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ARTICLE INFO ABSTRACT

Keywords: The current gold standard in peripheral nerve repair is nerve autografts for bridging gaps larger than a centimeter.
Peripheral nerve repair However, autografts are associated with a low availability and the loss of function at the donor site. Nerve
Electrospinning

guidance conduits (NGCs) made of biocompatible and biodegradable materials reflect suitable alternatives.
Clinically approved NGCs comprise either wraps that are rolled around the loose ends of the nerve or steady-state
tubes; however, both lack internal guidance structures. Here, we established self-rolling NGCs to allow for gentle
encapsulation of nerve cells together with supportive microenvironments, such as (1) an inner tube wall coating
with a bioactive spider silk film, (2) an inner tube wall lining using an anisotropic spider silk non-woven mat, or
(3) a luminal filler using an anisotropic collagen cryogel. Neuronal cells adhered and differentiated inside the
modified tubes and formed neurites, which were oriented along the guidance structures provided by the spider
silk non-woven mat or by the fibrillary structure of the collagen cryogel. Thus, our size-adaptable NGCs provide
several features useful for peripheral nerve repair, and distinct combinations of the used elements might support
and enhance the clinical outcome.
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1. Introduction Basically, there are several properties the NGC has to meet to increase

the success of the clinical outcome. The NGC must be biocompatible and

Peripheral nerve injuries, such as crushes or sections, can be con-
sequences of vehicle or industrial accidents, falls, or penetrating
trauma [1]. The peripheral nervous system in vertebrates reacts to
such injuries by active degeneration and regeneration [2,3]. Prob-
lematic are gaps, which are larger than 1 cm, thus, original nerve
function cannot be restored using bioinert nerve guidance conduits
(NGCs) [4,5]. In those cases, the current gold standard is nerve auto-
grafts, providing the extracellular matrix, viable Schwann cells, and
growth factors needed for optimal regeneration [6-8]. Therewith, a
physical guidance is given, allowing the nerve tissue cells to sprout
their axons from the proximal end to the distal stump [9]. Unfortu-
nately, the number of supplies in donor nerve tissue is limited and
nerve removal causes a loss of function at the donor site. Further, a
complete functional restoration cannot be guaranteed at the acceptor
site [6,10]. An alternative to nerve autografts is using artificial
NGCs [11-13].
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biodegradable to not provoke any immunological reaction or other side-
effects and to avoid compression caused by non-degraded components
[13]. The NGC must be flexible and soft because the gap to be bridged
might cross a joint but at the same time should possess enough stability to
be implanted by surgeons [13]. NGCs, which are mostly based on tubular
structures, should be semipermeable allowing the diffusion of gases and
nutrients but should avoid infiltration of inflammatory cells and scar
tissue formation. Furthermore, the presence of bioactive molecules and
adhesion of supporting cells, such as, for instance, Schwann cells, has
been found to be crucial [11-14].

Filler materials within the tubular structure can create a cell friendly
microenvironment promoting cell adhesion, proliferation, migration and
differentiation, and directed growth of neuronal cells and their neurites.
For instance, multilumen or microporous fillers, hydrogels or fiber con-
taining conduits, and microgrooves or nanoimprints on the inner wall
have been under investigation [11,12]. Another possibility is the use of
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cryogels, which provide a three-dimensional environment [15,16]
favorable for this application.

Clinically approved NGCs are either wraps that are rolled around the
loose ends of the nerve or steady-state tubes, in which both nerve ends
are inserted [17]. Those NGC variants are not modified with internal
guidance structures and they are made of either synthetic polymers,
such as polyglycolic acid (Neurotube®), polylactide-caprolactone
(Neurolac™) and polyvinyl alcohol (Salutunnel™), or collagen type I
(NeuraGen®, NeuraWrap™, NeuroMend™, NeuroMatrix™, Neuro-
Flex™) [17], which is an extracellular matrix protein also found in
peripheral nerves, providing myelinated axons with functional support
[12,18,19] and generally exhibiting excellent biocompatibility,
extremely low immunogenicity, chemotaxis, and biodegradability [20,
21].

