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collagen hydrogel†
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Peripheral nerve injury results in significant sensory and motor functional deficits. Although direct neuror-

rhaphy in the early phase may reduce its devastating effects, direct end-to-end neurorrhaphy is some-

times impossible owing to a defect at the injured site of the nerve. Autogenous nerve graft is a primary

consideration for peripheral nerve defects; however, significant morbidity of the donor site is inevitable.

Recently, the treatment using engineered synthetic nerve conduits has been regarded as a promising

strategy to promote the regeneration of peripheral nerve defects. In this study, we developed longitudin-

ally oriented collagen hydrogel-grafted elastic nerve guidance conduits (NGC) to reconstruct sciatic nerve

defects. An elastic NGC was prepared by using poly(lactide-co-caprolactone) (PLCL), and electrospun

PLCL was adopted to fabricate nanoporous structures with appropriate permeability for nerve regener-

ation. Oriented collagen hydrogels were prepared by the 3D printing method to achieve a microscale

hydrogel pattern. Based on sciatic nerve injury models in rats, we confirmed the beneficial effects of the

NGC with 3D printed collagen hydrogel on axonal regeneration and remyelination along with superior

functional recovery in comparison with the NGC filled with the bulk collagen hydrogel. It is believed that

the aligned collagen hydrogels provide a preferable environment for nerve regeneration, functioning as

an oriented guidance path. In conclusion, the PLCL nerve guide conduit containing a 3D printed aligned

collagen hydrogel can be useful for peripheral nerve regeneration.

1. Introduction

Peripheral nerve injury results in significant sensory and
motor functional deficits. Although direct neurorrhaphy in the
early phase may reduce its devastating effects, direct end-to-

end neurorrhaphy is sometimes impossible owing to a defect
at the injured site of the nerve.1 Autogenous nerve graft is a
primary consideration for peripheral nerve defects. However,
significant morbidity of the donor site is inevitable.
Furthermore, several limitations such as mismatch of size and
length between the donor and recipient nerves remain a
hurdle in peripheral nerve reconstruction.2 To overcome these
issues associated with the autogenous nerve grafts, nerve graft
substitutes have been tested using the autogenous vessel,
muscle, decellularized allograft, and synthetic conduits.
Among several substitution strategies, the artificial nerve gui-
dance conduit (NGC) has been identified as a good alternative
for autografts, as it can overcome differences in length and
size between the donor and recipient nerves.3 Thus, over the
last decade, intensive research efforts have been devoted to
fabricating NGCs with various types of materials, structures,
compositions etc.4 However, the inferior regeneration potential
of artificial NGCs remains a concern.

To achieve ideal NGCs, their design and fabrication require
the consideration of several factors, i.e., material biocompat-
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ibility, biodegradability, porosity, and capacity of the sprouting
axonal guidance.5 The material used for its preparation is a
major factor affecting the quality of the NGC. Synthetic
polymer-based nerve scaffolds are gaining attention owing to
their stable long-term performance in comparison with
natural products. Among these materials, poly(lactide-co-capro-
loactone) (PLCL) has been investigated as a biomaterial suit-
able for tissue engineering, such as wound healing,6 formation
of cartilage7 and cardiovascular8 applications owing to its bio-
compatible and biodegradable nature and favorable mechani-
cal properties, specifically high elasticity and flexibility. The
suitability of PLCL for NGCs has already been proved by the
current commercially available FDA-approved nerve conduits
such as Neurolac®.2,5,9

During peripheral nerve regeneration following injury,
Schwan cells play a significant role in three distinct manners:
proliferation, development of bands of Bungner, and secretion
of adequate growth factors.10 However, Schwann cells with
longer gaps are incapable of migrating and aligning through
the gap, necessitating the use of topographical guidance struc-
tures for axonal sprouting.11,12 To provide a suitable environ-
ment inside the conduit for axonal growth, several approaches
have focused on filling the lumen with various shapes, such as
hydrogel filling, micro/nanofilament filling, and micro/nano
groove patterns.10 On the one hand, a hollow lumen has the
benefit of permitting sufficient space for free nerve regener-
ation, inducing axons to regrow to their suitable distal target.
On the other hand, a lumen containing any type of luminal
structure can have a mechanical or biological role that favors
cell ingrowth, guidance, and correct targeting. For example,
addition of growth factors or cells, and creation of uni-
directional cryogel or microtube arrays in NGCs have demon-
strated the achievement of directional axon growth, mimicking
native autografts.13–15

Thus, the design of the interior of the NGC is expected to
be a crucial factor to achieve effective axon regeneration across
the gap.

