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Shortness of donor nerves has led to the development of nerve conduits that connect sectioned peripheral nerve
stumps and help to prevent the formation of neuromas. Often, the standard diameters of these devices cannot be
adapted at the time of surgery to the diameter of the nerve injured. In this work, scaffolds were developed to form
filled nerve conduits with an inner matrix with unidirectional channels covered by a multidirectional pore zone.
Collagen type I dispersions (5 mg/g and 8 mg/g) were sequentially frozen using different methods to obtain six
laminar scaffolds (P1 to P5) formed by a unidirectional (U) pore/channel zone adjacent to a multidirectional (M)
pore zone. The physicochemical and microstructural properties of the scaffolds were determined and compared,
as well as their biodegradability, residual glutaraldehyde and cytocompatibility. Also, the Young’s modulus of
the conduits made by rolling up the bizonal scaffolds from the unidirectional to the multidirectional zone was
determined. Based on these comparisons, the proliferation and differentiation of hASC were assessed only in the
P3 scaffolds. The cells adhered, aligned in the same direction as the unidirectional porous fibers, proliferated,
and differentiated into Schwann-like cells. Adjustable conduits made with the P3 scaffold were implanted in rats
10 mm sciatic nerve lesions to compare their performance with that of autologous sciatic nerve grafted lesions.
The in vivo results demonstrated that the tested conduit can be adapted to the diameter of the nerve stumps to
guide their growth and promote their regeneration.

1. Introduction the injury allows it, reconstructive surgical procedures like tension free

end-to-end (ETE) and end-to-side (ETS) neurorrhaphies [5,6] are

Each year, more than one million people worldwide are affected by
injuries of peripheral nerves [1]. These injuries result in functional
limitations and neuropathic impacts that disturb the life quality of the
patients and increase costs in the health system [2-4]. Complete tran-
section of axon and connective tissue — neurotmesis- and damage of the
axons in which the continuity of connective tissue and nerve is main-
tained - severe axonotmesis — are treated surgically [4]. When the size of
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commonly used. The ETE procedure sutures the resulting stumps of a
transected nerve, and the ETS procedure coaptates the distal stump of an
injured nerve to an adjacent intact nerve [5,6]. Tension-free sutures
cannot be achieved when a critical length is reached [7]. Beyond this
length, sensory nerve autograft is the gold standard method to recon-
struct motor sectioned nerves. In humans, gaps up to 3 cm are bridged
with sensory nerve autografts [8].
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Commonly, nerves from the patient’s hand, arm or leg (e.g.: ante-
brachial cutaneous nerve, sural nerve, dorsal cutaneous nerve, superfi-
cial peroneal nerve, and posterior and lateral cutaneous) are used to
reattach severed nerves [5]. Nevertheless, some major disadvantages of
autografts include the morbidity of the donor site, low availability of
autologous nerve, loss of sensitivity, and mismatches of diameter be-
tween the donor and recipient nerves [9]. Further, graft success may be
limited by the size of the defect, donor nerve vascularization and graft
fascicular architecture, among others [10]. Hence, allografts have been
developed to overcome the limitation of autologous donor nerve.
However, there is only one nerve allograft that has been approved by the
FDA for nerve reconstruction [11]. As a consequence, nerve guidance
conduits (NGCs) made of natural, synthetic and hybrid materials have
been used as artificial nerve grafts when an autograft is not feasible [12].
A majority of these conduits are tubular structures designed to enclose
and connect the nerve stumps of a transected nerve [12].

Collagen type I is among the natural materials used to manufacture
artificial grafts [11,13-16]. This protein is the main constituent of pe-
ripheral nerve extracellular matrix, and was the first natural polymer
used to manufacture NGC for peripheral nerve regeneration [17]. Most
of the collagens NGCs already approved by the US Food and Drug
Administration (FDA) are hollow tubular structures, which reconnect a
sectioned nerve after being sutured to the proximal and distal stumps
[8,18]. Still, their lack of internal microstructure -in several cases-
hinders the axonal regrowth required to promote axon reconnection of
the distal nerve stump [19].

Experimental evidence indicates that the presence of an internal
matrix with unidirectionally oriented fibers impacts peripheral nerve
repair mechanisms [20]. For instance, poly (acrylonitrile-co-acrylate)
conduits with internal aligned fibers improved axon regeneration
compared to those made with the same material but with randomly
oriented internal fibers [21]. Topographical signals from poly(e-capro-
lactone) conduits aligned by electrospinning upregulated myelin-
associated glycoprotein (MAG), protein zero (P0O) and myelin basic
protein (MBP) genes, and promoted Schwann cell maturation [22]. Also,
a microtube array sheet (MTAS) with unidirectional topography ori-
ented the migration of Schwann cells and the extension of neurites from
spinal cord and dorsal root ganglion neurons [23]. Likewise, cylindrical
scaffolds with unidirectional pores obtained by punching collagen type I
and elastin unidirectional sponges, and placed on contact with rat dorsal
root ganglia, promoted aligned migration of axons and Schwann cells
[24]. Pre-clinical evaluation of the abovementioned conduits previously
seeded with Schwann cells in a rat model of sciatic nerve defect that
preserved the epineural tube, showed animals recovered without signs
of inflammation or neuroma formation [25]. Despite the in vitro and
preclinical data supporting the role of unidirectional fillers in promoting
guided axon growth and nerve repair [21], the FDA has approved to
commercialize only one conduit made with an external matrix of
collagen type I, and an internal unidirectional oriented matrix made of
collagen type I and chondroitin-6-sulphate [8,16]. Present NGCs
perform well when they are grafted into short gaps: in humans the
accepted success rates decrease when defects are larger than 3 cm
[8,10]. However, regeneration is still significantly lower than that
observed with autograft controls [21]. Thus, designing and evaluating
new devices that promote regeneration of peripheral nerve is still
required.

Existing NGCs are manufactured with fixed diameters. Hence, mis-
matches between the NGC diameter and the diameter of the stumps it
intends to reconnect can occur. Such mismatches are disadvantageous
because a difference in nerve gauge can lead to graft failure [8]. In
previous works we have described the manufacturing of aligned laminar
scaffolds of collagen type I [26]. Briefly, acidic dispersions of this pro-
tein were horizontally frozen and lyophilized to obtain laminar scaffolds
(10 cmz) with unidirectional pores in which cells adhered and grew
aligned to the unidirectional fibers of their pores. The present work
presents an absolutely new design of a laminar scaffold with two
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continuous zones of differently oriented pores (unidirectional and
multidirectional). Since the two zones are continuous, the scaffold can
be rolled-up by the surgeon from the unidirectional to the multidirec-
tional zone, and in this way form a conduit adjusted to the diameter of
the stumps of the peripheral nerve that has been sectioned. When rolled,
the unidirectional and multidirectional zones of the scaffold will
respectively form the inner fill and outer sheath of the conduit. The
proposed scaffold with such a unique architecture and configuration
represents a new generation of conduits that might impact in vivo pe-
ripheral nerve regeneration.