Besides collagen, other naturally derived materials such as chito-
san and spider silk are promising candidates for NGC fabrication
because of their excellent compatibility with the human body. Chi-
tosan is a derivative of naturally occurring chitin, a by-product of the
seafood industry. It shows antimicrobial properties [22] and is used in
food, cosmetics, and pharmaceutical and biomedical applications [23,
24], including peripheral nerve repair [25,26]. Natural spider silk
fibers exhibit remarkable mechanical properties [27,28] and have
performed well in in vivo peripheral nerve repair studies [29,30].
Owing to the difficulties (i.e., cannibalism) in spider farming, which
prevent the production of large amounts and a constant material
quality [31], recombinant spider silk proteins can nowadays be pro-
vided, and materials made thereof have exhibited suitable properties
in neuronal in vitro tests [32-34]. Recombinant spider silks can be
processed into several tailorable morphologies, for example, films,
foams, non-woven mats, or hydrogels [35-42], and these materials
were shown to not induce an immune response in the body and to
degrade rather slowly [43-46]. In comparison with electro-spun
collagen nanofibers, recombinant spider silk nanofibers are less prone
to swelling [47], allowing a higher degree of nerve cell orientation
along the fiber axes. Furthermore, different modifications are possible
on the genetic level, for instance, the introduction of an arginine—-
glycine-aspartic acid (RGD)-bearing cell binding motif [48].

We have recently shown the application of self-rolling tubes as
containers for enzymatic reactions [49]. In the present study, we
designed a biocompatible and biodegradable self-rolling tubular NGC.
Although the commercially available NeuroMend™ exhibits
self-rolling properties, its lack of internal structures, which would be
beneficial for cell vitality and differentiation, as well as directed nerve
growth and neurite elongation, is regarded as one severe drawback
limiting the success of the clinical outcome. Therefore, we studied the
benefit of a self-rolling tube made of chitosan and different filler
morphologies, which adapts to the dimensions of the injured periph-
eral nerve upon rolling around the loose ends and the filler material. It
could be shown that the new NGCs ensured the viability of neuronal
cells during encapsulation. In this study, all variants tested allowed
differentiation of neuronal PC-12 cells within the NGCs, and aniso-
tropic structures provided guidance of neurites. Our study combines
the usefulness of the self-rolling property of a tube with the incorpo-
ration of suitable internal morphologies and is therefore of high
importance to the development of new materials for peripheral nerve
repair.

2. Materials and methods
2.1. Fabrication of self-rolling chitosan films

A filtered chitosan solution (1% w/v in 2% v/v formic acid,
190-310,000 g mol 1, Sigma-Aldrich) was cast into a Petri dish (Steri-
lin™, diameter: 90 mm) yielding a density of 2.36 mg cm~2, and the film
was air dried overnight. This film was post-treated with 0.2 M NaOH for
5 min and subsequently washed with ultrapure water.
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2.2. Fabrication of self-rolling chitosan films with an internal
eADF4(C16)-RGD coating

The preparation of self-rolling chitosan tubes with an internal spider
silk eADF4(C16)-RGD coating was conducted according to Aigner and
Scheibel [49]. In brief, an eADF4(C16)-RGD [48] solution in 1,1,1,3,3,
3-hexafluoro-2-propanol (HFIP, 8.33 mg ml~', 0.08 mg cm™2, 48,
583 ¢g mol 1) was cast into a Petri dish (Sterilin™, diameter: 90 mm) and,
after drying, post-treated with 70% (v/v) ethanol to render the silk film
to be insoluble in water by inducing p-sheet formation. Then, a chitosan
film was cast on top of the eADF4(C16)-RGD film according to the pro-
cedure outlined in Section 2.1.

2.3. Fabrication of self-rolling chitosan films with an internal eADF4(C16)
anisotropic non-woven mat

A chitosan film was prepared as depicted in 2.1 and removed from the
Petri dish and fixed on a rotating drum with double-sided tape. The
rotating drum allowed production of aligned fibers yielding an anisotropic
non-woven mat. Electrospinning of eADF4(C16) was performed according
to the study by Lang [50]. A 150 mg ml~! solution of eADF4(C16) (47,
698 g mol~!, AMSilk GmbH) in HFIP was electrospun onto the chitosan
film (voltage: 30 kV; distance to collector: 15 cm; flow rate: 300 pl min~};
relative humidity: 50%). The spider silk non-woven mat was post-treated
first in pure ethanol vapor for 3 h, followed by a treatment in 90% ethanol
in the vapor phase (corresponds to 87% v/v ethanol) for 2 h to render the
mat to be insoluble in water and to obtain a tight connection between the
spider silk non-woven mat and the chitosan film.