Herein, we have developed NGCs based on PLCL mem-
branes combined with 3D printed collagen hydrogel. PLCL
membranes were obtained by electrospinning, which is a
versatile technique for achieving micro to nanoscale topogra-
phy and high porosity similar to the natural extracellular
matrix. Porous PLCL membranes were fabricated with
selective permeability to prevent fibrous tissue invasion but
allow permeation of nutrients/oxygen.16 The collagen hydrogel
was utilized as a bioink for 3D printing to fill the PLCL
conduit.

Although numerous previous studies have reported 3D
printing with collagen-based bioinks, most of them used col-
lagen blend or chemically modified-collagen owing to the
difficulty in the printing of native unmodified collagen.17,18

The extrusion 3D bioprinting of collagen requires a higher
concentration, which achieves a viscosity suitable for extru-
sion.19 However, the resolution is low in this method because
the acidic collagen solution is diluted by neutralization with
sodium hydroxide solution.20,21 Recently, high-resolution 3D

bioprinting of collagen has been reported, which introduced a
supporting bath composed of a gelatin microparticle slurry.22

However, native collagen 3D printing without a supporting
bath or sacrificial scaffold has not been reported yet.

In this study, we successfully performed 3D printing of
native unmodified collagen without a supporting bath by
using a dense collagen solution. Formation of fibrillar collagen
gels by pH neutralization of acidic collagen solutions with
ammonia vapor diffusion assisted in shape retention of the 3D
printed collagen.23–26 We believe that the concept of the fabri-
cation of NGCs by integrating the 3D printed collagen hydrogel
and electrospun PLCL membrane will provide promising
modality in the field of NGCs. Finally, we compared the
efficacies of PLCL conduits filled with bulk collagen and 3D
printed collagen with the autogenous nerve graft for peripheral
nerve regeneration, and proved the advantages of NGCs with a
3D printed collagen hydrogel based on the axonal growth,
remyelination, and functional recovery.

2. Materials and methods
2.1 Preparation of PLCL membranes

PLCL (LA : CL = 50 : 50) was synthesized as previously
reported.27,28 PLCL with average number of molecular weight
128 000 ± 15 000 g mol−1 was dissolved in HFIP (1,1,1,3,3,3,-
hexafluoroisopropanol, TCI, Japan) at 5% (w/v) concentration.
A syringe was loaded with 12 ml of the solution and placed on
a syringe pump. An electric potential was applied to the metal-
lic needle (19 G) via the high-voltage power supply. The
applied voltage was 21 kV, the solution flow rate was 0.4 ml
h−1, and the distance between the tip of the needle and the
drum collector was 12 cm. The diameter of the drum
collector was 8 cm and the rotation speed of the drum was
300 rpm.

2.2 Bioink preparation and 3D printing of the collagen
hydrogel

Highly concentrated collagen solution was obtained by setting
collagen solutions into Amicon® (Sigma Aldrich, USA) cen-
trifugal devices (3 kDa cut-off ) and centrifuging until the
desired concentration was reached. For the 3D printing bioink,
acidified type I collagen (Corning, USA) was adjusted to a final
concentration of 22 mg ml−1. Then, the bioink was transferred
to a 10 ml (12 ml) NORM-JECT® Luer Lock syringe with a
Nordson EFD SmoothFlow™ tapered tip (0.2 mm). The syringe
was placed in a bio dispenser (Rokit Invivo, ROKIT Inc., Korea)
and 2 rectangular layers with 8 mm and 4.7 mm widths were
printed onto the electrospun PLCL membrane using
NewCreatorK 3D printing software. The slicer setting was:
0.2 mm layer height, 40% fill density, single line pattern,
10 mm s−1 printing speed, 10 mm s−1 traveling speed, and
250% input flow. The viscosity of the collagen bioink was
measured using a Brookfield RVDV-III viscometer (Brookfield,
USA) under a fixed temperature of 25 °C.
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Following 3D printing, short y-traversed deposition between
each track of longitudinal collagen line was removed, since we
assumed that it would hamper the ingrowth of neural cells
along the conduits. After removing this, dense collagen line
patterns were prepared by neutralization of the concentrated
solutions in ammonia vapors.23–26 3D printed line patterns
were exposed to ammonia vapor for 30 min and then removed
from the chamber, followed by incubation at 37 °C for 10 min.
Finally, the solidified gel was rinsed with 1× PBS buffer and
immersed in PBS buffer for 1 h to remove excess ammonia.

2.3 Fabrication of the elastic nerve guidance conduit

A tubular nerve guidance conduit (NGC) with a patterned col-
lagen hydrogel was fabricated by rolling the collagen-printed
porous PLCL membrane (Fig. 1). The membrane was rolled
into a tubular shape, and the end of the membrane was closed
tightly using a medical adhesive (Adapt 7730, Hollister, USA).
The medical adhesive was applied with a fine brush. The fabri-
cated NGC had an inner diameter of 1.5–2.0 mm, a length of
10 mm, and a wall thickness (i.e., thickness of PLCL mem-
branes) of ∼91 µm. For the fabrication of an NGC with the
bulk collagen hydrogel as the control for the NGC with a 3D
printed collagen hydrogel, the bare PLCL membrane was first
rolled into a tubular shape and closed with a medical
adhesive. Subsequently, acidified collagen was injected into
the hollow tube and exposed to ammonia vapor, as in the pro-
cedure for the fabrication of NGCs with a 3D printed collagen
hydrogel.

