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A B S T R A C T

Peripheral nerve injuries often cause different degrees of sensory and motor function loss. Currently, the repair
effect of the “gold standard”, autologous nerve transplantation, is unsatisfactory. Tissue engineering has the
potential to tissue manipulation, regeneration, and growth, but achieving personalization and precision remains
a challenge. In this study, we used 3D bioprinting to construct a nerve scaffold composed of gelatin/alginate
hydrogel containing rat Schwann cells. On day 1 after printing, the Schwann cell survival rate was
91.87 ± 0.55%. Cells could be cultured in the hydrogel for 7 days, and were well attached to the surface of the
scaffold. On days 4 and 7, the 3D bioprinted scaffold released higher levels of nerve growth factor (NGF) than 2D
culture group. Further, the mRNA levels of NGF, brain-derived neurotrophic factor (BDNF), glial-derived neu-
rotrophic factor (GDNF), and platelet-derived growth factor (PDGF) expressed on day 4 by Schwann cells were
higher in the 3D bioprinted scaffold culture than in 2D culture. After 4 weeks of implantation, the cell-containing
scaffold still showed partial lattice structure and positive S-100β immunofluorescence. These results indicated
that the 3D bioprinted gelatin-sodium alginate/Schwann-cell composite scaffold improved cell adhesion and
related factor expression. This 3D bioprinted composite scaffold showed good biocompatibility and could be a
promising candidate in neural tissue engineering in the future.

1. Introduction

Peripheral nerve injury (PNI) causes different degrees of sensory
and motor function loss [1], which affects patients physiologically and
psychologically [2]. The incidence of PNI is 12–23 per 100,000 people
in the US and Europe [3–5]. Current treatments for peripheral nerve
injuries include autologous nerve grafting, motor nerve anastomosis of
the defective nerve and other adjacent sites, and vascularized nerve
grafting [6]. Autologous nerve grafting has become the gold standard
for surgical repair of peripheral nerve defects [7]. However, autologous
nerve grafting has several limitations such as nerve torsion or mis-
alignment, limited donors, and loss of donor function, which make the
repair effect unsatisfactory [8].

The recent development of nerve conduits containing scaffolds,

cells, and growth factors could address the limitations currently asso-
ciated with the treatment of PNI and these conduits could emerge as an
ideal transplant substitute [9]. Advantages of using a nerve conduit
include reducing secondary damage, providing access to guide axons
from proximal to distal growth, and reducing the formation of scar
tissue that can impede nerve regeneration [10]. Natural and synthetic
polymer artificial nerve conduits comprising collagen, gelatin, sodium
alginate, silk, polycaprolactone, polyurethane, etc. have been devel-
oped for axonal regeneration [11,12]. However, traditional tissue en-
gineering techniques including dip coating, electrospinning, phase se-
paration, self-assembly, molding and sheet rolling [13,14] have the
disadvantages of complicated production processes and limited custo-
mization and precision, which increase the rate of surgical failure.

3D printing, an emerging tissue engineering scaffolding technology,

https://doi.org/10.1016/j.msec.2019.110530
Received 16 April 2019; Received in revised form 16 October 2019; Accepted 5 December 2019

⁎ Corresponding author at: Department of Oral and Maxillofacial Surgery, Peking University School & Hospital of Stomatology, 22 Zhongguancun South Avenue,
Haidian District, Beijing 100081, China.

E-mail address: c2013xs@163.com (Z. Cai).
1 These authors contribute equally to this work.

Materials Science & Engineering C 109 (2020) 110530

Available online 06 December 2019
0928-4931/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09284931
https://www.elsevier.com/locate/msec
https://doi.org/10.1016/j.msec.2019.110530
https://doi.org/10.1016/j.msec.2019.110530
mailto:c2013xs@163.com
https://doi.org/10.1016/j.msec.2019.110530
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2019.110530&domain=pdf