2. Materials and methods
2.1. Materials

Bovine tissue used to isolate collagen type I was purchased from San
Martin packing plant (Bogotd, Colombia). Ethanol 96%, ethyl ether,
sodium hydroxide, sodium chloride, acetic acid glacial, isopropyl
alcohol, sodium sulfite, and glycine were provided by Merck (Germany).
Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS),
antibiotic-antimycotic solution (100x), MEM vitamin solution (100x),
sodium pyruvate (100x) solution, trypsin, EDTA, MTT (3-(4,5-Dime-
thylthiazol-2-yl)-2,5-Diphenyltetrazolium  Bromide), phosphate-
buffered saline (PBS), StemPro™ adipogenesis differentiation Kkit,
StemPro™ chondrogenesis differentiation kit, StemPro™ osteogenesis
differentiation kit, and Hank’s balanced solution were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Rabbit complement
(C12CC), sodium dimethyl sulfoxide (DMSO), forskolin, ninhydrin,
collagenase type I, poly-L lysine, cytosine-p-arabinofuranoside hydro-
chloride, B-mercaptoethanol, and all-trans retinoic acid were supplied
by Sigma-Aldrich Chemical Co (St. Louis, MO, USA). Recombinant
heregulin p1, vybrant™ CFDA SE cell tracer, rabbit IgG polyclonal
antibody S100b, recombinant platelet derived growth factor (PDGF-
AA), recombinant basic fibroblast growth factor (bFGF), and Shandon™
Cryomatrix™ embedding resin were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Rat anti-mouse Thy 1.2 antibody, rabbit
IgG polyclonal p75NTR, PerCP/Cy5.5 anti-human CD105 antibody (cat.
323216), PE anti-human CD73 antibody (cat. 344004), PE/Cy7 anti-
human CD45 antibody (cat. 368532), APC anti-human CD34 antibody
(cat. 343608), and FITC anti-human CD90 antibody (cat. 328180) were
supplied by BioLegend (San Diego, CA, USA). Goat anti-rabbit IgG H&L
(FITC) was purchased from Abcam (cat. ab6717; Cambridge, MA, USA).
Vectastain ABC HRP kit (peroxidase, standard), DAB peroxidase sub-
strate kit SK-4100, antigen unmasking solution, and hematoxylin were
acquired from Vector Laboratories (Burlingame, CA, USA).

2.2. Manufacturing collagen type I scaffolds and conduits

Bovine fascia bought in a certified packing plant was used to isolate
the collagen. The tissue was washed, disinfected (2% sodium hypo-
chlorite, 70% ethanol), and contaminant tissues removed. Clean tissue
was cut in small pieces that were suspended in 0.5 M acetic acid, the
suspension was centrifuged, and the supernatant removed. After
neutralizing the supernatant (1 M NaOH) the precipitated collagen was
isolated and dissolved in 0.1 M acetic acid. The resulting collagen was
quantified by gravimetric analysis. For this, an aliquot of the collagen
dispersion was dried (100 °C) and weighted. Once the amount of
collagen present in the acetic acid dispersion was known, two collagen
type I dispersions (5 and 8 mg/g collagen type I in 0.05 N acetic acid)
were prepared and crosslinked with 0.02, 0.04, 0.06, 0.08, and 0.10% v/
v glutaraldehyde to obtain five dispersions per each concentration. The
resulting dispersions were named after the glutaraldehyde concentra-
tion: P1=0.02%; P2=0.04%, P3=0.06%; P4=0.08%, and P5=0.1% v/v.
A non-cross-linked dispersion was included as control (NC). These dis-
persions were homogenized (10.000 rpm, 10 min) with an Ultra-Turrax
® (IKA Works, China) and then shaken (120 rpm) on an orbital shaker
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(Thermo Fisher, USA) for 24 h, at 37 °C. Samples were centrifuged at
400 xg (Thermo Fisher) for 30 min to eliminate bubbles. Non-cross-
linked and cross-linked dispersions were used to produce non-
crosslinked (NC) and cross-linked scaffolds (P1-P5 scaffolds,
respectively).

Each scaffold was prepared in two steps to ensure the unidirectional
and multidirectional orientation of the pores of each of the two zones. In
the first step, the unidirectional zone was made by unidirectionally
freezing the 5 mg/g collagen type I dispersion following a described
methodology [26]. Briefly, the dispersion was poured into molds, which
had one side covered by a metallic material that, in turn, had one end
immersed in liquid nitrogen to create a temperature gradient with an
axial orientation. The system described above was placed in an insulated
container with enclosed air temperatures between 0 and 4 °C to avoid
multidirectional freezing and to maintain the unidirectional pore
orientation in the entire length of the U zone. In the second step, the 8
mg/g collagen dispersion was poured in direct contact with the unidi-
rectional zone previously obtained, and frozen (—25 °C). The differen-
tially frozen dispersions were lyophilized (Virtis, SP Industries, USA) to
produce laminar scaffolds (10 cmz, 3 mm thickness) with two clearly
differentiated and continuous zones: one with unidirectional and the
other with multidirectional pores. The resulting sheets were cut to
obtain the bi-zonal scaffolds used in the different analyses. These scaf-
folds were dampened and rolled-up from the unidirectional (U) to the
multidirectional (M) zone to form conduits (named as the scaffolds) with
an inner unidirectional scaffold and an outer multidirectional wrapping.

2.3. Microstructural characterization of the scaffolds

2.3.1. Environmental scanning electron microscopy (ESEM)

Environmental scanning electron microscopy (ESEM) of transversal
and longitudinal dried non-coated samples (8 mm [@], 2 mm [H]) was
carried out with a Tescan Vega3 system (Tescan Vega 3 SB, Czech Re-
public). Electron micrographs were used to qualitatively assess the
interconnectivity and directionality of scaffolds’ unidirectional (U),
multidirectional (M), and interface (I) zones. For these analyses, three
aleatory sections per scaffold were evaluated at 45x and 150x magni-
fication [26].

2.3.2. Pore size and porosity

Cross-sections (100 pm) of U and M zones of NC and P1-P5 scaffolds
were cut, hydrated with 1x PBS, and degassed to be observed under an
inverted microscope (Eclipse TS100, Nikon, Japan). Digital images were
captured with the NIS-Elements AR (Ver 4.50 Nikon) software, and
images were analyzed using the software ImageJ 1.39u (Wayne Ras-
band, NIH, USA) to evaluate pore size. The major and minor axes of the
ellipse that best fitted each pore were measured and their average was
used to calculate the mean pore size. A total of 60 pores chosen
randomly were measured for each analysis. The obtained average values
were multiplied by 1.5 to take into account the effects of the pores that
were not sectioned through their maximal cross-section.

A modified liquid displacement method [27] was used to assess
scaffolds porosity. Briefly, samples (2 cm?) of U and M zones of NC and
P1-P5 scaffolds were cut and weighted (W;), immersed into 1x PBS (2
mL), degassed under vacuum (10 min), and incubated (37 °C, 24 h).
Thereafter, samples were placed on a filter paper to remove the excess of
PBS and weighed (W5). A dry pycnometer was weighed (W3), and the
analyzed U or M sample placed into it. The pycnometer was filled with
PBS until its volume (25 mL) was completed and weighed (W4). Assays
were carried out five times. The total porosity was measured using the
aforementioned weights (W1, Wy, W3, and W4) and the density (p) of PBS
(1.023 g/mL) according with the following equation: P (%) =1 — (pwet
scaffold / Pcollagen fibers) X 100 [28].
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2.4. Physicochemical characterization

2.4.1. Fourier transform infrared spectroscopy (FTIR)

The U and M zones of P1-P5 scaffolds were analyzed by FTIR. Each
dried sample (2 mg) was mixed with KBr (200 mg) and compressed to
obtain a pellet. The system was purged with dry air (1 h) to remove
water vapor from the sample compartment. Spectra were obtained using
a FT/IR-4200 spectrophotometer (Jasco, Germany), in a range of
4000-500 cm ! with a resolution of 8 cm ™! and 150 scans/sample. The
collagen type I used to manufacture the scaffolds was used as a control.
Experiments were performed in triplicate.

2.4.2. Cross-linking degree, residual glutaraldehyde, and degradation

Scaffolds’ cross-linking degree was related to the free amino groups
of each sample, and assessed using the ninhydrin assay [29]. This assay
is a destructive test of the samples, in which the free amino groups of the
collagen are condensed with the hydroxyl groups of the reagent solution
(containing 2,2-dihydroxyindane-1,3-dione) to form Schiff bases. A
standard work solution (SWS) was made by mixing (1:1) solution A (4.2
g citric acid and 1.6 g sodium hydroxide in 100 mL of type I water) and
solution B (4 g ninhydrin in 100 mL ethylene glycol). Then, U and M
samples (1 cm?) were covered with 500 pL of the SWS, heated (100 °C,
30 min), cooled to reach room temperature, and centrifuged (800 xg, 5
min). The pellet was discarded, and the supernatant was mixed with
50% (v/v) isopropyl alcohol (1 mL). The absorbance of the samples was
measured at 560 nm (TRIAD Multimode Detector, Dynex, USA).
Considering the amino groups of non-crosslinked (NC) scaffolds as
100%, the percentage of cross-linked amino groups was calculated as the
ratio between the optical absorbance of the P1-P5 samples and that of
the NC samples [26]. Each analysis was carried out in triplicate.