2.4 Characterization of the developed elastic nerve guidance
conduit

The thickness and the average pore size of the PLCL mem-
brane were measured using cross-section and topography of
SEM images using Image J (National Institute of Mental

Health, USA). The diameter of the PLCL nanofiber was ana-
lyzed using image processing software, Diameter J (National
Institutes of Mental Health, USA). For collagen hydrogel
characterization, the samples were freeze-dried followed by
SEM observation. The vacuum-dried PLCL membranes were
gold-sputtered and their morphologies were characterized
using a scanning electron microscope (SEM, Phenom Pro,
Thermo Fisher, USA). Thickness of the 3D printed collagen
hydrogel line and inter-gel spacing in freeze-dried and
hydrated states are measured using Image J from SEM images
and photographs.

2.5 In vitro cell study

PC12 cells (Korea Cell Line Bank, Korea; rat adrenal pheochro-
mocytoma cell line) were cultured and grown in 75 cm2 culture
flasks in Roswell Park Memorial Institute (RPMI) medium sup-
plemented with 10% horse serum and 1% penicillin–strepto-
mycin (Gibco BRL) without the nerve growth factor at 37 °C in
humid air with 5% (v/v) CO2. When the PC12 cells were grown
to the logarithmic growth phase, they were seeded onto the
PLCL membranes at the density of 103 or 104 cells per cm2 and
cultured.

To evaluate cell viability, PLCL membranes seeded with 104

cells per cm2 were tested using a live/dead viability kit. The
cell-laden membranes were washed with PBS and immersed in
an aqueous solution containing 2 µM calcein AM (Thermo
Fisher, USA) and 4 µM ethidium homodimer-1 (Thermo
Fisher, USA) for 30 min at 37 °C. Subsequently, fluorescence
images were acquired using a confocal laser scanning micro-
scope (CLSM, LSM700, Zeiss, Germany). Immunofluorescence
staining was performed to confirm the neurogenic differen-
tiation of PC12 cells on the membranes. One week after the
cell culture at a density of 103 cells per cm2, the membranes
with the seeded cells were fixed and stained with the β-tubulin

Fig. 1 Schematic illustration of the fabrication of nerve guidance conduits with the 3D printed collagen hydrogel.
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III antibody (T8578, Sigma, USA). Alexa 488 anti-mouse IgG
(Abcam, UK) was used as a secondary antibody, and the nuclei
were counterstained with DAPI (Molecular Probes, USA).
Subsequently, the stained samples were observed using a
CLSM. The immunofluorescence staining images of the PC12
cells were analyzed using Image J. The ratio of neurite-bearing
cells was calculated by counting the number of differentiated
cells and the total number of cells in randomly selected areas.
Only PC12 cells longer than or equal to the diameter of the
cell body were considered to be differentiated.29–31

2.6 Experimental animals and surgical procedures

All animal experiments were conducted on male Lewis rats
weighing 250 to 300 g in accordance with the recommen-
dations contained in the Guideline of Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC International) and approved by the
Institutional Animal Care and Use Committee of the Korea
University College of Medicine (IACUC Approval no. 2018-
0138). The animals were randomly divided into three experi-
mental groups: nerve autograft (Autograft group, n = 10), NGC
occupied by the bulk collagen hydrogel (Bulk group, n = 10)
and NGC occupied by a 3D printed collagen hydrogel (3D
printing group, n = 12). For performing the surgery, the
animals were anesthetized by inhalation of isoflurane and the
left sciatic nerve of each animal was exposed at the mid-thigh
level from the inferior margin of the piriformis muscle
approximately 5 mm distal to the bifurcation. An 8 mm-long
segment of the sciatic nerve was excised with sharp microsur-
gical scissors under an operating microscope. In animals in
the Autograft group, the excised nerve segment between proxi-
mal and distal stumps was reversed and repaired using five
10–0 epineurial interrupted sutures (Ethilon®, Ethicon Inc.,
Somerville) at each end of the stump. For the Bulk collagen
and 3D printing groups, each 12 mm sized NGC filled with the
bulk collagen hydrogel or the 3D printed collagen hydrogel
was inserted between proximal and distal stumps using five
10–0 epineurial interrupted sutures at each stump, while the
ends of each stump were inserted 2 mm into the conduit
sleeve to create a uniform 8 mm nerve defect. Finally, the skin
was closed with 4–0 interrupted sutures (Ethilon®). The right
(contralateral) sciatic nerve was left intact and served as an
intra-individual control. All animals were housed in groups of
three animals in a temperature- and humidity-controlled
environment with a 12-hour light/dark cycle and ad libitum
access to food and water. The first postoperative functional
testing was started after three weeks. During a total of 12
weeks of observation period, nonsurvival measurements
including maximum isometric tetanic force, muscle weight
ratio, and nerve histological evaluation were performed at two-
time points, 6 weeks and 12 weeks. At 6 weeks, 4 animals from
the Autograft group, 4 animals from the Bulk group and 5
animals from the 3D printing group were measured and sacri-
ficed. At 12 weeks, all remaining animals (6, 6, and 7 animals,
respectively) were measured. Survival measurements including