enables spatial control of functional component placement to create
complex 3D scaffolds. Computer aided design and adjustment of for-
mulation of printed materials can produce controlled porosity and
mechanical properties, while enabling personalized printing and pre-
cise three-dimensional structure [15], which increase the likelihood of
complete recovery after neurological defects. Xu et al. [16] used fibrin
gel to print nerve scaffolds that were used to culture embryonic hip-
pocampus and cortical neurons, and found that the cell survival rate
was 74.2 ± 6.3%. Fibrin gel was therefore considered beneficial to
neuronal adhesion and promotion, cell migration and proliferation, and
matrix synthesis. Wang et al. [17] used 1.5% alginate and 0.75% hya-
luronic acid to print nerve scaffolds, and found that alginate with
hyaluronic acid was more conducive to Schwann cell adhesion than
pure hyaluronic acid, which was not conducive to Schwann cell adhe-
sion. Most studies to date have been limited to a single tubular structure
that lacked internal structure, which could be addressed by using
computer aided design in 3D printing to build a high-precision, multi-
level bionic structure and verify its efficacy.

Alginate is a readily and available natural biopolymer with long-
term stability that can be purified to prevent immunogenicity [18].
Rowley et al. [19] showed that protein adsorption was hindered by the
high hydrophilicity of alginate, which prevented cells from attaching to
the scaffold. This could be addressed by modifying the surface of the
alginate with a peptide such as Arg-Gly-Asp (RGD) to provide a mole-
cular binding site for cell adhesion [20]. Gelatin retains the RGD se-
quence, which is less immunogenic and promotes cell adhesion [21].
Therefore, combining alginate and gelatin facilitates cells adherence to
the surface of the scaffold.

When the peripheral nerve is damaged, Schwann cells begin to di-
vide, proliferate, and secrete a variety of neurotrophic factors and ex-
tracellular matrices, which can express a series of cell adhesion mole-
cules and receptors; these synergistically promote, guide, and regulate
axon growth [22]. In addition, Schwann cells participate in the re-
generation of myelin and guide axon growth during nerve regeneration,
and are therefore indispensable core cells in nerve regeneration tissue
engineering.

Although many researchers have printed various cells in alginate-
gelatin hydrogels (Ouyang et al. [23]; Zhao et al. [24]), studies on
peripheral nerve injury repair are rare. Studies have used hyaluronic
acid and polyvinyl alcohol to increase the viscosity of fibrinogen and
thrombin solutions respectively, and successfully produced a nerve
scaffold that allows Schwann cells to proliferate and maintain activity
[25]. In addition, collagen tube grafts containing BMSC and SC were
successfully printed [26]. However, the effect of 3D bioprinted nerve
scaffolds containing Schwann cells on peripheral nerve regeneration
needs further investigation. In this study, we aimed to create a three-
dimensional scaffold loading with Schwann cells precisely by 3D

bioprinting, in order to mimic in-vivo ECM properties and simulate the
microenvironment of the living cells in the body, thereby enabling
Schwann cells to survive and adhere in scaffold. Additionally, the ex-
pression of neuro-related trophic factor and immunological markers in
the 3D bioprinted scaffold cultures were determined in vitro and bio-
compatibility was tested in vivo.

2. Materials and methods

2.1. Cell culture

Rat Schwann cells (one week old, primary cells which can be passed
to P5) were purchased from CHI SCIENTIFIC (1-5060) and maintained
in Dulbecco's Modified Eagle Medium/F12 (Gibco, Grand Island, NY,
USA, 11330-032) supplemented with 10% fetal bovine serum (Gibco,
10099-141) and 1% penicillin/streptomycin (Gibco, 15140-122). The
cells were cultured at 37 °C in a humidified atmosphere and the
medium was renewed every 2 days. Cells were passaged every 3–4 days.

2.2. Material preparation

Gelatin (Sigma-Aldrich, V900863) and sodium alginate (Sigma-
Aldrich, 180947) were sterilized by UV lamp irradiation for 30 min
before use. The powder dissolved in DMEM/F12, which is made up of
10% FBS and 1% penicillin-streptomycin, then the 2.2% alginate and
9.1% gelatin solution were obtained. Rat Schwann cells were digested
with trypsin and resuspended in culture medium. The cell suspension
was then gently mixed with the hydrogel precursor to achieve a final
concentration of 2% sodium alginate, 8% gelatin, and 2 × 106 cells/ml.