Samples (1 cm?) were taken from zones U and M of P1-P5 scaffolds
and used to evaluate the residual glutaraldehyde content. They were
incubated (12 h, 60 °C) with 1 mL of a solution containing 1 M NaOH,
0.1 M glycine and 0.1 M NaySOs, centrifuged (400 xg, 5 min), and
transferred (100 pL) to a 96-well culture plate. Their absorbance was
read at a wavelength of 238 nm using a Dynex spectrophotometer. Data
obtained was interpolated on a calibration curve previously made with
known concentrations of glutaraldehyde. All experiments were carried
out in triplicate.

The enzymatic degradation of scaffolds was assessed by gravimetric
analysis. Samples (8 mm [@], 2 mm [H]) of U and M areas of the NC and
P1-P5 scaffolds were weighed (Wi) and incubated (37 °C) under shaking
(80 rpm) with a solution of collagenase type I (1 mL, 250UI/mL) in 1x
PBS for 24 h, 3, 15 and 30 days. Collagenase was changed every 5 days
during the time of the assay. After removing the supernatants, the
scaffolds were lyophilized for 24 h and weighted (Wf). The degradation
percentage D (%) was calculated as follows: D (%) = 1 — (Wf / Wi) x
100.

2.4.3. Liquid sorption capacity, swelling, contact angle, and Zeta potential

These tests were carried out with the scaffolds. Liquid sorption ca-
pacity (LSC) was evaluated gravimetrically. Samples (2 cm?) of U and M
zones of NC and P1-P5 scaffolds were weighted (Wi) and immersed in
1x PBS (pH 7.4) for 24 h at 37 °C. Then, hydrated samples were placed
on Whatman paper to remove PBS excess and weighted (Wf). Experi-
ments were carried out five times. The liquid sorption capacity was
calculated as follows: LSC (%) = (Wf — Wi) / Wi x 100.

Swelling of the same samples used to assess LSC was calculated by
measuring the scaffolds volume change after being immersed in PBS.
The width, height, and length of dry U and M areas (2 cm?) of NG and P1-
P5 scaffolds were measured with a stainless hardened caliper digital
(Mitutoyo, Aurora, IL, USA) to obtain the volume of dry samples (Vd).
Afterward, the Vw value calculated during the porosity evaluation of the
scaffolds was used to determine their swelling percentage (S%) as fol-
lows: S (%) = (Vw / Vd) * 100.

Scaffolds’ dynamic contact angle was measured using the captive
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bubble method with an automated Contact Angle Goniometer (Ramé-
hart Instrument Co., NJ, USA). After hydrating the U and M samples
(1cm?) of P1-P5 scaffolds in supplemented DMEM (24 h, room tem-
perature), each sample was fixed in the holder of the device and sub-
merged in DMEM. Then, air (6 pL) was injected beneath the sample’s
surface, and digital images of the forming bubble were taken. Each
evaluation was repeated three times.

The electric surface potential (Zeta potential) of U and M zones of P1-
P5 scaffolds was measured with a Zetasizer Nano ZS (Malvern In-
struments, UK). Samples (0.2 g) were placed in 2 mL of PBS (20 mM, pH
7.4) for 12 h and homogenized with an ultra-turrax homogenizer system
(IKA 3737001 T10 basic, Cole-Palmer, UK) at 3000 rpm for 10 min. Five
measurements were made per scaffold (100 runs each) at 25 °C.

2.4.4. Conduits tensile properties

Scaffolds (4 cmz) wetted in culture medium (DMEM) for 24 h were
rolled from the unidirectional to the multidirectional zone to form
conduits that had the unidirectional zone inside and the multidirectional
zone outside. Each zone had the same area. The Young’s modulus of the
resulting NC (non-cross-linked control) and P1-P5 conduits was deter-
mined with a traction assay carried out in a micro material testing
machine (MMT, Shimadzu), equipped with a 101 N load cell, at a speed
of 1.0 mm/min until the conduits ruptured. Samples were stretched in
the direction of the unidirectional pores. The Young’s modulus of the
conduits was calculated from the slope of the stress-strain curves. Three
measurements per each sample were made.

2.5. Cytocompatibility evaluation

2.5.1. Isolation and purification of Schwann cells

Schwann cells were isolated and cultured following described pro-
tocols [30,31]. The sciatic nerves of 10-12 pup mice (2-5 days old) were
dissected, cleaned, excised, and placed (40 min at 37 °C) into culture
plates containing 0.25% trypsin and 0.1% collagenase type I in DMEM
without Fetal Bovine Serum (FBS). The enzymatic digestion was halted
by adding 40% FBS in Hank’s balanced solution; the suspension was
centrifuged (400 xg, 10 min). The cell pellet was resuspended in DMEM
supplemented with 10% (v/v) FBS, 100 IU/mL penicillin, 100 pg/mL
streptomycin, and 0.5 pg/mL amphotericin B, and then poured in cul-
ture plates (35 mm diameter) pre-coated with poly-L lysine. After
incubating for 24 h (5% COs, 37 °C), medium was replaced with DMEM
supplemented with 10 pM cytosine-f-arabinofuranoside hydrochloride,
cultures incubated for an additional 48 h, and medium replaced by
complete DMEM supplemented with 10 nM heregulin pl and 2 pM
forskolin [31]. Complement-mediated killing was carried out to elimi-
nate contaminating fibroblasts. For this, cultured cells were scraped,
centrifuged (400 xg, 10 min), resuspended in 60 pL of rat IgG anti-
mouse Thy 1.2, and incubated (30 min, 37 °C). Then, rabbit serum
was added and cells were incubated for an additional 60 min (37 °C).
After this time, they were washed three times with PBS and cultured
with DMEM supplemented with 5 ng/mL PDGF-AA, 10 ng/mL bFGF, 10
nM heregulin-p1 and 2 pM forskolin (Schwann cell induction medium)
[32] until 80% of confluence was reached. Isolated cells were charac-
terized using rabbit polyclonal IgG antibody S100b (1:50) and second-
ary goat anti-rabbit IgG H&L (FITC) (1:100). Positive cells in 5th or 6th
passage were used in all experiments.

2.5.2. Isolation and characterization of human adipose stem cells (hASC)

Stem cells derived from human adipose tissue (hASC) were isolated
from a healthy young donor lipoaspirate with signed informed consent.
Primary cultures were obtained by modifying a described methodology
[33]. Briefly, tissue (3 g) was incubated (1 h, 37 °C) with 10 mL of
collagenase type I (2 mg/mL) in DMEM serum-free. After digestion,
DMEM supplemented with 10% FBS was added, and the sample was
filtered with a cell strainer (70 pm). The resulting suspension was
centrifuged (300 xg, 10 min), the pellet was resuspended, and cells
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seeded (5 x 10° cells/cm?) in DMEM supplemented with FBS (10% v/v),
penicillin (100 IU/mL), streptomycin (100 pg/mL), amphotericin B (0.5
pg/mL), and incubated (5% CO,, 37 °C). The medium was changed
every third day until culture reached 80% of confluence. For cell
expansion, cultures were sub-cultured three times using the same
medium.

Third passage cells were scraped (0.25% trypsin, 0.025% EDTA) and
the resulting suspension centrifuged (300 xg, 10 min). Samples (5 x 10*
cells/mL) were taken, incubated (30 min, 4 °C in the dark) with an
antibody (PerCP/Cy5.5 anti-human CD105, FITC anti-human CD90, PE
anti-human CD73, PE/Cy7 anti-human CD45, APC anti-human CD34),
and washed three times with 1x PBS to evaluate their cell surface pro-
tein profile (positive CD105, CD90, CD73, negative or low expression
CD45 and CD34). Each sample was analyzed by FACScantoll BD flow
cytometry, recording 20,000 events per sample. Adhesion to the culture
plate and differentiation into adipocytes, chondrocytes and osteoblasts
were also assessed. For differentiation analyses StemPro™ (adipo-
genesis, chondrogenesis, and osteogenesis) differentiation kits were
used, following the manufacturer’s specifications. Oil Red O (7-14
days); alcian blue (14 days); alkaline phosphatase (7 days) and alizarin
red S (21 days) were used to confirm differentiation.