video gait analysis and ankle angle were measured every 3
weeks for live animals at each time point.

2.7 Assessment of the functional motor recovery

2.7.1 Video gait analysis and ankle angle. In order to
assess the serial functional recovery after surgery, we measured
the active ankle angle at terminal stance (ATS) every three
weeks up to twelve weeks, as the angle in the gait cycle has
been shown to the most well correlated with functional
recovery.32,33 At 3 and 6 weeks, all animals from each group
were subjected to measurements, and at 9 and 12 weeks, 6
animals from the Autograft group, 6 animals from the Bulk
group, and 7 animals from the 3D printing group. To obtain
the animal gait video, a 20 cm-high transparent Plexiglas
48 cm long and 10 cm wide was attached on both sides of the
walking treadmill. The treadmill was gradually accelerated to
20 cm s−1 to allow the animal to walk straight in the frontward
direction, and images were acquired with a 60 Hz digital
camera positioned at a distance of 1 m. The recordings were
repeated until three satisfactory trials per animal were
obtained. The frame of the video at the toe-off, i.e., the
moment of maximal plantar flexion of the experimental side
ankle joint, was selected and the leg segment and the foot
segment were manually identified for the terminal stance
phase. The angle between the longitudinal axes of the tibia
and foot segment was measured from still images using Image
J. After the video gait analysis, the ankle contracture angle was
determined by measuring the maximal passive plantarflexion
angle, as previously described.34 This was measured bilaterally
using a transparent goniometer under deep sedation induced
by isoflurane inhalation and recorded as a percentage of the
contralateral side. Rats developed ankle contracture limiting
plantar flexion at the resting position of the rats that keeps the
ankles in dorsiflexion. A larger angle indicates less ankle con-
tracture and therefore better motor functional recovery.

2.7.2 Maximum isometric tetanic force. The maximum iso-
metric tetanic force of the tibialis anterior (TA) muscle was
measured to evaluate reproducible quantitative motor recovery.
Four animals of the Autograft group and Bulk group, and five
animals of the 3D printing group were measured at six weeks
to observe their midpoint functional recovery. The remaining
animals were measured at twelve weeks using the previously
described method (Fig. S1†).35 In brief, the rats were anesthe-
tized as before, and the TA tendon insertion site was exposed
and released from the extensor retinaculum. The hind limb
was stabilized on a wooden platform by two 0.035-inch
Kirschner wires placed at the distal femur and distal tibia. The
exposed tendon was tied with black silk thread, and the other
end of the black silk thread was connected to an isometric
force transducer (Harvard Apparatus, Holliston, MA). The
signal was processed on a computer using Labscribe software
(Iworx/CB Sciences, Dover, NH). Two small, custom-made
hook-shaped bipolar stimulating electrodes using a CK-100
field stimulator (CB Science) were placed at the sciatic nerve
proximal to the graft site. Equal stimulation pulses were
applied to all the measurements: preload, 10 g; stimulus inten-
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sity, 10 V; pulse duration, 2 ms; and pulse frequency, 100 Hz.
The stimulations were applied five times and the TA muscle
was rested for two minutes between the stimulations with no
preload to avoid muscle fatigue. The highest force was deter-
mined as the maximum isometric tetanic force. The same pro-
cedure was performed on the contralateral side.

2.7.3 Muscle weight ratio. The animals were sacrificed
after completion of the muscle tetanic force measurement.
Owing to peripheral nerve injury, the muscle was denervated,
which led to the tendency of muscle atrophy. The muscle was
dissected carefully from the surrounding tissues and weighed
in grams. The same evaluations were performed for the con-
tralateral normal side and the weight was normalized using
data of the contralateral side and reported as a percentage of
the normal contralateral side (Fig. S1†).