2.4. Fabrication of anisotropic collagen cryogels

Collagen type I extracted from calf skin (Sigma-Aldrich) was dis-
solved in 0.5% (v/v) acetic acid at pH 3 for 20 h. After centrifugation at
17,700 g for 10 min, the supernatant was removed and showed a collagen
concentration of 4.8 mg ml™!. Then, an aqueous glutaraldehyde solution
(25% v/v in water, Carl Roth GmbH + Co. KG) was mixed with the
collagen solution yielding a final concentration of 1% glutaraldehyde (v/
v). This solution was then immediately transferred into a vertically
standing plastic tube, which was tightly fixed to a copper plate. After
sealing the top opening of the filled plastic tube with parafilm and
mounting a thermal insulation (tube filled with cotton wool) on top, the
whole setup was transferred into a —20 °C temperature freezer for 48 h.
Subsequently, the frozen collagen cryogel precursor was pushed out of
the tube into phosphate buffered saline (PBS), pH 7.4 at room tempera-
ture to neutralize the acidic pH, thereby preventing reversible dissolution
of the collagen cryogel. After 20 h gelation in PBS, the collagen cryogel
was washed three times with PBS containing 0.1 M glycine. The washing
was continued using two further washing steps during the next 24 h to
ensure complete capture of any free glutaraldehyde groups. Finally, the
collagen cryogel was washed using PBS and stored in PBS until further
experiments were carried out.

2.5. Chitosan tube formation

The underlying self-rolling mechanism of the used chitosan film was
based on the difference of the swelling behavior between its bottom and
top layer (Section 2.1). A more detailed explanation of this process can be
found in the study by Ionov [51]. Here, chitosan films were cut into
rectangles with desired sizes. The self-rolling process was induced by
immersing this film into an aqueous solution, that is, into phosphate
buffered saline (pH 7.4). However, self-rolling was induced as well in
contact with cell culture medium, which resulted in entrapping the cell
suspension. To encapsulate cryogels, they were placed on the film, which
self-rolled forming a tube filled with cryogel. The tube diameter could be
tailored to a certain extend by varying the film thickness and the diam-
eter of the filler, for example, the cryogel.
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2.6. Morphological characterization of NGCs

NGC components were analyzed using stereo microscopy (Leica
M205C) and scanning electron microscopy (SEM; Sigma VP 300, Zeiss).
For SEM, the samples were mounted on aluminum studs with adhesive
carbon tape and then sputter coated with platinum (2 nm). Collagen
cryogels were prepared for imaging by washing and storing them for
further use in 10 mM ammonium hydrogen carbonate buffer. After flash
freezing in liquid nitrogen, the collagen cryogels were placed in a
lyophilization device (Alpha 1-2 LDplus, Christ) for one week. The cry-
ogel cross-section was prepared in advance to flash freezing and lyoph-
ilization by cutting the soaked cryogel using a sharp razor blade.

2.7. Determination of water content and swelling degree of collagen
cryogels

Collagen cryogels were prepared having 2 cm in length (number of
samples n = 6). The weight of the fully soaked cryogels in PBS (mMsoqgked)
and of the cryogels after removing unbound PBS with a paper tissue
(Mremoved) Was determined using a microbalance (Practum 224-1S,
Sartorius Lab Instruments). The water content in soaked cryogels was
calculated using Eq. (1).

water content of collagen cryogels (%] = (Msoaked — Mremoved) | Msoakea X 100
(€]

The swelling ratio of the collagen cryogels was calculated using Eq.
(2). Therefore, the diameter of the fully soaked cryogels was measured in
PBS (Vsoaked) and that of the cryogels after removing unbound water with
a paper tissue (Viemoyeq) USing a stereo microscope (Leica M205C)
(number of samples n = 4). The cryogels were assumed to be tubular, and
their volumes were calculated using their diameter values.

Swelling ratio [%] = (V:aaked - meovcd) / Vremovgd x 100 (2)

2.8. Mechanical characterization of chitosan films and collagen cryogels

The chitosan films used for conduit fabrication and the collagen
cryogels were analyzed using a tensile testing device (Bose Electroforce
3220) equipped with a 2.45 N load cell. Dry chitosan films were glued
onto plastic frames using a high viscosity glue (UHU® Supergel), and
they were immediately transferred into a fume hood for drying. The films
on the frames were incubated in PBS before analysis using a strain rate of
0.05 mm s~} (number of samples n = 5). Engineered stress of the films
was calculated as the force divided by their cross-sectional areas assumed
to be rectangular (film width x film thickness).

The mechanical properties of the collagen cryogel were analyzed
referring to its longitudinal axis. Free PBS in collagen cryogels was
removed using a paper tissue, and the diameters after this procedure
were measured at three different positions. The moist cryogel was
clamped between two plastic frames, applied to the tensile testing device,
and measured at a strain rate of 0.05 mm s~ ! (number of samples n = 4).
Engineering stress of the cryogels was calculated as the force divided by
the respective cross-sectional area, which was assumed to be circular. In
terms of the films and the cryogels, the gauge length was adjusted to
2 mm. Strain was defined as the change in sample length divided by its
original length. The Young's modulus was determined as the slope of the
stress-strain plot in the linear elastic deformation range.