2.6. Immunohistochemical evaluation

Scaffolds seeded with primary Schwann cells (2 x 10%/cm?) and
incubated for 14 days were fixed with 4% paraformaldehyde (pH 7.4;
4°C; 24 h), washed with 1 x PBS, dehydrated, and embedded in paraffin.
Samples were sectioned (6 pm), deparaffined (60 °C), and rehydrated.
The antigenic recovery was made using antigen unmasking solution for
30 min. Samples were incubated individually with rabbit polyclonal IgG
antibody S100b (1:200), and rabbit polyclonal IgG p75NTR (1: 250) for
1 h at room temperature. Thereafter, they were washed three times and
processed with Vectastain ABC kit peroxidase rabbit IgG following
manufacturer’s indications. Antigens were detected with DAB peroxi-
dase substrate kit, and samples were counterstained with hematoxylin.
Stained slides were observed under a light microscope (Nikon ECLIPSE
55i, Nikon, Tokyo, Japan).

2.7. Cytocompatibility evaluation

The cytocompatibility of the scaffolds was assessed by evaluating
their cytotoxicity on RSC96 and primary Schwann cells and by moni-
toring the proliferation of primary Schwann cells and primary hASC
seeded in the scaffolds. The cytotoxicity of NC and P1-P5 scaffolds was
evaluated following ISO 10993-5 [34]. The cell line RSC96 (ATCC®
CRL2765™) and primary Schwann cells were seeded in 96-well plates
a x 10* cells/100 pL medium) and incubated (37 °C, 5% CO3, 24 h) in
supplemented DMEM. Then, the culture medium was replaced by
extraction medium (DMEM pre-incubated for 24 h with 1 cm? of each
scaffold and sterilized by filtration) and cells incubated (37 °C, 5% CO,
24 h). Sterile DMEM supplemented with 25% DMSO and DMEM incu-
bated with 0.2 g/mL silicone were used as positive and negative con-
trols, respectively. Medium was removed, 50 pL of MTT (1 mg/mL) was
added and samples were incubated for 2 h (37 °C, 5% COy). After dis-
carding the MTT, isopropanol (100 pL) was added, and the absorbance
measured at 570 nm (TRIAD Multimode Microplate Reader).

For Schwann cell proliferation experiments, cells (2 x 10%/cm?)
were seeded in the U zone of the scaffolds and incubated (5% CO»,
37 °C) for 24 h, 7 and 14 days with DMEM (supplemented with10% (v/
v) FBS, antibiotic-antimycotic, MEM vitamin solution, sodium pyruvate
solution, 10 nM heregulin-p1, and 2 pM forskolin) [31]; medium was
changed every three days. A vibrant® MTT kit was used where the in-
cubation time suggested by the manufacturer was modified from 4 h to
3 h. The formazan produced was solubilized with dimethyl sulfoxide
(DMSO) and the absorbance of the samples was measured at 570 nm
(Dynex Technologies). Cell distribution and alignment in the scaffolds
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were evaluated with a vybrant™ CFDA SE cell tracer, following the
manufacturer’s specifications.

For the hASC proliferation experiments cells (2.0 x 10%) were seeded
in the U zones of the P3 scaffolds (8 mm [@], 2 mm [H]), which then
were divided into two groups. Group I was incubated (5% CO, 37 °C)
with DMEM supplemented with 10% FBS for 14 days changing medium
every third day. Group II was incubated (5% CO, 37 °C) with DMEM
supplemented with 1 mM p-mercaptoethanol (Schwann cell pre-
induction medium) for 24 h, medium removed, cells washed with 1x
PBS and incubated (5% CO5, 37 °C) with Schwann cell induction me-
dium [32]. The induction medium was changed every third day, and
proliferation at 24 h, 7, and 14 days evaluated using the Vibrant® MTT
kit.

2.8. Animal experiment

Animals used were manipulated following the ARRIVE guidelines of
the National Centre for the Replacement, Refinement & Reduction of
Animals in Research [35]. The protocol was approved by the Ethics
Committee of the Faculty of Sciences of the Universidad Nacional de
Colombia (Act 07-2015). Twenty-one male Wistar rats (12 wk.; 250 g),
were randomly divided into three groups, of 7 animals. For the pro-
cedure, each animal was anesthetized (peritoneal injection of ketamine,
70 mg/kg; xylazine, 10 mg/kg) and at random a thigh was chosen,
shaved, and cleaned with ethanol (70%) before making an incision in
the skin without affecting muscles. Once exposed, the sciatic nerve was
transected to remove a segment of 10 mm. In the first group (I) of ani-
mals, the segment of the severed nerve was inverted and reimplanted. In
the second group (1), a conduit made with a P3 scaffold pre-moistened
with PBS was attached to the nerve stumps with fibrin sealant (Tissel,
Baxter) and sutured (ethilon 9-0 epineural round tip). In the third group
(IID), the sciatic nerve gap was left unbridged. A plastic surgeon and two
veterinaries carried out the surgeries. Thereafter, animals were kept in
individual cages with food and water ad libitum and tramadol (5 mg/g)
was injected subcutaneously to control the animal pain. Evaluation of
pain, stress, and distress produced by the surgical procedure was carried
out according to published guidelines [36]. Healing was monitored by
assessing the signs described in the National Research Council Guide for
the Care and Use of Laboratory Animals [37]. The animals were sacri-
ficed 12 weeks after grafting.

2.9. Walking track analysis

Following a described methodology [38], a walking track analysis
was carried out at weeks 4, 8, and 12 to calculate the sciatic functional
index (SFI). For each animal, the footprints of both the grafted (E) and
normal (N) limbs were digitalized and measured using the ImageJ
program. The distances from the heel to the tip of the third toe (print
length-PL), the first to the fifth toe (toe spread-TS), and the fourth to the
second toe (intermediary toe spread-ITS) were measured and the SFI was
calculated according to the following equation: SFI = —38.33((EPL —
NPL) / NPL) + 109.5 ((ETS — NTS) / NTS) + 13.3 ((EITS — NITS) /
NITS) — 8.8 [38]. In these test SFI values equal to 0 and —100 corre-
spond to non-injured and completely transected sciatic nerves,
respectively.

2.10. Muscle-mass ratio and Masson'’s Trichrome staining

Once the animals were sacrificed, the gastrocnemius muscle of the
implanted thigh and that of the non-implanted thigh were dissected and
fixed (4% paraformaldehyde, 24 h) to assess the muscle-mass ratio. For
this, wet muscles of injured (Wi) and healthy contralateral sides (Wh)
were weighed after removing the excess of paraformaldehyde and the
ratio Wi/Wh was determined [39]. For the histological evaluation of
muscle atrophy, the gastrocnemius muscle fragments (5-8 mm) were
dehydrated, embedded in paraffin, and processed with a microtome to
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obtain cross-sections (5 pm) that were stained with Masson’s Trichrome.
Sections were observed under the light microscope (Olympus BX51).

2.11. Axonal density, diameter and myelin sheath thickness

For the histomorphometric analysis, the nerves were fixed with
glutaraldehyde (4%, 24 h) and the areas of the nerve near the distal
coaptation site were transversely cut into thin sections (1 mm). The
contralateral uninjured nerve served as normal control. Sections were
fixed with osmium tetroxide (1%, 2 h), dehydrated, embedded in Epon
resin, and the blocks processed to obtain sections of 1 pm of thickness,
which were stained with 1% toluidine blue [40]. The images were
captured, digitized, and analyzed with the ImageJ program to determine
axonal density, axon diameter, and myelin sheath thickness. In addition,
nerves randomly chosen from each group were fixed with para-
formaldehyde (4%), washed, embedded in Cryomatrix, frozen, and cut
lengthwise (5 pm) with a cryostat. Slides were observed under a fluo-
rescent microscopy (100x) (Olympus BX51) at a wavelength of 495 nm
to visualize the longitudinal arrangement of the fibers of the repaired
axons.