2.3. Cell proliferation analysis and CaCl2 concentration/time experiment

Cell Counting Kit-8 (CCK8, Japan, LK815) was used to evaluate cell
proliferation on day 1, 3, 5, and 7 after treatment with the leaching
solution and CaCl2 solution. For testing the toxicity of the leaching
solution, the initial sample cell counts were all 800, and the control
group had no leaching solution. For the CaCl2 treatment test, the initial
sample cell counts were all 800, the test component concentrations
were 50 mM, 100 mM, 250 mM, and 500 mM, the experimental time
components were 5 min and 10 min, and the control group had no
CaCl2 solution. Briefly, the CCK8 solution was mixed with the medium
at a ratio of 1:9 to obtain a working solution, and the sample (n = 3) at
each time point was incubated with 110 μl of the working solution for
2 h. The supernatant was transferred to a 96-well plate, and the ab-
sorbance (OD) value of the plate at a wavelength of 450 nm was
measured using a microplate reader (BioTek ELX800, VT, USA).

Fig. 1. Schematic illustration for 3D bioprinting.
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2.4. 3D bioprinting

The 3D bioprinting procedure is shown in Fig. 1. Briefly, before 3D
bioprinting, a cylinder, 5 mm in height and 4 mm in diameter, was pre-
designed in the Medprin bioprinter (BMP-C300-T300-IN3) program and
the graphics were sliced at a height of 300 μm per layer (Supplementary
Fig. 1). The cell-hydrogel mixture was loaded into a 1 ml syringe prior
to printing. Considering the biomimetic structure and cell viability, a
printing nozzle having an inner diameter of 160 μm was selected. After
repeated tests, the room temperature was set at 20 °C, and the syringe
of the aqueous gel was kept at 28 °C. By selecting these parameters,
gelatin-alginate could be kept in a liquid state and allowed to gel ra-
pidly on the printing platform during deposition, while the cells
maintained high survival rates. The extrusion speed and the nozzle
scanning speed were set to 0.15 ml/s and 3.5 mm/s, respectively. After
the scaffold was printed, it was immersed in a 50 mM sterilized CaCl2
solution for 5 min for crosslinking.

2.5. Cell alignment and scaffold morphology

The morphology of the print scaffold was observed using an en-
vironmental scanning electron microscopy (ESEM; Quanta 200, FEI,
Netherland). After the samples were lyophilized, scaffold morphology
and cell adhesion were observed under the saturation pressure of water
vapor (1 Torr) and 15 kV accelerating voltage. Multiple areas were
randomly selected for photographing.

2.6. Fourier transform infrared spectroscopy (FTIR) analysis

The chemical composition of the scaffold was investigated by
Fourier transform infrared spectroscopy (FTIR; Spectrum GX, USA).
Using a cell-free scaffold as a control, each sample was ground together
with KBr in an agate mortar, at a rate of about 1:20, and compressed
into tablets. The spectral range was set from 4000 to 400 cm−1 with a
resolution of 4 cm−1 and a scan time of approximately 100 s.

2.7. Cell viability analysis

A fluorescent live/death viability assay kit (KeyGEN Bio-TECH,
China, KGAF001) was used to assess cell viability in the printed scaf-
fold. Briefly, 8 μM propidium iodide (PI) and 2 μM Calcein-AM in PBS
were dispensed, after which the printed scaffold was soaked therein.
After incubation for 30 min, the scaffold was washed three times with
PBS buffer and observed under a fluorescence microscope. Living cells
are stained green by Calcein-AM (490 nm), and PI stains dead cells in
red(535 nm). For cell viability calculations, the number of live/dead
cells was counted in 10 real-time randomly amplified fields per sample
(n = 3) at 100×.