2.9. Seeding of PC-12 cells on the individual components and in the NGC

The different NGC components were prepared in untreated cell cul-
ture plates (24 wells, Thermo Fisher). For collagen surface treatment, the
collagen type I solution (diluted 1:5 with sterile PBS, Cellmatrix®, Nitta
Gelatin Inc) was used to coat the wells for 30 s. Then the solution was
removed and the film was air dried. The eADF4(C16)-RGD film was cast
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directly into the wells using HFIP (33.3 mg ml™}, 0.25 mg cm 2) as a
solvent. After drying, films were post-treated with 70% ethanol (v/v).
The eADF4(C16) non-woven mats were prepared by electrospinning of a
150 mg ml~! eADF4(C16) solution in HFIP onto plastic coverslips
(12 mm diameter, Thermo Fisher). The same spinning and post-
treatment conditions were used as explained in section 2.3. A fixation
of the plastic coverslips onto the rotating drum for fiber alignment was
not possible, thus, an isotropic non-woven mat was spun onto the cov-
erslips. The collagen cryogel was glued into well plates using a silicon
glue.

The neuronal cell line PC-12 (ATCC® CRL1721™) [52] was cultured
in the growth medium (Dulbecco’s Modified Eagle’s Medium (DMEM)
with 10% (v/v) heat inactivated horse serum (Gibco), 5% (v/v) fetal
bovine serum (FBS, Merck), 1% (v/v) GlutaMAX (Gibco), 1% (v/v)
penicillin/streptomycin (10,000 U ml~!, Thermo Fisher), 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES, Carl
Roth)). For the adhesion test, 25-30,000 cells were seeded per square
centimeter on the aforementioned materials and allowed to adhere for 7
days with medium changes on day 3 and 5. Treated cell culture plates
were used as control. After 1, 3, and 7 days, cell morphology was
observed using bright field microscopy (Leica DMi8).

2.10. Differentiation of PC-12 cells on NGC components

A density of 10,000 cells cm ™2 were cultured on the aforementioned
materials and incubated in the growth medium. After 1 day of culture,
the growth medium was exchanged with the differentiation medium
(DMEM with 2% (v/v) horse serum, 1% (v/v) GlutaMAX, 1% (v/v)
penicillin/streptomycin, 20 mM HEPES buffer, 100 ng ml™! nerve
growth factor (NGF, 2.5s Native Mouse Protein, Thermo Fisher)), which
was changed on day 3 and 5 of differentiation. After 7 days of differen-
tiation, the cells were immunostained for detecting endogenous levels of
B-III tubulin, and neurite outgrowth was evaluated. The staining pro-
cedure was as follows: cells were fixed with formaldehyde (Carl Roth;
3.7% in water, 15 min, at room temperature) and made permeable with
Triton x-100 (Carl Roth; 0.3% (v/v), 5 min, at room temperature). A
glycine solution (Carl Roth, 300 mM, 10 min, at room temperature) was
added to deactivate aldehydes. Bovine serum albumin (BSA) blocking
buffer was applied (Carl Roth; 5% (w/v), 30 min, 37 C) before adding the
image enhancer (30 min, 37 C) of the Alexa FluorTM 488 Goat Anti-
Rabbit SFX Kit (Thermo Fisher). Then, the samples were incubated in
primary polyclonal antibody anti-B-III tubulin (Abcam, rabbit; 1000 x
diluted in 0.1% (w/v) BSA buffer, overnight, 4 °C). On the next day, cells
were stained using the secondary antibody goat-anti-rabbit with an Alexa
Fluor 488 label (Sigma-Aldrich; 1000 x diluted in 0.1% (w/v) BSA buffer,
1 h, 37 °C) and Hoechst (Invitrogen; 1000 x diluted in 0.1% (w/v) BSA
buffer, 1 h, 37 °C). Imaging was performed using a fluorescence micro-
scope (Leica DMi8). For cryogels, Z stacks were taken and overlaid using
the maximal projection option provided by the software (LAS X 3.6.0).