2.8 Immunohistochemical evaluation

After harvesting the TA muscle, the regenerated nerve tissues
with the surrounding NGC or autograft were also harvested to
investigate the nerve fiber growth through the NGCs.
Specimen from 1 animal of the Autograft and Bulk collagen
group and 2 animals of the 3D printing group at 12 weeks
were fixed and then immersed in cryoembedding media
(Tissue-Tek® O. C. T. Compound, Sakura Finetechnical Co.,
Japan) and frozen immediately at −80 °C, following which they
were cut into longitudinal sections of 10 µm thickness.
Microtubule protein β-tubulin III and S100 were used as
specific markers for neurons and Schwann cells, respectively.
The sectioned specimens were incubated overnight at room
temperature for primary antibodies (β-tubulin III (T8578,
Sigma, USA), S100 (ab52642, Abcam, UK), followed by incu-
bation in Alexa 488 anti-mouse IgG (Abcam, UK) and Alexa 594
anti-rabbit IgG (Abcam, UK). The nuclei were counterstained
with DAPI (Molecular Probes, USA), and the stained sections
were observed by CLSM.

2.9 Nerve histomorphometric analysis

Along with the harvesting of the regenerated nerve tissue and
nerve conduits for nerve histology, distal nerve segments
(5 mm segments harvested 1 mm distal to the distal suture)
were harvested to investigate peripheral nerve regeneration
through the NGCs. The nerve specimens were fixed with 2.5%
glutaraldehyde in 0.1 mol L−1 phosphate buffer (pH 7.4) for
48 h at room temperature and post-fixed with 1% osmium tetr-
oxide. The nerve specimens were embedded in epoxy resin, cut
into 1 μm, semi-thin sections with an ultramicrotome, and
stained with 1% toluidine blue for light microscopy (BX46,
Olympus, Japan). The images were digitized with a charge-
coupled device camera (DP21, Olympus, Japan) and analyzed
using standard image processing at a magnification of ×20.
The tibial nerve cross-section was analyzed using ImageJ soft-
ware (Fiji Distribution, National Institute of Health, Bethesda,
MA). The total number of axons, cross-sectional area, myeli-
nated fiber area, N ratio, G ratio and mean axon density were
determined for specimens obtained at 12 weeks from 4
animals from the Autograft group, 4 animals from the Bulk

group, and 5 animals from the 3D printing group. The myelin
thickness and G ratio, calculated as the axon diameter divided
by total fiber diameter, were measured at ×60 magnification,
and averaged from five views obtained by random sampling.
The N ratio, calculated as the total myelinated fiber area
divided by the total tissue cable area, represents the infor-
mation regarding the number of sprouting events.23

2.10 Statistical analysis

The statistical analysis was performed using one-way and two-
way analysis of variance (ANOVA). The data are presented as
mean ± SD, and the Kolmogorov–Smirnov test was performed
to determine the normality of the distributions. The Kruskal–
Wallis test, with the post hoc Mann–Whitney test, was used to
detect differences in the functional and histomorphometric
parameters between the groups. All statistical analyses were
performed using SPSS software (version 20, IBM, NY) and a
value of p < 0.05 was considered as statistically significant.

3. Results and discussion
3.1 NGCs based on a porous PLCL membrane with a 3D
printed collagen hydrogel

Fig. 1 illustrates the procedure for the fabrication of NGCs
based on a porous PLCL membrane with a 3D printed collagen
hydrogel. First, the concentrated collagen bioink was prepared
via centrifugation using Amicon®, as explained in the
Experimental section. A dense acidified collagen solution
enables 3D printing without collapse of shape (Video S1†). The
viscosity of the collagen bioink at 2 s−1 shear rate was 1.3 × 105

mPa s, which is within the range of viscosity suitable for extru-
sion-based 3D printing according to the previous study.19 A
bioink suitable for extrusion 3D printing should have a high
dynamic viscosity (from 30 to 6 × 107 mPa s).

We printed the collagen bioink onto the PLCL porous mem-
brane, which is made by electrospinning with an optimized
pore size (2.7 ± 0.6 µm) to allow exchange of nutrients and
oxygen but prevent cell penetration.16 According to previous
studies, infiltration of non-neural cells into the conduit lumen
can occur when the wall pores are larger than 10 µm.36,37

Following 3D printing of the collagen hydrogel, the neutraliz-
ation of acidified collagen was conducted by exposure to
ammonia vapor to induce fibrillar collagen gel. Neutralization
using vapor assists in maintaining the shape of the collagen
hydrogel without crumbling. Subsequently, the collagen hydro-
gel was rinsed with PBS buffer to remove toxic residues in the
hydrogel. The NGCs were finally prepared by rolling into a
tubular shape and closed by applying a medical adhesive. The
prepared NGCs were implanted in the rat sciatic nerve model.