2.8. S100β immunofluorescence analysis

The 3D bioprinted hydrogel scaffold was subjected to S-100β im-
munostaining to determine the expression of characteristic proteins of
rat Schwann cells. Briefly, on days 4 and 7 of culture, the scaffold was
recrosslinked with 50 mM calcium chloride solution for 5 min and fixed
with 4% paraformaldehyde for 30 min. The scaffold was then closed
with a blocking solution (Beyotime, China, P0260) for 30 min. Rabbit
anti-rat S100β antibody (Abcam, ab52642) was diluted (1:100) in an-
tibody dilution buffer (Beyotime, China, P0262). Thereafter, the scaf-
fold was immersed in a rabbit anti-rat S100β antibody solution at 4 °C
overnight. On the next day, the residual liquid was aspirated and the
scaffolds were gently rinsed three times with PBS. The secondary goat
anti-rabbit antibody (Abcam, ab150077) was diluted with a secondary
antibody dilution buffer (Beyotime, China, P0265) to 1:500. The sam-
ples were incubated with the secondary antibody solution for 1 h. After
rinsing three times with PBS, samples were stained with DAPI staining

solution (ZSGB-BIO, ZLI-9557) for 10 min, and viewed under a fluor-
escence microscope.

2.9. NGF release analysis

Rat nerve growth factor (NGF) ELISA (RayBio, USA, 121418 0719)
was used to quantitatively determine the release of NGF in the 2D
culture and 3D bioprinted groups. Briefly, the initial cell number and
the medium volume of the 2D and 3D cultures were adjusted to be the
same. On days 4 and 7, the cell culture supernatant was collected and
centrifuged at 1000 rpm for 10 min. Samples and standards were then
incubated in 96-well ELISA plates coated with anti-NGF antibodies.
After 2.5 h, biotin antibody and streptavidin solution were added in
sequence, and incubated for 1 h and 45 min, respectively. The TMB
substrate was then added for 30 min to develop the color, and the re-
action was stopped using stop solution. The OD value was immediately
read at a wavelength of 450 nm on a microplate reader.

2.10. Quantitative real-time polymerase chain reaction (qRT-PCR)

Gene expression (n = 3) of cells cultured on the 3D bioprinted
scaffold for 7 days was analyzed. The scaffold was soaked in 50 mM
sodium citrate for 10 min and gently stirred to depolymerize the hy-
drogel. After decrosslinking, the decapsulated cells were centrifuged at
10,000 RPM for 10 min and the pellet was washed with PBS and cen-
trifuged again at 10,000 RPM for 3 min. Total RNA was then extracted
using RNeasy Micro Kit (Qiagen, Austin, TX, US) according to the
manufacturer's protocol. PrimeScript™ RT Reagent Kit (TaKaRa, Japan)
was used for reverse transcription. FastStart Universal SYBR Green
Master (Rox) (Roche, Germany, 04913850001) was used for
Quantitative Real-time PCR. Primers for nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), glial-derived neurotrophic
factor (GDNF), and platelet-derived growth factor (PDGF) were syn-
thesized by Sangon Biotech (Table 1). GADPH was used as a cycle
threshold (Ct value), and the fold difference was calculated by the Ct
method (2−ΔΔCt method).

2.11. In vivo experiments

In order to verify the biocompatibility of the 3D bioprinted con-
structs containing cells in vivo, the 3D bioprinted constructs were
placed subcutaneously of nude mice for in vivo experiments. Animal
experiments were performed in accordance with the ethical principles
of the Peking University Institutional Animal Care and Use Committee.
(License No. LA2018216). The implants were divided into two groups:
3D bioprinted construct containing no Schwann cells, and 3D bio-
printed construct containing Schwann cells. On day 1 after printing, 7-
week-old male BALB/c nude mice (Vitalriver, weight 20 ± 1 g) were
randomly divided into two groups and anesthetized with 4% chloral
hydrate. The implants were placed aseptically in the subcutaneous area
of the back and labeled accordingly (n = 6). All animals were

Table 1
Primer sequences used to amplify the targeted genes.