2.11. Encapsulation of cells in tubes

Tube materials were cut to rectangular shapes (1.5 x 0.5 cm for pure
chitosan, eADF4(C16)-RGD-chitosan and eADF4(C16) aligned fiber mat-
chitosan tubes and 1.5 x 1 cm for chitosan tubes filled with the collagen
cryogel), and the film thickness was determined to be 29.7 + 3.0 pm
[49]. These samples were allowed to roll in PC-12 cell suspension (10,
000 cells ml™Y) to entrap the cells. In the case of the cryogel, the gel was
first soaked in cell suspension and then applied on a chitosan film, which
smoothly rolled around it. Collagen-coated cell culture plates were used
as a positive control. After one day of culture, the medium was changed
to differentiation medium. The differentiation medium was refreshed
every two days. On day 7, cells were immunostained as described pre-
viously and analyzed using a wide field fluorescence microscope (Leica
DMi8), and the images were processed using the software LAS X 3.6.0 by
adjusting the brightness and the contrast. Z-stacks in combination with
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the maximal projection mode were used to analyze all 3D samples.
Importantly, cryogels were cut to slices giving a thickness of 1-3 cell
layers (corresponding to 10-36 pm) and put on a glass slide covered with
a coverslip to observe, whether adhered and differentiated cells could be
found throughout all layers. Neurite length was determined by
measuring neurites of nerve cells grown on each type of surface using
ImageJ. The neurites were traced starting from their extrusion point from
the cell body to the neurite's outer end, and this line was subsequently
measured with the ‘Measure’ tool in ImageJ (collagen coating: 425
neurites, eADF4(C16)-RGD-coated tubes: 135 neurites, eADF4(C16)
anisotropic non-woven mat tubes: 231 neurites, collagen cryogel in tube:
248 neurites). Then, the percentage of neurites was determined in each
10 pm length segment (0-10, 11-20, 21-30, and so on). Further, the
number of cells in the images was counted using ImageJ ‘Multi-point’
modus to determine the neurite length per cell.

3. Results and discussion
3.1. Fabrication and characterization of NGCs

All NGC variants exhibited a tubular structure because of the used
self-rolling chitosan film. The self-rolling mechanism has been recently
described in Aigner and Scheibel [49] where the tubes were used as
enzyme-reaction containers. The tubes could be prepared with various
lengths (up to 10 cm), were stable between pH 3 and 11 and exhibited
diffusion permeability with a molecular weight cutoff of 20,000 g mol %,
which enables influx of nutrients, as well as gas exchange and metabolite
removal. The self-rolling property of the chitosan film allowed an easy
modification with other films or structured materials, the gentle and
homogenous encapsulation of cells during rolling and, in principle, the

(1)

chitosan film + spider silk film

-20 °C

insulation
ice crystal
growth

unidirectional cryogelation

removal of tube,
neutralization
at RT in PBS,
washing with
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silk nonwoven mat

anisotropic collagen

cryogel cryogel

(3)
——

+ anisotropic collagen
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adaption of the tube size to the nerve ends or filler material.

To test the applicability of the self-rolling chitosan-based tubes for
nerve regeneration, three variants of inner tube materials were tested to
yield NGCs. An overview of the three NGC variants is schematically
depicted in Fig. 1. Setup 1 used a hollow tube with an inner film coating
made of the spider silk variant eADF4(C16)-RGD to provide a surface,
where cells can efficiently adhere to; setup 2 used a hollow tube with an
inner surface made of an anisotropic eADF4(C16) non-woven mat to
provide a structure, where cells can adhere to and align on; setup 3 used a
tube filled with a collagen cryogel with an anisotropic lamellar structure
allowing cell adhesion and alignment. The first two NGCs (setups 1 and
2) possessed quasi-irreversible physical connection between the tube and
the modifying materials. On the contrary, the collagen cryogel structure
(setup 3) was not strongly connected to the chitosan tube, due to the
processing conditions.

Upon fabrication of setups 1 and 2, rolling was induced by incubating
the modified chitosan sheets with a PC-12 nerve cell suspension. For the
preparation of setup 3, the cryogel was soaked in the PC-12 suspension
and subsequently transferred onto the chitosan sheet, whereby immedi-
ate rolling of the sheet occurred and the encapsulation of the cryogel with
cells was accomplished. The PC-12 cells were entrapped without
applying mechanical stress, and they differentiated to form neurites,
which has been previously shown to be crucial for peripheral nerve repair
[53].

Fig. 2a,A shows the cross-section of a plain chitosan tube, and in
Fig. 2a,B, the inner surface topography is presented. The chitosan tube
soaked in PBS exhibited high transparency (Fig. 2a,C). Modifying the
chitosan inner tube wall with an eADF4(C16)-RGD film yielded bio-
functionalization, which was not visible in the cross-section because of its
low thickness (Fig. 2b,A). In the particular case, the poor solubility of the

self-rolled tube

cell
differentiation

\

NGC

M stimuli-responsive polymer: chitosan
[ cell-supporting polymer: spider silk
[ cell-supporting polymer: collagen

