree of homogeneity of the cell distribution at each cross-
section. These pictures cannot distinguish the cells forming the sheath on the lumen
from those adhered on the microfibers in the case of sample HA5-PLLA, and no
significant difference can be deduced between both conduits. Multiphoton images
(shown in Supplementary Figure S1) permitted to observe, without cutting the conduits,
the continuous cell sheet coating the inner faces at one end of the lumen in HA5 and

HAS5-PLLA conduits.

4. Discussion
Decellularized grafts and biomaterial-based nerve conduits to regenerate nervous
system pathways (especially peripheral nerves) have been proposed as a promising tool

in the last decades, but results rarely show a significant improvement compared with
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mere epineural suture or autografts [18,28,55], in particular for PNS human models [56]
or CNS repair procedures [11,57]. Even more sophisticated and long-term in vivo
experiments have not obtained remarkable functional restoration [9,58]. The limitations
in these approaches stem from several factors, like the restrictive cell response owing to
activated astrocytes and macrophages [11,28,59]. The long-gap (>4 mm) dystrophic
effect, especially for neurons or axons penetrating the CNS-PNS transition zone
[57,60], or the leakage or death of grafted cells before they can positively influence the
environment [59,60], have been identified as key issues as well. The lack of porosity in
the proposed devices, representing a barrier for the exchange of nutrients and cytokines,
has been also identified as a cause of failure [63]. Here we have developed a novel
biohybrid, which tries to overcome some of these drawbacks and may be of help for the
reconstruction of axonal tracts in the nervous system. Instead of following the more
common approach of multiple-channeled tubular scaffolds, the concept of a wider-
diameter, single-channel conduit with guidance microfibers in its interior was explored.
Nerve conduits based in multichannel structures [64,65] have been already used for
regeneration studies of neural tracts, showing the concept to be feasible beyond the
critical gap [66]. PLLA filaments have been proposed as a promising tool for axon
growth and guidance [67]. A special feature of our conduit is a triple-layer porous
structure, which results in a more specific pore architecture than comparable solutions
[68]. The specificities of the manufacturing process account for this layered structure:
the template of the conduit is formed by an outer PTFE mold and an inner PCL fiber
generating the central channel. Since both PTFE and PCL are hydrophobic polymers,
the water crystals that develop during lyophilization, which generate the microporosity
in the conduit’s cross-section, retract from the PTFE and the PCL surfaces, thus leaving

at those surfaces denser strata of HA. Thus the material is left with a cross-section of
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variable porosity: layers at the outer and inner surfaces with smaller porosity, and the
layer in-between with a higher porosity (Figure 2D-F). The greater compactness of the
lumen’s surface impedes seeded SCs from spreading out of the channel, while the outer
surfaces may act as a protective barrier against host inflammatory cells (our SCs did not
cross the outer conduit faces, see Supplementary Figure S2). This impermeability to
cells, here verified with Schwann cells, doesn’t extend to molecules, however. HA is a
flexible-chain polymer hydrogel, through which large molecules such as BSA diffuse
with ease [69]. The porous structure permits the diffusion of nutrients, waste products,
dissolved gases and cytokines or other cell cues involved in cellular communication and
regulation. The negative aspect to this free exchange is that also toxic molecules from
the surrounding damaged environment could penetrate the constructs®. How this would
compromise the viability of the seeded SCs and, eventually, developing neuronal tracts
is a matter which must be answered with in vivo experiments.

The conduit’s chemical composition of hyaluronic acid polymer chains should be ideal
for engraftment purposes, inasmuch as HA is a biodegradable and biocompatible
extracellular matrix component with low host immune response [39,70,71]. HA
oligomers, and thus HA-degradation products, can have pro- or anti-inflammatory
effects depending on their molecular weight [72-74]. Actually, different reactive oxygen
species involved in the degradation process lead to different chemically modified HA
oligomers, which are the ones involved in inflammation [75,76]. Low molecular weight
fragments of HA tend to be pro-inflammatory, whereas high-molecular weight
fragments have anti-inflammatory effects [77]. Crosslinking with DVS increases the
molecular weight of HA chain scission fragments, and, actually, several DVS-

crosslinked HA products are approved for human use (references in the introduction).

1 We acknowledge an anonymous referee for calling our attention to this problem.
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This leads us to believe that the chemical composition of our scaffolds would raise no
compatibility issues when implanted.