Genes Primes

NGF F: CAACAGGACTCACAGGAGCAAGC
R: GATGTCCGTGGCTGTGGTCTTATC

BDNF F: TGGAACTCGCAATGCCGAACTAC
R: TCCTTATGAACCGCCAGCCAATTC

GDNF F: AAGGTCGCAGAGGCCAGAGG
R: CCGCTTCACAGGAACCGCTAC

PDGF F: TGTAACACCAGCAGCGTCAAGTG
R: CACCTCACATCCGTCTCCTCCTC

GAPDH F: TCAACGGCACAGTCAAGG
R:TGAGCCTTCCACGATG
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maintained at 20–25 °C under a 12-hour light/dark cycle. Four weeks
after surgery, nude mice were sacrificed by cervical dislocation and the
implants were harvested. The implants were fixed in 4% formalin
fixative, dehydrated, and embedded in paraffin. The sections were
performed using a rotary microtome with a thickness of 4–6 μm. HE
staining: Before dyeing, the paraffin in the sections should be removed
with xylene, and then immersed in distilled water through a high
concentration to a low concentration of alcohol. Then, the sections were
soaked in the hematoxylin dye solution for 5–15 min, washed with tap
water, differentiated with hydrochloric acid alcohol, and rinsed with
running water. It was further soaked in eosin alcohol for 3–5 min, de-
hydrated with pure alcohol, then made transparent with xylene, and
finally sealed with neutral gum. Schwann cells were assessed by im-
munohistochemistry (IHC) for S-100β.

2.12. Statistical analysis

Data were expressed as mean ± standard deviation and analyzed
using the SPSS 20.0 software. The t-test was used to confirm the
homogeneity of variance, and one-way analysis of variance and LSD test
were performed. The significance level was α = 0.05. p < 0.05 was
considered a statistically significant difference.

3. Results

3.1. Material biocompatibility and printability

The leaching solution of 2% sodium alginate and 8% gelatin had no
significant effect on the proliferation of Schwann cells on days 1, 3, 5,
and 7 (Fig. 2a), indicating that Schwann cells had good compatibility
with the hydrogel, which showed no cytotoxicity. Schwann cells were
treated with CaCl2 at concentrations of 50 mM, 100 mM, 200 mM, and
500 mM for 5 and 10 min, respectively (Fig. 2b–c). 50 mM CaCl2
treatment for 5 min showed minimal effects on Schwann cell pro-
liferation. Thus, the crosslinker concentration and time were de-
termined as 50 mM and 5 min, respectively for this experiment. The
biomaterial was fitted for 3D bioprinting: the 3D bioprinted constructs
maintained their original geometric shape, the edges were clear, and no
lines were stuck (Fig. 2d–e). Although the material collapsed partly, the
diameter and height of the printed product could still be maintained at
both 4.5 mm. When the scaffold was immersed in the medium, there
was some degree of expansion, but the original geometry remained
intact after 7 days.

3.2. Environmental scanning electron microscopy (ESEM)

Fig. 3a shows the surface of a printed scaffold observed using en-
vironmental scanning electron microscopy. The surface of the nerve
scaffold was rough, with a large number of pores and adhered Schwann
cells. Magnification showed that the Schwann cell elongated (indicated
by the arrow) and attached well to the scaffold (Fig. 3b).

3.3. FTIR analysis

As shown in Fig. 4, 3394 cm−1 is the sodium alginate hydroxyl bond
(OH), 2935 cm−1 is the CH2 group stretching vibration, and 1660 cm−1

is the C = O group of amide I stretching and vibration. 1543 cm−1 is
the NH group bending vibration of amide II, 1410 cm−1 is the sodium
alginate symmetry-COO stretching (COOH group), and 1238 cm−1 is
the NH group of amide III of gelatin.1031 cm−1 was an anti-symmetric
stretch of COC from sodium alginate. Both groups showed patterns
consistent with the peaks of the gelatin and sodium alginate spectra, but
the transmittance was different, and the cell-containing transmittance
was lower than that of the cells-free scaffold.