Fig. 1. Nerve guidance conduit (NGC) fabrication. Chitosan sheets were modified by either (1) a film on top of the inner wall made of the recombinant spider silk
protein eADF4(C16)-RGD, (2) a layer of an anisotropic non-woven mat on top of the inner wall made of the recombinant spider silk protein eADF4(C16), or (3) an
anisotropic collagen cryogel filling the inner volume of the tube. The collagen cryogel was produced using unidirectional cryogelation at —20 °C, followed by thawing,
solvent neutralization, and several washing steps. The various NGC precursor constructs were placed in a PC-12 nerve cell suspension inducing self-rolling of the
chitosan film used as the outer layer, and thereby encapsulated the cells, which had then the possibility to differentiate.
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Fig. 2. Morphological characterization of NGCs. (a) (A) Scanning electron microscopy (SEM) image of the cross-section of the self-rolled chitosan tube; (B) its inner
surface topography; and (C) photograph showing the whole tube after self-rolling in PBS. (b) (A) SEM image of the cross-section of the chitosan tube coated with
eADF4(C16)-RGD on the inner surface (not visible here); (B) of the resulting inner surface topography; and (C) photograph showing the whole tube after self-rolling in
PBS. (c) (A) SEM image of a chitosan tube comprising an inner lining with an anisotropic non-woven mat made of eADF4(C16); (B) magnified image of (c) (A) (white
box): The chitosan tube and the non-woven mat are physically connected because of the processing conditions. (c¢) (C) Magnified image of (c) (A) (black box): The
eADF4(C16) non-woven nanofibers were deposited on the chitosan inner surface in an anisotropic manner (the white arrow indicates the direction of nanofiber
orientation). (c) (D) Photograph showing the whole tube after self-rolling in PBS. (d) (A) Photograph of a collagen cryogel stored in PBS; (B) Bending of the collagen
cryogel in PBS resulted in a sharp bending edge indicating its anisotropic character; and (C) PBS removal from a collagen cryogel yielded a significant volume
reduction. (e) (A) SEM image of a freeze-dried collagen cryogel and (B) its cross-section in the chitosan tube. (f) (A) Stereo microscopy image of the anisotropic
collagen cryogel within a chitosan tube and (B) of its cross-section; (C) photograph of the chitosan tube filled with the anisotropic collagen cryogel. NGCs, nerve
guidance conduits; PBS, phosphate buffered saline.

post-treated eADF4(C16)-RGD film at low pH values, compared with eADF4(C16)-RGD layer was physically cross-linked with the chitosan
other biopolymers such as collagen, prevented its resolubilization when layer [49]. This bilayer tube was slightly turbid (Fig. 2b,C) compared
the acidic chitosan solution was cast thereon during fabrication. The with the plain chitosan tube.

eADF4(C16)-RGD layer exhibited a smooth surface topography The second NGC variant had an anisotropic non-woven mat as a cell
(Fig. 2b,B). Owing to the preparation procedure of the bilayer, the guiding element on the inner tube wall (Fig. 2c,A). Owing to the post-
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treatment during tube fabrication, the chitosan surface was molten with
the non-woven mat preventing delamination (Fig. 2¢,B). The silk fibers
with diameters ranging from 0.5 to 1.0 pm were longitudinally oriented
(Fig. 2¢,C) because of the processing condition (Section 2.3) and led to
slight turbidity of the tube (Fig. 2¢,D). Importantly, the low thickness of
both, the spider silk film and the non-woven mat, was negligible in
comparison with that of the chitosan layer. Therefore, no differences in
the rolling behavior and only minuscule differences in bilayer thickness
were observed (data not shown).

The third NGC was fabricated slightly differently: the tubular collagen
cryogels were stored in PBS buffer, transferred to the PC-12 cell sus-
pension, and enclosed with the self-rolling chitosan film. Upon bending
the tubular cryogels, sharp edges appeared indicative of having aniso-
tropic features within this material (Fig. 2d,A and B). The bending was
observed to be fully reversible. Furthermore, removing all unbound
water showed the high water absorption capacity of the collagen cryogels
(Fig. 2d,C). The water content of the collagen cryogels, when fully soaked
in PBS, was determined to be 90.7 + 1.4% (w/w). Accordingly, the
collagen cryogels showed an 11-fold volume increase during swelling. A
closer look onto the surface of freeze-dried collagen cryogels using
SEM revealed longitudinally oriented structures (Fig. 2e,A), and a

B-11I tubulin

collagen film
(positive control)

C16-RGD film
in chitosan tube in chitosan tube chitosan tube

anisotropic C16 fibers

collagen cryogel
in chitosan tube
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lamellar structure could be observed in the cross-section (Fig. 2e,B). The
anisotropic structure was well maintained after rolling (Fig. 2f,A), and
the cryogel completely filled the chitosan tube lumen (Fig. 2f,B). Fig. 2f,C
shows a photograph of the cryogel within the chitosan tube.