3.2 Characterization of fabricated NGCs

The electrospun PLCL membrane was characterized using a
scanning electron microscope (SEM). To prevent the pene-
tration of cells into the NGCs, we reduced the size of the pore
by extracting nano-sized fibers. The diameter of the nanofibers
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was measured using Diameter J plugin based on the Image J
analysis program (Fig. 2A).38 Fig. 2B and Fig. S2† show photo-
graphs of collagen hydrogels in the hydrated state. Fig. S2(B)†
displays the longitudinal cross-section of the NGCs, which
demonstrates the consistency of the gel deposition along the
length. Owing to the elastic properties of PLCL, the cross-sec-
tioned PLCL curled when it was cut. In Fig. 2B, NGCs filled
fully with the collagen hydrogel, i.e., bulk collagen NGCs, show
no empty space. In contrast, NGCs with a 3D printed collagen
hydrogel have an empty space even in the hydrated state. The
conduit fill ratio calculated based on the hydrated cross-sec-
tional photographs is 72 ± 2%. We compared the bulk and 3D
printed collagen hydrogel NGCs to clarify the effect of 3D
printing by excluding the effect of the material, collagen hydro-
gel, for nerve regeneration. Fig. 2C–E show SEM images follow-
ing freeze-drying. The 3D printed collagen hydrogel has
approximately 500 µm of resolution in the hydrated state
(Fig. 2C and Fig. S3†). We conjectured that the thickness of
the collagen line slightly decreased in the dried state com-
pared with the hydrated state due to the high concentration of
collagen solution. The porous PLCL membrane, medical
adhesive, and collagen hydrogel were observed by SEM
(Fig. 2D). Furthermore, we confirmed that collagen line pat-

terns remained intact even when the membranes were rolled
up, proving the solidification of the collagen hydrogel
(Fig. 2E).

3.3 Cell behaviors on the PLCL membrane and membrane
with a 3D printed collagen hydrogel

To investigate the biocompatibility of the PLCL membrane and
collagen hydrogel, PC12 cells were cultured on the PLCL mem-
brane and the PLCL membrane with the 3D printed collagen
hydrogel. The viability on each surface was measured by live/
dead assay after 5 days. The data indicate that the PC12 cells
endured the 5-day period and there was little difference
between the two surfaces. This indicates that the PLCL mem-
brane and collagen hydrogel are biocompatible and do not
demonstrate the effects of acid and base conditions used
during the gelation process of collagen (Fig. S4†). Next, the
PC12 cells were cultured on each surface for 1 week and then
the cytoplasm (β-tubulin III) and nucleus of the PC12 cells
were stained for neurite differentiation analysis. The differen-
tiated PC12 cells were rarely found on PLCL membranes, and
the cells were relatively round in shape. However, the differen-
tiation of PC12 cells into neuron-like elongated cells was
observed on the surfaces of the 3D printed collagen; the
extended axons are marked with white arrows in Fig. 3. The
percentages of differentiated cells on collagen grafted PLCL
membranes were relatively lower than previous studies since
we excluded the treatment of nerve growth factor,31,39 but sig-
nificantly higher compared to bare PLCL membranes. Thus,
we have confirmed that the line pattern of collagen hydrogel
induced increased cell adhesion and promoted cell
differentiation.

3.4 Functional motor recovery evaluation

3.4.1 General observation following surgery and weight
gain. All animals showed a progressive gain in weight and
mobility after surgical procedure. At twelve weeks, the mean
percentage of animal weight compared with the surgical pro-
cedure for the Autograft group I was 124.9 ± 1.8%, and it was
124.7 ± 3.5% for the Bulk group, and 120.1 ± 4.8% for the 3D
printing group. Significant differences between the groups
were not found (p > 0.05). None of the animals showed infec-
tion, delayed wound healing, or signs of auto-mutilation

Fig. 2 Characterization of the fabricated NGCs. (A) SEM images of
PLCL membranes and the average diameter of nanofibers measured
using Diameter J. (B) Photographs of NGCs with the bulk collagen
hydrogel and 3D printing hydrogel in the hydrated state. (C–E) SEM
images.

Fig. 3 Immunofluorescence images and quantitative analysis of differ-
entiated cells after 1 week of PC12 cell culture on PLCL membranes and
PLCL membranes with the 3D printed collagen hydrogel. White arrows
indicate neuron-like cells with extended axons.
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throughout the study. Macroscopic signs of graft disconnec-
tion, or serous or neuroma formation were absent.