Even though crosslinked HA is a highly hydrophilic material [37,78], after
lyophilization its swelling in aqueous solutions is only moderate and isotropic (swelling
stretch ratios around 1.21 in all significant dimensions, Figure 3A). This may be an
important factor to consider for its surgical implantation, since nerves and the soft
tissues in the CNS are acutely sensitive to compression and this could otherwise affect
the regenerative response of the host environment. Furthermore, HA is especially poor
as regards cell-attachment properties, partly due to its high equilibrium water content
[79]. This is reflected in the low values of absorbance of the MTS assays on HA films
(Figure 4A); PLLA films, being more hydrophobic, adsorb more ECM proteins, and
thus are much better cell adherents. But morphology, phenotype and general response of
cells may be greatly affected by the physical characteristics of the culture environment
[80]. Thus, when seeded in the curved, confining HA conduits, SCs survived and
proliferated much more than on the HAF planar substrates, showing results comparable
to those of the PLLA films and controls. This must be attributed to the confinement of
the channel, which impedes viable but non-adhered cells to leak outside, and maybe
also to the fact that the channel surface has a microporosity which is absent in HAf
substrates, which had not suffered lyophilization; such a microporosity is frequently
beneficial for cell attachment. The overall anti-adherent characteristics of crosslinked
HA, however, may be an advantage for preventing glial scarring [39,82], since a
quiescent effect of HA has been identified on human astrocytes [83,84]. The evolution
with time of the ratio of viable to dead cells in the conduits (Figure 4B and Figure 5B)
suggests that an initial stage dominated by the poor cell attachment typical of HA is

followed by a stage of easy proliferation of the viable cells, which retained their
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phenotypic markers (Figure 6). The presence of the PLLA fibers made no significant
difference in this respect.

The morphology of the Schwann cells on the different substrates showed remarkable
differences. The cells on the planar substrates (films and coverslips) are flat (Figure 6E);
on the PLLA fibers they appeared bulkier, bipolar and oriented (Figure 6H), and within
the HAS5 and HA5-PLLA conduits they tightly aggregated forming a continuous layer,
where multipolar morphologies coexisted with more rounded ones (Figures 6F and 7B).
The presence of fibers itself in the conduits did not translate into an increased cell
proliferation.

A most remarkable result of the cell culture within the scaffolds was the fact that the
conduits organized the growth of the cell population into a new kind of cellular
structure. After 10 days of culture the seeded cells had proliferated to such a degree that
they tightly covered the whole inner surface of the conduit’s channel forming a
continuous cylindrical mantle, with no visible gaps between the cells (Figure 7). This
sheath-like structure extended uniformly along the whole length of the conduit. The cell
sheath had a variable thickness between 20 and 35 microns (Figure 7F, Figure 8), and
detached easily from the channel surface when this was cut (Figure 7C and 7D). Thus,
the conduit material acted as a template for the development of macroscopic Schwann-
cell cylinders, a cellular structure which hasn’t been reported earlier. Such a confluent
cell layer was unable to form on the planar crosslinked HA substrates. A number of
factors of the cell-biomaterial interaction must have combined in order to give rise to
this singular structure. First of all, the HA environment is friendly enough for the cells
to sustain their proliferation; secondly, the hydrophilicity of the channel surface makes
cell-cell interactions to be preferred over cell-material ones, thus promoting the tight,

gap-free cell-cell junctions, instead of an attachment of the cells on the material’s
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surface; thirdly, the channel curvature constrains the possibilities of spatial growth of
the proliferating cells, forcing them to fold following the cylinder geometry, as can be
seen from the temporal sequence shown in Figure 8. Finally, the large diameter of the
single channel was probably what allowed the high proliferation rate needed for the
development of this macroscopic structure. Therefore, the synergy between the
channel’s geometry and the material’s anti-adherent properties leads to the formation of
this Schwann-cell macroscopic sheath. At the same time, the viable development of this
structure within a channel of considerable length testimonies to the unhindered flow of
nutrients, proteins and all other vital molecules through the conduit’s wall pores, as well
as to the ability of the channel’s walls to impede cells leaking outwards.

The presence of the PLLA fibers did not affect the development of this sheath in the
conduits. In HA-PLLA scaffolds part of the seeded cells grew on the fibers, while the
remaining cells on the lumina proliferated and organized into the cell-tube. In all cases,
the cells forming the sheath behaved has mature Schwann cells, expressing common
SCs markers (GFAP, p75, S100). In addition, they produced glycoprotein p0, which
comprises the major protein in myelin (making up more than 50% mass of myelin
sheath) and mediates membrane adhesion in the spiral wraps. The protein p0O was barely
detectable after day 1 but its expression was massive after 10 days in cells cultured on
both type of conduits. Although the SCs pO expression has been formerly considered
inherent to axonal signaling [85], its expression has been proved to be constitutive for
SCs under certain conditions even in absence of axons [86]. A significant increase in p0
may support the effective regeneration of nervous tracts after lesions [87]. Thus, the p0
synthesis stimulation might represent an additional benefit of the present conduits for