2.12. Statistical analysis

Data are shown as the mean =+ the standard deviation (SD). A one-
way ANOVA test was used to evaluate differences between the sam-
ples, which were significant when p < 0.05 or p < 0.01.

3. Results
3.1. Macroscopic appearance of scaffolds

The macroscopic appearance and ESEM analysis of the laminar bi-
zonal scaffolds are shown in Fig. 1. A scaffold diagram shows the gen-
eral organization and pore orientation of the U, I and M regions of the
roll-up sheet (Fig. 1A). The stereoscopic observation of cross-linked
scaffolds confirmed the presence of U and M continuous zones, each
with different pore orientations (Fig. 1B). Scaffolds were moistened with
Dulbecco’s Modified Eagle’s Medium (DMEM) -which is red- in order for
them to fold from the unidirectional to the multidirectional zone. On
account of this the conduit formed with an axially oriented internal filler
wrapped by the scaffolds’ zone with multidirectional pores turned red
(Fig. 1C). The size of a laminar scaffolds is 10 cm?. One sheet can be cut
to obtain several 1 cm? scaffolds with two clearly differentiated and
continuous U and M zones. Once moistened, these scaffolds can be fol-
ded and adjusted according to the diameter of the nerve stumps
(Fig. 1D).

3.2. Environmental scanning electron microscopy (ESEM) of scaffolds

Representative ESEM images of U and M zones of NC and P1-P5
scaffolds are shown in Fig. 2. In all cases, the longitudinal sections
clearly evidenced the continuity of the U and M zones (Fig. 2A). This
continuity was also observed in the cross-sections of these scaffolds
(Fig. 2B). All the cross-sections of the scaffolds presented well-defined
pores in their U zones, apparently, with larger size than those in the M
zones. This later zone also appeared to have higher fiber density than the
U zone. The enlarged view of the M zone cross-sections of all scaffolds
(Fig. 2C) showed pores that were heterogeneously shaped and, appar-
ently, with low interconnectivity. The enlarged view of the U zones
showed pores with a more homogeneous shape (Fig. 2D). Continuous
channels were observed in the longitudinal sections of all U zones
(Fig. 2E).

3.3. Fourier transform infrared spectroscopy (FTIR)

The results of the FTIR analysis of the scaffolds are shown in Fig. 3.
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Fig. 1. Macroscopic appearance of the scaffold and conduit. (A) Diagram of the laminar roll-up scaffold. (B) Stereoscopic image of the scaffolds U and M continuous
zones. (C) Cross-section of a conduit made from bi-zonal laminar scaffolds. (D) Longitudinal image of conduit. U: unidirectional zone; I: interface zone; M: multi-

directional zone.

The spectra of all samples show the characteristic signals of the type I
collagen included as a control (C), confirming that conduit
manufacturing does not denature native collagen. The observed absor-
bance peaks are amide-A (N-H stretch) at 3334 cm ! (M zones) and at
3307 cm ™! (U zones); amide-I (C=0 stretch) at ~1660 cm ! (M zones)
and 1654 cm ™! (U zones); amide-II (C-N stretch, N-H bend combination)
at ~1557 cm™! (M zones) and 1551 cm ! (U zones), amide-III (C-N
stretch, N-H bend, C-C stretch) at ~1239 em™! for both zones. In
contrast, gelatin spectrum was different.

3.4. Pore size and porosity

Pore size data from wet scaffolds (Fig. 4) indicates that the dispersion
of the pore size was greater in the M zones than in the U zones, also, that
there were no significant differences between the pore size of both zones
(Fig. 4A, B). The value range for the M zones was 100-500 pm with an
average of 286.6 & 129 pm, while the range for the U zone was 100-400
pm with an average of 211.3 + 100 pm. In addition, the differences
between the mean pore size of the M and U zones were significant (p =
0.00269 x 10~5). The evaluation of porosity is presented in Fig. 4C. Both
zones are highly porous, however, the porosity, although not signifi-
cantly different, was higher in zones M (>90%) than in zones U (>80%).
Moreover, porosity was not affected by the concentration of the cross-
linking agent and was similar to the porosity of the NC scaffolds.

3.5. Cross-linking degree, residual glutaraldehyde, and enzymatic
degradation of the scaffolds

The assessment of the free amino groups in each scaffold was used to
indirectly measure their cross-linking percentage (Fig. 5A). The U zone
of the P1-P3 scaffolds — made with the collagen dispersion of 5 mg/g and
cross-linked with the lower concentrations of glutaraldehyde (0.02 and
0.04 v/v) - showed significantly higher (p < 0.05) cross-linking degree
than the M zones of these scaffolds, that were made with the collagen
dispersion of 8 mg/g. When 0.06, 0.08 and 0.1% glutaraldehyde was
used there were no significant differences between the cross-linking
percentages of the U and M zones of the scaffolds, and the cross-
linking degree did not increase when glutaraldehyde concentration
was increased. Comparison of the cross-linking percentages of the U
zones shows that there were significant differences between NC and P1
and P2-P5 scaffolds, and no differences between P2-P5 scaffolds. When
the M zones were compared there were significant differences between
NC, P1, and P2 with P3-P5 scaffolds, and no differences were found
between P3-P5 scaffolds.

The multidirectional P1 and P2 samples did not have residual
glutaraldehyde, and the P3-P5 samples had less than 6.0 x 10™* mg
glutaraldehyde/mg scaffold. Residual cross-linker increased when
glutaraldehyde increased, and the cross-linker concentration in the M
zones was significantly lower (p < 0.05) than in the U zones for all the
scaffolds (Fig. 5B). In the U zones of P1-P5 scaffolds residual glutaral-
dehyde increased and was higher than that observed in the M zones.

Fig. 5C and D, respectively, shows the percentage of degradation of
M and U zones. Both zones of the NC scaffolds were fully degraded after
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A

Fig. 2. ESEM evaluation of the scaffolds. Representative images of non-cross-linked (NC) and cross-linked P1-P5 scaffolds. (A) Longitudinal sections. (B) Cross-
sections. (C) Enlarged cross-sections of scaffolds’ M zones. (D) Enlarged cross-sections of scaffolds’ U zones. (E) Enlarged longitudinal-sections of scaffolds’ U
zones. Arrows point the interphase between the scaffolds’ U and M zones. Scale bars: 500 and 200 pm.

24 h of digestion oppositely to the cross-linked P1-P5 scaffolds. In fact,
most of the M zones of the P1 scaffolds degraded completely in 30 days,
while the U zones of these scaffolds did so after 14 days. Also, the
degradation percentages of the M zones of the P1 scaffolds were not
significantly different (p > 0.05) from those of the M zones of the P2
scaffolds. However, the degradation percentages of the U zones of the P1
scaffolds were significantly (p < 0.05) higher than those of the U zones
of the P2 scaffolds. At the same time, the degradation percentage of both
zones of P3-P5 scaffolds were the lowest. On day 30, the percentage of
degradation of these M scaffold zones was between approximately 45%
and 65%, and that of the U zones was between approximately 45% and
50%. In general, the data indicates that at 30 days the U zones of the P3-
P5 scaffolds degraded less than the M zones; also, that this degradation

decreased when the concentration of cross-linker increased.
3.6. Liquid sorption capacity, swelling, contact angle, and Zeta potential

Table 1 shows the liquid sorption capacity (LSC) of PBS, swelling (S),
contact angle (CA), and Zeta potential of NC and P1-P5 (M and U zones)
samples. The LSC was significantly higher (p < 0.05) for the M zones
than for the U zones in all scaffolds; it was also higher for P1-P5 than for
the NC scaffolds. This parameter did not vary with the concentration of
glutaraldehyde used as cross-linker because there were no significant
differences (p > 0.05) between P1-P5 scaffolds. The swelling percentage
of P1-P5 scaffolds was higher, in both zones, than in those of the NC
scaffolds.
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The assessment of the contact angle showed CA values above 50° and
below 90° for all scaffolds, and no significant differences between M and
U zones of the scaffolds. The Zeta (Z) potential of the controls, in both
zones, was significantly (p < 0.05) higher than that of the P1-P5 scaf-
folds. This parameter was higher in both zones of P1samples than in
those of the P2-P5 scaffolds. Negative values were only seen in the M
zones of P3-P5, and there was no significant difference (p > 0.05) be-
tween them. In P2-P5 scaffolds, the Z potential of the M zone was
significantly (p < 0.05) lower than that of the U zone.