3.4.2 Ankle angle measurements. Fig. 4 summarizes the
ankle contracture angles and ATS for the three animal groups
measured every three weeks. The ankle contracture angles were
significantly reduced until six weeks, and then gradually
improved up to twelve weeks in all groups. At twelve weeks, the
ankle contracture angles of the 3D printing group were similar
to those of the Autograft group (89.68 ± 2.37% vs. 93.52 ±
3.17% respectively, p > 0.05). They were significantly higher
than those of the Bulk group (83.86 ± 4.64%, p < 0.05). This
pattern of recovery was also found in the ATS measurements,
which deteriorated until six weeks to reach similar degrees.
Interestingly, after six weeks, the Autograft and 3D printing
groups gradually regained the ATS, whereas the Bulk group
showed a decrease in the ATS over time. Twelve weeks after
nerve reconstruction, both the Autograft and the 3D printing
groups showed significantly higher ATS in comparison with
the Bulk group (24.02 ± 1.26° vs. 19.65 ± 4.78° vs. 11.35 ±
2.91°, respectively, p < 0.05). The Autograft group did not show
statistical difference in ATS in comparison with the 3D print-
ing group (p > 0.05). These results indicate that the 3D printed
line pattern of the collagen hydrogel encourages motor regen-
eration through the NGC, close to the gold standard recon-
struction method. A sciatic functional index was not used in
this study because of possible interference in its determination
by toe contractures.

3.4.3 Evaluations of the isometric tetanic force and muscle
weight ratio. The maximum isometric tetanic force measure-
ments of TA muscles at six weeks after nerve reconstruction
demonstrated significantly lower tetanic force in both the Bulk
group and 3D printing group than in the Autograft group
(10.64 ± 12.90% vs. 16.33 ± 7.39% vs. 49.79 ± 13.53% respect-
ively, p < 0.05). However, at the final examination at twelve

weeks, the 3D printing group reached a level comparable to
that in the autologous nerve grafted animals, as shown in
Fig. 5 (60.5 ± 21.64% vs. 67.35 ± 6.60% respectively, p > 0.05).
In contrast, the Bulk group still showed significantly lower
tetanic force compared with the Autograft group (39.87 ±
21.27% vs. 67.35 ± 6.60%, p < 0.05).

As an additional indicator for motor recovery, the TA
muscle wet weight ratios were determined. As depicted in
Fig. 5, muscle atrophy in both the Bulk and 3D printing group

Fig. 4 Results of passive ankle contracture angle and active ankle angle at the terminal stance of all animal groups (Autograft, Bulk, and 3D printing
groups) measured at 3, 6, 9, and 12 weeks following nerve reconstruction. *p < 0.05 Autograft versus 3D printing group; #p < 0.05 Bulk group versus
3D printing group.

Fig. 5 The results of maximum isometric tetanic force and muscle
weight ratio of tibialis anterior muscle measured at 6 and 12 weeks fol-
lowing nerve reconstruction. Data are presented as the percentage of
the normal contralateral side. *p < 0.05.
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was significantly more severe than that in the Autograft group
at six weeks (26.07 ± 4.55% vs. 26.4 ± 1.46% vs. 41.82 ± 3.40%
respectively p < 0.05). However, the Bulk and 3D printing
groups recovered to a level closer to that of the Autograft group
at twelve weeks (47.76 ± 15.98% vs. 54.05 ± 12.46% vs. 57.95 ±
11.73% respectively, p > 0.05). Furthermore, the 3D printing
group showed constantly higher ratios at both six weeks and
twelve weeks without statistical significance. These results
prove that the NGCs used in this study can promote nerve
defect regeneration. The isometric tetanic force evaluation and
the results of the ankle angles underscore the relatively high
performance of the 3D printed collagen hydrogel.

3.5 Nerve regeneration through NGCs

Fig. 6 shows nerve regeneration with 8 mm defect size through
the longitudinal direction in the NGCs at 12 weeks after
surgery. The S100, β-tubulin, and DAPI mark Schwan cells,
neurons, and cell nuclei, respectively. All groups demonstrated
nerve regeneration along the NGCs, showing linear neuron
penetration (β-tubulin) and Schwan cell (S100) integration into
NGCs.40 The Autograft group, as the positive group, showed a
higher density of regenerated nerves than the other groups, as
we expected. The NGCs with the 3D printed collagen hydrogel
demonstrated linear guidance from the proximal to distal ends
in comparison with the NGCs with bulk collagen.

Furthermore, an empty area, marked by white arrowheads, was
observed in the Bulk collagen group, proving that its nerve
regeneration ability was inferior to that of the 3D printing
group. Fully filled collagen hydrogel in NGCs visibly reduced
axonal regeneration, physically blocking the regenerated
nerves.41

Nerve histology and morphometric analysis also supported
the nerve regeneration through NGCs. To reveal regenerated
tissue cable passing through each NGC, toluidine-blue stained
single cross-sections were prepared at the mid-graft level of
each group at six weeks. As shown in Fig. 7, all samples
appeared to be connected through the NGCs with some regen-
erated endoneurial vessels being observed. As we intended, the
tissue cables being regenerated were well retained in the PLCL
membranes. The 3D printing collagen hydrogel showed a
denser and organized pattern of regenerated axons, which was
not observed in the case of bulk collagen. Morphometric ana-
lyses were performed on the nerve sections distal to the repair
sites at twelve weeks to compare the morphologies of the
regenerated axons and the surrounding myelin (Fig. 8A and
Fig. S4†). The results, including the myelinated axon count,
myelin fiber area, nerve fiber density, G ratio, N ratio, and
myelin thickness measurements, of all animal groups are
shown in Fig. 8B. Higher myelinated axon count and myelin
thickness were found in the 3D printing group than in the