axonal pathway regeneration.
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Given the supportive role of Schwann cells for axon outgrowth in the PNS, the
biohybrid tubular structures here developed could find application in strategies seeking
to reconnect neuronal populations across long distances both in the central and the
peripheral nervous systems. Neuronal precursors should be combined with the
biohybrid here presented; the Schwann cells preseeded in them would act as
neurotrophic factor pumps and as a reservoir of accompanying cells for the outgrowing
axons. In previous studies we found that scaffolds implanted in the brain of rats became
vascularized; blood vessels developed inside channels with diameters of 90 microns
from endothelial cell precursors that had migrated into the empty scaffold [88]. The
lumina of the present constructs are much wider, and thus invasion by vessel precursors
should be easier. Moreover, it has been found that Schwann cells secrete VEGF and are
instrumental in differentiating endothelial cell precursors to blood vessels: the
geometrical lay-out of nerves becomes a template for patterning the development of the
arterial network [89-91]. It is thus expected that, once implanted, our constructs would
be easily vascularized, ensuring early as well as long-term viability of the biohybrid. Of
course, confirmation of these hypothesis must wait for further results with in vitro co-

cultures and in vivo experiments.

5. Conclusions

Tubular HA conduits have been developed with a layered pore distribution along their
cross-section which prevents cell leakage from within and cell invasion from the
outside, while allowing unrestricted nutrient and molecules diffusion. The HA5
conduits possess structural stability and a sensibly restricted swelling degree in
physiological medium when compared to HAL1 and HA3 conduits. The conduits’ lumina

constitute a space where cells of interest could be hosted in a protected manner for
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transplantation. A bundle of PLLA fibers is incorporated in the lumen to help guided
cell growth and eventually axon sprouting. The conduits have proved to sustain viable
Schwann cell cultures in their whole length, improving viability and distribution with
respect to planar cell-friendly substrates such as PLLA, despite the marked low-
adherent characteristic of HA that usually prevents a good cell proliferation. When
cultured within the conduits, SCs proliferated until coalescence and then developed as a
tight mantle adapted to the inner cylindrical surface of the channel that spanned the
whole length of the conduit (6 mm) without loss of continuity. SCs thus grown kept
their phenotypic characteristics and produced substantial amounts of the myelin
constitutive protein pO over time even in the absence of neurons. The development of
these synthetically engineered macroscopic cell cylinders is the outcome of the interplay
of cell proliferation in a friendly but non-adherent environment and a suitably sized and
shaped confining geometry. These novel porous HA conduits and the biohybrids
obtained when Schwann cells are grown within them seem promising tools in strategies
to restore damaged neural tracts. Their combination with co-cultures of neurons and

neuronal progenitor cells is under study.
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Figure 1. (A) Sketch of the PTFE mould (white) with PCL fibers (black) and PTFE
washers (grey) in the grooves. (B) Macroscopic appearance of the conduits in different
states, from top to bottom: dry after lyophilization, hydrated, hydrated with 20 PLLA
fibers in the channel, hydrated and with the channel stained with reddish dye. (C) Bright
field photograph of a cross-section of a conduit with the central channel highlighted
with a dashed line. (D) Sketch of the method used for the digitalization of the color
intensity leading to Figure 10. Scale bar = 200 pm.

Figure 2. SEM images of longitudinal cuts of a HA5 (A) and a HA5-PLLA conduit (B),
with a detail of a PLLA fibre (B”). SEM image of a transversal section of a HAS
conduit (C), and selected regions in it: channel surface (D), conduit’s outer surface (F),
and porous matrix of the conduit’s wall of the conduit (E). (D) is a detail to reveal the
porosity of the channel surface. Scale bar =1 cm (A, B), 200 um (C), 50 um (D, E, F),
20 um (B’) and 10 um (D”).
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Figure 3. Water uptake of the conduits and dimensional change. (A) Stretch ratio of the
HAS conduit’s characteristic linear dimensions (width, lumen diameter and length).
Statistically significant differences are expressed with bars (N = 8, 95% confidence
degree). (B) Water content of HA1, HA3 and HA5 conduits at different times. (C)
Equilibrium water content of HA3 and HA5 conduits immersed in distilled water or