3.7. Tensile properties of the conduits

The evaluation of tensile stress-strain experiments (Fig. 6) indicated

that Young’s modulus of the conduits prepared with the P1-P5 scaffolds
increased when the concentration of the glutaraldehyde used as cross-
linker increased. The Young’s modulus values found were 0.027,
0.064, 0.230, 0.437, 0.876 and 0.983 MPa, respectively. Young’s
modulus of conduits made with NC, P1, and P2 scaffolds was not
significantly different; however, conduits made with scaffolds P3, P4,
and P5 had higher (p < 0.05) Young’s modulus than the NC control.

3.8. Microscopic and immunohistochemical evaluation of Schwann cell
cultures

A representative image of primary Schwann cell cultures shows
spindle-shaped cells, mostly with small bodies (Fig. 7A). Moreover,
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Fig. 5. Assessment of cross-linking percentage, residual glutaraldehyde, and percentage of degradation of the scaffolds. (A) Cross-linking percentage. (B) Residual
glutaraldehyde. (C) Degradation percentage of NC (non-cross-linked), and cross-linked (P1-P5) scaffolds. Significant differences: *p<0.05; **p<0.01; ns.: p>0.05.

Table 1
Liquid sorption capacity, swelling, contact angle, and Zeta potential.

NC P1

P2 P3 P4 P5

Multidirectional zone

Liquid sorption capacity (%)* 2288.2+433.3 5803.6+210.1

Swelling (%)* 39.9+9.9 108.0+5.1

Contact angle 63.9+4.8 53.4+0.9

Z potential (mV) 9.5+1.0 7.0+£1.9

Unidirectional zone

Liquid sorption 20.3+4.3 56.0+5.6
capacity (%)*

Swelling (%)* 31.248.2 94.2+12.0

Contact angle 62.949.1 50.0+9.2

Z potential (mV) 9.8+0.3 8.3+0.7

5662.2+340.0 5184.9+200.1 5688.3+118.9 5035.0+213.0

115.6+10.0 109.1+9.6 103.8+3.7 108.18+16.85
62.3+9.6 76.5+£6.6 70.04+6.3 72.30£7.9
0.84+2.0 —0.8£1.0 —0.1£1.2 -1.3+1.6
62.1+5.2 60.9+4.9 61.8+5.8 60.1+7.9
111.34+11.1 96.5+11.6 115.1+10.1 99.1+£7.9
76.58+12.16 73.3+£9.7 81.7+8.6 72.3+6.8
1.3£2.0 1.1£+1.0 3.8+1.2 1.3£0.6

* There were no significant differences (p > 0.05) between M zones of P1to P5 scaffolds and between the U zones of these scaffolds.

immunolabelled cultures confirm the presence of spindle-shaped cells
S100b positive (Fig. 7B). The in vitro tracing of cells labeled with car-
boxyfluorescein diacetate succinimidyl ester (CFDA) seeded in the U
zone of P1-P5 scaffolds confirmed the adhered cells were aligned with
the unidirectional collagen type I fibers. Inmunolabelling demonstrated
the seeded cells were S100b and p75 positive, and their adhesion to fi-
bers of the unidirectional zones of the scaffolds (Fig. 7C).

3.9. Isolation and differentiation of human adipose stem cells

Inverted microscope analysis of isolated hASC incubated with DMEM

demonstrated the presence of fusiform and polygon shaped cells
adhered to the culture plate, osteogenic differentiation and cell differ-
entiation to adipocytes, chondrocytes. The immunophenotype measured
by flow cytometry showed that only 2.5% and 5.1% of cells were posi-
tive for CD 34 and CDA45, respectively. Also, that 99.8%; 99.1%; and
71.8% of the isolated cells were positive for CD73, CD90, and CD105,
respectively (Supplementary material, Fig. 1).

3.10. Evaluation of cytocompatibility

The cytocompatibility of the scaffolds was assessed by evaluating
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their cytotoxicity on RSC96 and primary Schwann cells, and by
measuring the proliferation of primary Schwann cells and hASCs in the
scaffolds (Fig. 8). The RSC96 cells - incubated with extracts from a
negative control (silicone) and all the scaffolds - showed viability per-
centages higher than 70% of the blank viability (RSC96 cells cultured
with supplemented DMEM). On the contrary, the viability was below 8%
when they were incubated with the positive control extract (DMSO)
(Fig. 8A). Primary Schwann cells incubated with negative control and
NC and P1-P3 extracts showed viability percentages above 70%; how-
ever, when incubated with positive control and P4 and P5 extracts, they
had viability percentages below 60% (Fig. 8B).

The proliferation of primary Schwann cells in the U zone of P1, P2
and P3 was significantly higher (p < 0.05) than in the U zone of the P4
and P5 scaffolds at 7 days. Additionally, no significant differences were
found between P1, P2 and P3 (p > 0.05). On day 14 the number of cells
in scaffolds P1, P2, and P3 were not significantly different from the
number of cells counted on day 7 (p = 0. 078; p = 0.69; p = 0.58,
respectively). However, it was significantly different from day 7 in the
P4 and P5 scaffolds (Fig. 8C).

The proliferation of primary hASCs, with or without the Schwann
cell induction medium, was only assessed in the P3 scaffold because it
was the only one that was partially degraded at 30 days and at the same

Materials Science & Engineering C 121 (2021) 111838

time it was cytocompatible with the RSC96 cell line and primary
Schwann cells. The proliferation of primary hASCs seeded in the U zone
of the P3 scaffolds was significantly higher (p < 0.05) with the Schwann
cell induction medium than that observed without it. The number of
hASCs increased significantly (p = 1.9 x 107°®) on day 14 compared to
day 7 of culture with the induction medium, and on day 7 compared to
day 3 in the cultures made without it (Fig. 8D). The hASCs cultured with
or without Schwann induction medium and stained with DAPI and
S$100b antibody are shown in Fig. 8E. The hASCs cultured in DMEM were
S$100b negative, while those cultured in the Schwann induction medium
were S100b positive. Furthermore, cells appeared aligned along the
unidirectional collagen fibers of the P3 scaffold.

3.11. Animal experiment

Animal footprints and surgical images of the healthy sciatic nerve,
autograft, P3 grafted nerve, and sectioned sciatic nerve - the day of
surgery and after 12 weeks - are shown in Fig. 9. This figure also presents
microscopic images of the repaired nerves and the gastrocnemius mus-
cle. The footprints of the control (Fig. 9A), autograft (Fig. 9B), P3
conduit-grafted (Fig. 9C) and non-grafted (Fig. 9D) animals indicate that
all, except the controls, had flexion and toe contracture and that this
contracture was more noticeable in the non-grafted rats. Although ani-
mals grafted with the P3 conduit did not fully extended the toe, they
showed less contracture and an increase in toe extension similar to that
seen in the autograft group at 8 and 12 weeks after surgery.

Images were taken before and after implantation to follow the
appearance of the sciatic nerve. Fig. 9E shows a sciatic nerve before
surgery. Images of the sciatic nerves bridged with the autograft (Fig. 9F),
the P3 conduit (Fig. 9G), and non-grafted (9H) were captured during the
surgeries. Twelve weeks later, when the experiment was concluded, the
autograft coapted the stumps of the transected nerve (Fig. 9I), and in the
animals grafted with the P3 conduit it was remodeled and replaced with
nerve tissue similar in diameter to the distal stump and autologous
grafted nerve (Fig. 9J). As expected, disorganized neural sprouts that did
not reach the distal stump were observed in the non-grafted rats
(Fig. 9K).