The chitosan films and the collagen cryogels were analyzed in wet/
moist state using tensile testing. Because fully PBS-soaked collagen cry-
ogels were observed to lose their unbound water during fixation, we
removed the water in advance using a paper tissue, thereby ensuring a
defined cross-sectional area for tensile property calculation. The tensile
strength, maximum strain, and Young's modulus were determined to be
47 + 17 MPa, 101 + 24%, and 30 + 13 MPa for wet chitosan films, and
0.15 + 0.04 MPa, 70 £ 7%, and 0.22 + 0.04 MPa for moist collagen cry-
ogels, respectively, (values for rabbit tibial nerves are: 11.7 + 0.7 MPa
tensile strength and 38.5 + 2% maximum strain [54]). Both the films and
the cryogels showed large ramps of linear elastic deformation. In contrast
to films, cryogels did not show a sharp material rupture but showed a
gradual deformation after reaching the yield point (Supplementary
Fig. S1). The deformation process of the cryogels continued up to 300%
strain until no more force was detected. Importantly, the Young's modulus
of the moist cryogels was in the range of that of peripheral nerve tissue
(0.15-0.3 MPa) [55], presumably yielding a suitable environment for

Hoechst

merge

Fig. 3. Investigation of PC-12 nerve cell differentiation on all materials in tubes used in this study at day 7. A collagen film was used as a positive control for dif-
ferentiation. Brightfield (BF) imaging showed the general material appearance; immunostaining against B-III tubulin (green) visualized the microtubule-forming
protein present in differentiated neurons; Hoechst (blue) staining visualized cell nuclei. All images are at the same scale. C16, eADF4(C16)
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nerve cells, while the chitosan film could provide stability during and after
implantation, as well as structural integrity of the filler material and cells.

3.2. Differentiation of neuronal cells on individual materials

According to Orlowska et al. [56], attachment of PC-12 cells to
polystyrene tissue culture flasks/plates is poor at laboratory conditions,
and the cells form floating aggregates and grow in clusters [57].
Furthermore, this weak cell adhesion results in poor differentiation and
insufficient levels of neurite outgrowth [57]. In agreement with Klein-
man et al. [58], we therefore used collagen type I to coat the surface of
our plates, yielding improved PC-12 cell attachment. Consequently, this
coating was used as a positive control in our experiments. The suitability
of the three different tube modifications in terms of PC-12 nerve cell
adhesion was first investigated on plain materials individually. As it is
shown in Supplementary Fig. S2, PC-12 cells equivalently adhered on a
collagen film (positive control), an eADF4(C16)-RGD film, an
eADF4(C16) spider silk non-woven mat, and on an anisotropic collagen
cryogel. We did not observe any differences in terms of cell attachment or
floating aggregates between these samples in comparison with the pos-
itive control within 7 days of culture.

PC-12 cells further possess the ability to differentiate upon lowering
the serum content and adding NGFs [59]. This factor helps to protect
neurons  against  camptothecin, serum  deprivation, and
etoposide-induced cell death. PC-12 cells offer advantages in comparison
with cultured primary cortical neurons, including the ability to differ-
entiate and show neurite formation. Studies have shown that a specific
signaling pathway including the mitogen-activated protein kinase is the
major mediator of PC-12 differentiation in response to NGFs. However,
more signaling pathways are activated by the NGF, which is reviewed in
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detail [60]. Therefore, in a second experiment, the growth medium was
exchanged with differentiation medium on day 2, and cells were then
monitored for seven days. Since the specific doubling time of these nerve
cells is 48 h [52], they were first given time to adhere to the surface
without proliferation before initiating differentiation. Cells were immu-
nostained for B-III tubulin expression, which is a microtubule-forming
protein produced in the early differentiation phase of neuronal cells [61].
On all substrates, the majority of the cells differentiated as indicated by
the formation of neurites (Supplementary Fig. S3). Although cells on
eADF4(C16)-RGD films showed only few and short neurites, the positive
B-III tubulin staining confirmed that the cells started to differentiate.
Both, the collagen film and the eADF4(C16) non-woven mat showed
clear neurite outgrowth. Remarkably, nerve cells cultured and differen-
tiated on collagen cryogels showed a high number of neurites, which
were aligned with the underlying structures and they were interacting
with other neurites forming bundles (Supplementary Fig. S4).