DPBS. Inset: linear fit of data to equation 2 for the calculation of diffusion coefficients.
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Figure 4. Schwann cells viability and proliferation. (A) MTS viability assays on SCs
cultures on planar substrates (HAf, PLLAf and control) and in HAS and HA5-PLLA
conduits at different culture times (1, 5 and 10 days). Statistically significant differences
with respect to control for the same culture time are represented with bars (N =4, 95%
confidence degree). (B) Cytometry data of LIVE and DEAD cells for HA5 or HA5-
PLLA conduits or control after 5 and 10 days of cell culture. Glass coverslips were used
as control. The missing percentage of cells up to 100% corresponds to upper right and
bottom left regions of the fluorescence scatter plot.
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Figure 5. (A) Cytometry scatter plot for annexin V—PI cell staining after 10 days of SCs
culture on a coverslip (left) and in HA5-PLLA conduits (right). (B) Stacked percentage
chart of annexin V - Pl cytometry data of necrotic, apoptotic and viable (live) cells
within HAS or HA5-PLLA conduits or on coverslips (control) after 1, 5 and 10 days of
SCs culture. Both necrotic and late apoptotic cells are considered here as necrotic.

Figure 6. Confocal microscopy images of immunocytochemistry and phallacidin
stainings (green) revealing expression of GFAP (A, A”), p75 (B, B’), S-100 proteins (C,
C’) and F-actin (D, D) in longitudinal cuts of HA5 (A - D) and HA5-PLLA conduits
(A’ - D’). Nuclei were stained with DAPI (blue). SEM images of SCs cultured for 10
days on coverslips (E), in the lumen of a HA5 conduit (F) and on a PLLA fiber from a
HAS5-PLLA conduit (G, H). Scale bar = 100 um (A - D), 50 um (A’ - D’, G) and 20 pum
(E, F, H).
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Figure 7. Schwann cell cylindrical sheets developed inside the conduit’s channel. (A)
SEM image from a longitudinal cut of the macroscopic SCs tubular sheet inside a HA5
conduit after 10 days of culture. (B) Details of the sheath cell distribution and
organization. (C) SEM image of partial view of a sheet detached from the HA5 conduit,
keeping its structural integrity. (D) Confocal microscopy image of the SCs sheet stained
with phallacidin (green) and DAPI (blue). Arrowheads delimit the boundary of the
detached part of the sheet. (E, F) Transversal cryosections of HA5 conduits cultured for
10 days with SCs in their lumen after staining with Harris” hematoxylin, alcian blue and
picrosirius red. No SCs were detected inside the porous matrix of the HA conduit wall
(cyan). (G, H) TEM images of longitudinal (G) and transversal (H) sections of the cell
sheet layer in HAS conduits for the same culture time. Nuclei seen in dark grey. The
limits of the conduit’s channel are traced with dashed lines in (A, D). Scale bar = 500
um (A), 200 um (B, C, E), 50 um (D, F), 20 um (H) and 10 pm (G).
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Figure 8. Confocal microscopy images of transverse cross-sections of the HA5
construct after 1, 3, 5, 7, 9 and 11 days of SCs culture. Cells’ cytoskeleton, stained in
green with phallacidin, and nuclei, stained in blue with DAPI, allow following the
development of the cylindrical cell-sheets over time, shaped by the conduit’s channel.
Scale bar = 200 um.

Figure 9. Expression of p0 protein. Confocal microscopy images of SCs cultured for 1
(A) and 10 days (B, C) in HA5 (A, B) and HA5-PLLA conduits cut longitudinally (C),
immunostained to reveal pO protein (green). Cell nuclei stained with DAPI (blue).
Detail in the lower left corner of (C) shows a single PLLA fiber extracted from the
HAS5-PLLA conduit at the same culture time. Scale bar = 50 um (A, B, C, detail).

Figure 10. Compound panel spanning the conduit’s complete length, made from a
series of fluorescence microscopy images of longitudinal sections of the HA5 (A) and
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HAS5-PLLA conduits (B), after 10 days of SCs culture. F-actin stained in green by
phallacidin. Below both panels: plots of the normalized mean values (dark curve) of the
intensity of the grey at each section along the lumen’s axis and of the standard deviation

for each section (lighter grey curves), see text in section 2.8. Dashed white lines
demarcate channel limits used as input by the software. Scale bar = 500 um.

Figure S1. Multiphoton microscopy 3D reconstructions of SCs stained with DAPI and
phallacidin at the end of the lumen of a HA5 (A) or a HA5-PLLA conduit (B) and
schemes of the conduits with the areas where A and B were taken highlighted (C and D,
respectively). Scale bar = 100 um.

Figure S2. Fluorescence microscopy images of SCs cultured for 5 days on the outer
surface of a HAS conduit (A), stained with DAPI (blue). Longitudinal cut of the same
conduit with the central channel marked with dashed lines, revealing that no SC made

its way through the HAS porous wall (B). Scale bar = 100 um.