The histological analysis of the dissected nerves showed uniform
myelinated axons with large diameters in the healthy nerve used as a
control (Fig. 9L). In the autograft (Fig. 9M) and in the nerve grafted with
the P3 conduit (Fig. 9N) myelinated axons of medium and small diam-
eter were seen, grouped in small bundles and distributed along the cross-
section of the nerve. However, in P3-grafted nerve, the asymmetry of the
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Fig. 7. Microscopic and immunohistochemical evaluation of Schwann cell cultures. (A) Primary Schwann cells. (B) Culture of Schwann cells S100b immunolabelled.
(C) Schwann cells seeded in the unidirectional (U) zone of cross-linked scaffolds stained with vybrant™ CFDA, and immunolabelled with anti-S100b and p75N™
antibodies. Dashed arrows point oriented pore/channels. Scale bars: 50 and 100 pm.
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Fig. 9. Footprints, surgical and post-surgical images, and microscopic images of the repaired nerves and the gastrocnemius. Footprint of (A) Healthy, (B) Autograft
implanted, (C) P3-grafted, and (D) Non-grafted animals. Surgical images of (E) Healthy sciatic, (F) Autograft implanted, (G) P3-grafted, and (H) Transected sciatic
nerves. Images 12-week post-surgery of (I) Autograft, (J) P3-grafted, and (K) Non-grafted nerves. Cross-sections of (L) Healthy, (M) Autograft, (N) P3-grafted, and (O)
Non-grafted nerves stained with toluidine blue. Autofluorescence images of nerve fiber fascicles from: (P) Healthy, (Q) Autograft, (R) P3-grafted, and (S) Non-grafted
nerves. Histological analysis of gastrocnemius muscle from: (T) Healthy, (U) Autograft implanted, (V) P3-grafted, and (W) Non-grafted animals. White arrows on (F)
points the coaptation sites. Scale Bar (L-O images: 20 pm; P-S images: 200 pm; T-W images: 100 pm). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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axons was higher than in the autografted nerve. Few axons, abundant
connective tissue, and absence of bundles were observed in the non-
grafted sectioned nerve (Fig. 90).

Longitudinal images of nerve fiber fascicles, visualized by auto-
fluorescence, showed unidirectionally oriented nerve fibers in the
healthy nerve (Fig. 9P) and in the nerve that received the autograft
(Fig. 9Q). In the nerve grafted with the P3 conduit, the fibers were also
oriented unidirectionally, however, their density was lower than in the
previous cases (Fig. 9R). In the non-grafted injured nerve, the fibers
were not organized (Fig. 9S). Cross-sections of the gastrocnemius muscle
stained with Masson’s trichrome show the characteristic polygonal
shapes of healthy muscle (Fig. 9T). These polygonal shapes are also
observed in the muscle of the animals implanted with the autograft
(Fig. 9U) and with the P3 conduit (Fig. 9V), however, in these groups
muscle has been replaced by collagen (blue stain) and adipose tissue
(septate white space). In the non-grafted group, atrophic muscle fibers
with irregular appearance, fibrous connective tissue and blood vessels
are observed (Fig. 9W).

The sciatic functional index (SFI) was calculated to quantitatively
assess the recovery of locomotor movement (Fig. 10A). The SFI was not
determined in the first two weeks because the animals could not extend
their toes. The SFI values at 4 and 8 weeks were significantly lower (p <
0.05) for the non-grafted animals than for the autografted and P3 grafted
animals, and no significant differences were observed between these last
two groups (p = 0.618). At week 12, a partial recovery of locomotor
function was observed in the two grafted groups, which was not
significantly different (p = 0.999). Most of non-grafted animals per-
formed autotomy on two or more fingers at week 12. For that reason, the
SFI of this group was not determined after week 8.

As a result of denervation of target muscles sciatic nerve injury can
lead to muscle atrophy. After weighting the wet muscles of the injured
(Wi) and healthy (Wh) sides the ratio Wi/Wh was determined. The an-
imals implanted with the autograft had a higher ratio than the animals
grafted with P3, however, the difference was not significant (p = 0.083).
In the non-grafted animals, this ratio was significantly lower than in the
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animals that received the autograph (p = 0.003) and in the animals
grafted with P3 (p = 0.031) (Fig. 10B).

The histomorphometric analysis showed similar axonal density in
the healthy and grafted animals (p > 0.05). There were no significant
differences between the autograft and P3 conduit grafted animals (p =
0.999). In the non-grafted group, this parameter was significantly lower
than in the autograft (p = 0.018) and P3 conduit (p = 0.020) implanted
groups. The diameter of the axons in the two grafted groups was similar
(p = 0.283), however, autograft and P3 nerves diameters were signifi-
cantly lower than those of the healthy control (p= 0.004 and p = 1.2 x
10~* respectively). This parameter was significantly lower in non-
grafted animals than in the autograft (p = 0.006) or P3 conduit graf-
ted (p = 0.001) animals. Myelin thickness was similar in healthy,
autograft (p = 0.709), and P3 grafted (p = 0.059) animals, and there
were no differences between both grafted groups (p = 0.432). However,
it was significantly lower in the non-grafted than in the healthy (p = 5.2
X 10_4), autograft (p = 0.007), and P3 grafted (p = 0.001) animals.

4. Discussion

The regeneration of peripheral nerve injuries continues to be a
challenge for clinicians and researchers. Nerve autografts have been the
gold standard treatment for large injures [10,41]. This approach is
limited by the availability of autologous nerves, because autografts are
not always successful and may result in loss of sensitivity and motor
function. Different conduits have been developed to guide axonal cone
growth in the injured peripheral nerves that, as a result of the size of the
lesion, cannot regenerate spontaneously. Although most of these con-
duits work in nerve defects smaller than 3.0 cm, their use in longer in-
juries is controversial [8,10]. For that reason, research on new devices
that promote guided regeneration of peripheral nerve is still required.

Scaffolds with oriented microstructure impact morphology and
behavior of the cells that grow within them [21,42]. Previous works
reported on the production of cylindrical collagen nerve guides with
longitudinal channels that promote directed axonal growth [24,25].
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These guides were prepared using a patented unidirectional freezing
procedure [43] in which a collagen dispersion containing elastin was
cooled in a way that ice crystals grew in the form of finger-like structures
- vertically from the bottom to the top of the cooling dispositive. The
sponges with longitudinal channels obtained after lyophilization were
punched to make cylinders with longitudinal oriented channels with
fixed diameters and length.

In this work, 5 mg/g and 8 mg/g collagen type I dispersions were
sequentially frozen using different methods to obtain laminar scaffolds
(10 ecm?®) formed by a unidirectional (U) pore zone adjacent to a
multidirectional (M) pore zone. The scaffolds were designed to form
nerve conduits filled with an inner matrix with horizontal axial chan-
nels, which is covered by the multidirectional pore zone. These nerve
conduits can be adjusted to the diameter of the stumps of a sectioned
peripheral nerve. The concentration of type I collagen was higher in the
M zone surrounding the conduit than in its internal U zone. This was
done with the intention to hinder fibroblast migration toward the uni-
directional pores/channels that guide axon migration and Schwann cell
adhesion and proliferation, and also to ensure mechanical protection of
the intervened nerve. This novel design allows to obtain adjustable
nerve conduits with a diameter that depends on the number of folds
made in the unidirectional zone of the scaffold. The freezing procedure
used to prepare the U zone, promoted horizontal ice crystal nucleation
(under a temperature gradient). The one used to prepare the M zone
promoted random ice crystal nucleation at constant temperature
(—-25°Q).

Six scaffold prototypes (NC, and P1-P5), non-cross-linked or cross-
linked with different concentrations of glutaraldehyde, were prepared.
The pores formed in the unidirectional filler were continuous
throughout the entire conduit and had low interconnectivity, suggesting
that they could, in vivo, guide axonal growth avoiding disorganized
nerve sprouts. The diameter of the inner filler channels was within the
range of the diameters found for individual fascicles in human femoral
und upper extremity nerves (between 200 and 1000 pm) [44,45], which
suggests that the space they provide in vivo might allow fascicles to grow
and organize spatially. Although mean pore size of the M zones of all
scaffolds was significantly higher than the one of the U zone, both sizes
allow cell binding and diffusion of nutrients and waste material.