3.3. Entrapment of neuronal cells in NGCs

PC-12 cells were entrapped in the self-rolling NGCs by allowing the
rolling process to occur directly in cell suspension. Thereby, the cells
were distributed homogeneously throughout the tube and they were
subsequently induced to differentiate for seven days (Fig. 3). Pure chi-
tosan tubes showed poor cell adhesion, and aggregated cell clusters
indicated that chitosan tubes did not promote effective cell adhesion. In
contrast, chitosan tubes modified with an eADF4(C16)-RGD film coating
showed good cell adhesion and isotropic neurite outgrowth similar to
that on collagen films (Figs. 3 and 4A, B) because no guidance cue was
provided in both cases. Chitosan tubes lined with anisotropic
eADF4(C16) non-woven mats yielded adhered and differentiated PC-
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20 m eADF4(C16)-RGD film in tube
g m eADF4(C16) anisotropic nonwoven mat in tube
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Fig. 4. Analysis of neurite lengths grown on the materials used in this study. Neurites are marked with white lines to highlight their direction of outgrowth. (A) On a
collagen film (positive control) and (B) on an eADF4(C16)-RGD film, neurites grew isotropically, whereas (C) an anisotropic eADF4(C16) non-woven mat and (D) an
anisotropic collagen cryogel allowed guidance of neurites into longitudinal direction. Yellow arrows indicate the orientation of anisotropic structures observed in the
eADF4(C16) non-woven mat and in the collagen cryogel. (E) Neurite length distribution as detected on the materials used.
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12 cells, which aligned with the nanofibers (Figs. 3 and 4C). The aniso-
tropic collagen cryogels also allowed PC-12 cell adhesion and differen-
tiation, and neurites followed their longitudinally oriented structure
(Figs. 3 and 4D). To image the cells within the cryogels, they were cut
into slices. The presence of cells within the interior of the cryogel
confirmed that cells were able to migrate into the lamellar structures and
that they spread their neurites longitudinally within the cryogels.
Moreover, it can be assumed that sufficient perfusion of nutrients, oxy-
gen, and waste metabolites throughout the cryogel supported the
viability and differentiation of the cells. The spreading of long and par-
allel neurites within the lamellar structures of the cryogels is depicted in
Fig. 3 and Fig. S4.

Next, neurite lengths were measured and the quantitative distribution
of their lengths was determined. Therein, 10 pm’ includes all neurites
with a length ranging from 0 to 10 pm, ‘20 pm’ includes all neurites with a
length between 10 and 20 pm, and so on (Fig. 4E). NGCs comprising either
an anisotropic eADF4(C16) non-woven mat or a collagen cryogel, as well
as the collagen film (positive control) promoted outgrowth of neurites with
lengths exceeding 250 pm. However, the longest neurites in the NGCs with
an eADF4(C16)-RGD film were shown to have a length of 180 pm. Further,
it could be observed that NGCs modified with an eADF4(C16)-RGD film
showed the highest occurrence of neurite length in the range of 10-20 pm
and, therefore, seemed to lead to the shortest neurites in this test. The
chitosan tube with aligned eADF4(C16) non-woven mats peaked at
20-30 pm neurite length. The collagen film and constructs comprising the
collagen cryogel exhibited most neurites at a length of 30-40 pm, hence,
double the length as observed in eADF4(C16)-RGD-modified constructs.
Most of the neurites longer than 250 pm were found in the collagen cry-
ogel, which is remarkable, because the neurites in these samples could
only be determined in a thin z-layer. Therefore, it can be assumed that the
actual neurite length could be even longer.

To determine neurite length per cell, the number of cells in each
image was counted. Cells on collagen films showed an average neurite
length of 16 pm, 19 pm on eADF4(C16)-RGD films within a tube, 34 pm
on eADF4(C16) anisotropic non-woven mats within a tube, and 47 pm on
collagen cryogels within tube. This result further indicates the suitability
of collagen cryogels encapsulated in self-rolled tubes as a promising
candidate serving as an NGC.

4. Conclusions

Self-rolling tubes made of chitosan are beneficial for designing NGCs,
because they enable gentle encapsulation of neuronal cells and the
dedicated modification of the inner tube wall or its lumen with sup-
porting materials, such as a bioactive recombinant spider silk film, an
anisotropic recombinant spider silk non-woven mat, or an anisotropic
collagen cryogel. All tube modifications were shown to be functional
concerning enhancement of nerve cell attachment and differentiation.
Anisotropic non-woven mats and collagen cryogels even supported
guidance of neurites. This in vitro study opens the road toward in vivo
studies to demonstrate the feasibility of the individual NGC or even
combinations thereof and if the self-rolling properties of the NGCs will
support the surgical procedure.
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