Fig. 6 Longitudinal sections of the regenerated nerve through NGCs and autograft. Linear axon penetration and Schwann cell integration along
with the NGCs. Neurons are labeled in green and Schwann cells in red. The white arrowheads indicate the empty area, proving the blocked regrowth
of neurons. The double-headed arrows in magnified images in the bottom row indicate alignment direction of the regenerated nerves.
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Fig. 7 Histologic results of the mid-graft cross-section for all groups, 6 weeks after nerve reconstruction. (A) Regenerated axons were bridged inside the
rolled porous PLCL membranes as well as in the Autograft (toluidine blue, ×10). (B) The random areas in the sample of each group were imaged at ×40 mag-
nification. The myelinated axons were denser and organized in the Autograft group and 3D printing group in comparison with the Bulk group.

Fig. 8 (A) Representative histological cross-sections obtained from distal to the graft at 12 weeks (toluidine blue, ×40). (B) The distal nerve (5 mm segment
harvested 1 mm distal to the distal suture) was morphometrically analyzed in order to assess the myelinated fibers. Results of the myelinated axon count,
myelin fiber area, nerve fiber density, N ratio, myelin thickness, and G ratio measurements were compared between groups. *p < 0.05.
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Bulk group without statistical differences between the groups
(p > 0.05 for all). With regard to myelin fiber area and nerve
fiber density, both the Bulk and 3D printing groups differed
from the Autograft group (myelin fiber area, 38 928 ±
13 252 μm2 vs. 53 134 ± 5893 μm2 vs. 58 481 ± 6707 μm2

respectively, p < 0.05; nerve fiber density, 8153 ± 1606 n mm−2

vs. 11 206 ± 1980 n mm−2 vs. 14 702 ± 1264 n mm−2, p < 0.05),
and the 3D printing group showed higher values than the Bulk
collagen group (p < 0.05). The G ratio was found similar
among the groups (Autograft group: 0.67 ± 0.06, Bulk group:
0.61 ± 0.08, 3D printing group: 0.64 ± 0.08, p > 0.05). The N
ratio was significantly different in all groups (0.249 ± 0.041 vs.
0.136 ± 0.038 vs. 0.195 ± 0.028 respectively, p < 0.05), but it was
significantly lower in the Bulk collagen group in comparison
with the Autograft group (p < 0.05). The NGCs with various
designs and materials have been experimentally examined for
the reconstruction of peripheral nerve defects.42 Although
NGCs used in this experiment do not contain any growth
factors or bioactive molecules, we found that the quality of
axonal regeneration could be promoted by the 3D printed col-
lagen hydrogel in the NGC. Intraluminal aligned patterning of
collagen can serve as a guide for axonal growth in the conduit
during the nerve regeneration period, as also demonstrated by
the longitudinal histologic section. This finding was in line
with the previously reported in vitro study using a 3D printed
fibrin hydrogel.43 The aligned hydrogel can provide additional
haptotactic cues for Schwann cell growth as well as the direc-
tional micro-guidance for regenerated axons. The technique
presented here enables this alignment without the need for
complex processing of microchannel fabrication. It was found
that when used over a porous PLCL structure, axons along the
aligned hydrogel seem to be well protected and preserved
in vivo while growing across the whole nerve defect. Future
attempts should be made to determine ideal thickness and
distance of 3D printed hydrogel alignment to optimize its gui-
dance role. It should also be verified whether the collagen
hydrogel in the NGCs can effectively deliver neuro-regenerative
factors and bioactive molecules.

4. Conclusions

We developed NGCs with a 3D printed collagen hydrogel,
which provided a guidance path along the longitudinal direc-
tion and ultimately promoted sciatic nerve regeneration. First,
an acidified collagen bioink was 3D printed onto a PLCL
porous membrane; then, neutralization was performed via
ammonia vapor to maintain the 3D printed pattern. Following
the solidification of the collagen hydrogel, the membrane was
rolled into a tubular shape and fixed with medical adhesive.
The crucial effect of 3D printing was demonstrated by compar-
ing the NGCs with those filled with bulk collagen. We systema-
tically confirmed the beneficial effects of NGCs with the 3D
printed collagen hydrogel on axonal regeneration, remyelina-
tion, and functional recovery. Moreover, the 3D printed col-
lagen hydrogel was prepared by simple centrifugation to

achieve a concentrated collagen bioink. Therefore, various
types of growth factors or bioactive molecules can be easily
incorporated in the collagen by simple centrifugation, which
proves the vast potential of the method introduced in this
study.
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