Gradual degradation of NGC allows guided axonal growth, while
preventing the conduits from compressing the nerve that is being
repaired [46]. Hence, an evaluation of the glutaraldehyde concentration
needed to obtain cross-linked scaffolds that gradually degrade while
sustaining the regeneration process was carried out. Non-crosslinked
control and crosslinked scaffolds with the lowest concentrations (P1
and P2) were completely degraded on day 30. In contrast, scaffolds
cross-linked with 0.06, 0.08, and 0.1% v/v glutaraldehyde (P3 to P5)
gradually degraded not exceeding a 60% degradation after 30 days.
However, residual glutaraldehyde from P4 and P5 was cytotoxic to
primary Schwann cells, and cellular proliferation in these scaffolds was
lower than in NC, P1, P2 and P3 scaffolds. These and the results from the
cytocompatibility assay carried out to evaluate primary Schwann
adhesion, proliferation and ability to preserve phenotype upon culture
on the scaffolds were considered to select scaffold P3 for the assessment
of hASC growth and differentiation, and to prepare the conduits used for
the animal experiment.

When grafted, the conduits are exposed to biological fluids; there-
fore, fluid handling capacity and hydrophilicity of the scaffolds predict
their ability to allow diffusion/flux of nutrients from the interstitial fluid
to the surviving nervous tissue [19]. Scaffold’s liquid sorption capacity
depends on its chemical composition and microstructure. This work did
not find significant differences in the porosity and pore size of the uni-
directional and multidirectional zones of the scaffolds. However, it
found that the directionality of the pore affected the liquid sorption
capacity of the scaffolds. In all cases, LSC values were higher in the M
than in the U zones, which might be explained by the collagen con-
centration used in their manufacturing. As the M zones had more
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collagen (8 mg/g) than the U zones (5 mg/g), they contained more
hydrophilic polymeric fibers than the U zones and retained more water
[26]. The network tortuosity of the M zones could also explain this result
at the microstructural level. The multidirectional zones of the scaffolds
might retain more liquid because they had more tortuous microstructure
than the unidirectional zones [47,48]. Finally, the CA values - above 50°
and below 90°- showed that all scaffolds had moderate hydrophilicity,
which allows them to retain water and interact with cells [49].

The tensile properties of nerve conduits should be known because in
vivo peripheral nerves are exposed to a tensile load that result in tensile
stress [50]. Additionally, nerve conduits must be flexible to avoid
compression of growing axons [12]. Young’s modulus of the conduit
made with the P3 scaffold (0.437 MPa) - chosen to evaluate the growth
of Schwann cells and the differentiation of hASC to Schwann cells-like -
is similar to the ones reported for decellularized sciatic nerve of rats
(0.576 + 0.16 MPa) [51]. This suggests that conduits made with P3
scaffolds might have the flexibility and resistance required to hinder
axon compression in vivo.

It has been demonstrated that cell adhesion, affinity and shape are
modulated by negatively and positively charged matrices. A previous
work has shown that fibroblast adhesion and proliferation in poly
(e-caprolactone) (PCL) scaffolds, positively and negatively charged, was
significantly different because fewer fibroblasts adhered to negatively
charged scaffolds than to the positively charged ones [52]. The surface
electric charge of conduits filled with fluids impact their biocompati-
bility when grafted in an injured nerve. Dorsal ganglia neurons and
Schwann cells adhere and proliferate in positively charged oligo-(poly-
ethylene glycol) fumarate (OPF) hydrogels [53]. As desired, in this work
the Z potential was negative in the M zones and positive in the U zones of
the P3-P5 scaffolds, suggesting the outer cover formed by the M zones of
these scaffolds might not favor adherence of fibroblasts, while the inner
unidirectional filling formed by the U zones might promote adhesion
and proliferation of Schwann cells in vivo.

The cytotoxicity and ability to promote cell growth in vitro of the
scaffolds are good predictors of their security and potential to interact
with the cells they intend to guide. It was clearly shown that P3 scaffolds
were non-cytotoxic for both primary Schwann cells and the neuronal
Schwann cell line RSC96. In the proliferation assay, we observed that the
number of primary Schwann cells on day 7 was not significantly
different from the number of cells counted on day 14 for P1, P2 and P3.
This result suggests that the cells entered a latency period probably
induced by the change of medium that took place at that time. The
number of Schwann cells in P4 and P5 increased from day 7 to day 14,
probably because with the change of medium the residual glutaralde-
hyde that remained in these scaffolds after crosslinking was washed
away.

The hASCs were used to further demonstrate the cytocompatibility of
P3 because they have the potential to become Schwann-like cells and
express neurotrophic factors NGF, BDNF, GDNF, and NT4 in the pres-
ence of Schwann cells [54,55]. In fact, after seeding them on the P3
scaffolds and incubating with Schwann’s induction medium, they
adhered and grew better than without this medium. The hASC cultured
with Schwann induction medium adhered (aligned in the same direction
as the unidirectional pore fibers), proliferated, and differentiated into
S100b positive cells with typical spindle-shaped Schwann cell
morphology. Overall, these data suggest the potential of the P3 conduit
to induce mesenchymal cell differentiation to Schwann cells in vivo.

Taking into account data from the in vitro evaluation of the scaffolds
(NC, P1-P5) and the tensile properties of the conduits made with them,
the adjustable P3 conduit was chosen to carry out the animal study. No
signs of inflammation were observed in animals implanted with the
autologous nerve or with the P3 conduit. Histological analysis showed
tissue with many myelinated axons in the distal portion of the grafted
nerves formed in all the animals of these two groups. The diameter of the
axons in the autologous and P3 implanted groups appeared smaller than
the one of the healthy nerve used as control, however, the
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histomorphometric analysis showed no significant differences between
them. Despite there were no significant differences in the axon number
and the thickness of the myelin sheath, the axons formed in P3-grafted
animals appeared less symmetrical than those formed in self-grafted
animals, indicating that the fibers were less mature in the first group
than in the second group. Overall, animal test shows that the P3 conduit
is biocompatible, integrates, and remodels when grafted into the sciatic
nerve injury, promoting nerve regeneration across its width.

The gastrocnemius muscle atrophies when the sciatic nerve is
injured. This results in a decrease in muscle weight and in structural
changes, including the formation of fibrotic connective tissue and fat,
which lead to the progressive deterioration of muscle function [55].
There were no differences in the weight of the gastrocnemius muscle
between the animals grafted with the autologous nerve and those graf-
ted with the P3 conduit. However, there were significant differences
between these two groups and the non-grafted animals. Overall, these
results confirm that grafting the sciatic nerve lesions evaluated in this
study with the P3 conduit leads to results similar to those obtained with
the autograft. Finally, the area of the laminar scaffolds that we produce
is 10 cm?, so the maximum length of a conduit would be 10 cm. An
animal model would have to be developed to find out the potential
limitations of grafting such conduits into a nerve gap of this length and
to determine whether conduits of this size are functional.

5. Conclusions

In this work, two collagen type I dispersions were cross-linked with
different concentrations of glutaraldehyde and frozen. Two freezing
procedures were used sequentially to obtain a dispersion with a unidi-
rectional pore/channel zone adjacent to one with multidirectional
pores. Lyophilization of the differentially frozen dispersion produced six
laminar scaffold prototypes with continuous unidirectional/multidi-
rectional pore regions. These scaffolds can be rolled-up from the uni-
directional to the multidirectional zone to form a conduit with a
diameter that can be adjusted to the diameter of the stumps of a
sectioned peripheral nerve, by controlling the folding of its unidirec-
tional part. Taking into account the physicochemical, microstructural,
and mechanical properties of the scaffolds, as well as their biodegrad-
ability, residual glutaraldehyde and cytocompatibility, the evaluation of
the proliferation and differentiation of hASC was carried out only in cells
grown in P3 scaffolds with Schwann induction medium. These cells
adhered, aligned in the same direction as the unidirectional pore fibers,
proliferated and differentiated into Schwann-like cells. The in vivo
evaluation of P3 conduits in a rat model of transected sciatic nerve re-
sults confirmed that the P3 conduit leads to results similar to those ob-
tained with the autograft. Overall, the results from this work highlight
the biocompatibility of the P3 conduit with the grafted sciatic nerve.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.msec.2020.111838.
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