3.4. Live/dead cell staining

The live/dead cell ratio was determined using Calcein-AM/PI to
analyze the viability of Schwann cells in the 3D bioprinted construct
(Fig. 5) within 7 days of culture. Calcein-AM bound live cell membranes
appeared green and PI stained dead cell nuclei red. Most of the cells in
all groups were stained green, indicating good viability. As observed in
the fluorescence images taken on day 1, dead cells were evenly dis-
tributed in the scaffold (Fig. 5b). We counted the number of living cells
and dead cells to obtain cell viability; the survival rate of the cells was
91.87 ± 0.55% on day 1, 92.83 ± 0.46% on day 4, and
93.20 ± 0.52% on day 7 (Fig. 5j), and there was statistical significance
between day 1 and day 7 (p < 0.01).

3.5. S100β immunofluorescence

S100β is a typical Schwann cell cytoplasmic marker protein in-
volved in growth, cell signaling, movement and functional protein ex-
pression. Immunofluorescence staining using S100β antibody was per-
formed in the printed constructs on days 4 and 7 after printing. As
shown in Fig. 6, most cells expressed S100β, indicating that the printing
process and 3D culture did not inhibit S100β expression.

3.6. Nerve growth factor secretion

The release of NGF from 3D bioprinted scaffold and 2D cultured was
evaluated using an ELISA kit. Tests were performed by collecting cell
culture medium on days 4 and 7 after printing. The final result was
normalized to the concentration of NGF (pg/ml) released per million
cells. Fig. 7 shows that, under 2D culture, the NGF release on days 4 and
7 were 15.71 ± 0.09 and 27.35 ± 2.18 pg/ml, respectively. On days
4 and 7, the NGF release in 3D bioprinted cells were 24.86 ± 1.21 and
38.71 ± 5.34 pg/ml, respectively. On days 4 and 7, there was a sta-
tistically significant difference between the 3D and 2D culture results,
and the levels of NGF released from 3D bioprinted cells was sig-
nificantly higher than those from 2D cultures.

3.7. Nerve-regeneration-related gene expression

Nerve-regeneration-related gene expression can reflect differences
in neuronal function. Gene expression levels of NGF, BDNF, GDNF, and
PDGF in the 3D and 2D groups were measured on day 4. The mRNA
expression of the four genes was higher in the 3D group than in the 2D
group (p < 0.05; Fig. 8).

3.8. In vivo experiments

After 4 weeks of implantation, the 3D bioprinted scaffolds were
harvested (Fig. 9a–c). Scaffolds without Schwann cells were degraded.
Scaffolds with Schwann cells were loose in structure, and the volume
was smaller than that before implantation. The texture was soft and
brittle, and it was difficult to clamp. HE staining (Fig. 9d–e) showed
that few inflammatory response or immune rejection, and part of the
scaffold grid was retained in the cell group. Immunofluorescence
showed positive S-100β staining (Fig. 9f).

4. Discussion

Alginate and gelatin have been widely used in 3D printing as en-
capsulating materials for various cell types, including hematopoietic
cell lines (U937) and fibroblasts [27], human endothelial cells [28],
osteoblast-like cells (MG-63), and chondrocytes [29] in several studies,
where they enhanced cell proliferation and functional expression. We
treated Schwann cells with leaching solution, which did not affect cell
proliferation, indicating that the material has good biocompatibility
with Schwann cells. Sodium alginate encounters calcium ions and
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undergoes rapid ion exchange to form a gel [30]. Sarker et al. [31]
showed that even 20 consecutive layers of Ca2+ ion-crosslinked algi-
nate chains formed square pores, while Ba2+ and Zn2+ ion-crosslinked
alginate chains produced imperfect square pores. Thus, the printable
concentration of the Ca2+ ion crosslinker is typically maintained at
50–150 mM. In this study, treatment with 50 mM CaCl2 for 5 min had
the least effect on Schwann cells. Although only 5 min of cross-linking
caused a certain degree of swelling in the scaffold for 7 days, the
scaffold maintained its entire shape without falling apart.

Compared with 2D culture, 3D bioprinting could provide more

space and a better microenvironment for cell proliferation and ex-
pression of functional proteins to mimic the three-dimensional growth
of cells in vivo. In this study, we used gelatin and sodium alginate
hydrogel loaded with Schwann cells for 3D bioprinting, and evaluated
cell viability, immunofluorescence, related protein secretion, and
mRNA content in vitro, and placed the scaffold in vivo to observe its
function.

The percentage of gelatin and sodium alginate affects the print-
ability of the hydrogel. Duan et al. [32] used 6% gelatin and 8% sodium
alginate to print aortic root sinus smooth muscle cells and aortic valve

Fig. 2. Material biocompatibility and printability: a) Leaching solution treated Schwann cells test by CCK8, b) CaCl2 treated Schwann cells for 5 minute test by CCK8,
c) CaCl2 treated Schwann cells for 10 minute test by CCK8, d) Vertical view of 3D bioprinting of Gelatin/Sodium Alginate scaffold, the arrows indicate the void
channel inside the scaffold, e) Front view of 3D bioprinting of Gelatin/Sodium Alginate scaffold.

Fig. 3. Scaffold morphology by ESEM analysis: Gelatin/Sodium Alginate scaffold at 320× (a) and 1000× (b), the arrows indicate pseudopod from Schwann cell.
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leaflet interstitial cells, while Giuseppe et al. [33] proposed that 7%
sodium alginate and 8% gelatin could produce high printability. In this
study, the biological scaffold maintained a certain geometry and height
after 3D bioprinting, indicating that the hydrogel mixed with 2% so-
dium alginate and 8% gelatin could be extruded at 28 °C to form a gel
with good plasticity. In addition, we used a needle diameter of 160 μm,
which is smaller than most printing nozzles (250–450 μm) [34], but
considerably larger than axons (0.2–16 μm) [35].

Lin et al. [36] demonstrated that the electrostatically bound gelatin
to alginate fibers and modified the surface of macropores to provide cell

adhesion molecules that facilitate nerve cell attachment and growth. As
shown in the Fig. 2, Schwann cells were embedded in the 3D bioprinted
scaffold, which enhanced its function. Further, the Schwann cells
elongated on the scaffold surface and were well connected to each
other, indicating good cell-scaffold compatibility, which would improve
cell proliferation and function.

Lopes et al. [37] showed a peak of the dehydrated alginate/gelatin
microcapsules with a hydrogen-linked functional group OeH at
3454 cm−1, and the peak observed at 2185 cm−1 was attributed to the
CO2 group. An increase in the intensity of the CONH2 (C=O) peak

Fig. 4. FTIR of gelatin-sodium alginate hydrogels with/without Schwann cells.

Fig. 5. Live/dead cell staining: a–i. Live cells (a, d, g), dead cells (b, e, h), and merge images (c, f, i) on days 1, 4, and 7 after 3D bioprinting. (Scale bar: 100 μm), j cell
viability results on days 1, 4, and 7. (**p < 0.01).
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corresponding to 1637 cm−1 indicates that the negative group of al-
ginate may be associated with the positive loading of gelatin. This was
consistent with the results of this study, showing that 3D bioprinting
did not change the original properties of the scaffold components. The
peak of the cell-containing group was slightly lower than the peak of

the no-cell group, possibly owing to various cell-related impurities,
which affect the absorption of infrared light by the corresponding
group, but not the original properties of the scaffold.

High expandability is an advantage of extruded hydrogels, but is
associated with a loss of resolution. The resolution can be improved by
reducing the nozzle diameter, but increasing the shear force could cause
cell damage [38]. Cell viability in scaffolds range from 40% to 95%
depending on hydrogel viscosity, cell concentration, and nozzle size
[39]. Hydrogel concentration also affects cell survival. A mixture of 5%
gelatin and 1% alginate maintained almost 100% viability; however, a
mixture of 10% gelatin and 1% alginate, showed a viability of the vi-
tality 70% after 6 h of printing [40]. Further, 2% alginate concentration
maintained about 90% viability, while 6% alginate concentration only
maintained 35% [41]. In this study, we used a 160 μm diameter nozzle
to print. After printing, the survival rates of cells on days 1, 4, and 7
were 91.87% ± 0.55, 92.83% ± 0.46, and 93.20% ± 0.52, re-
spectively, indicating that the cells were slightly affected by shear force
during printing, but survived for seven days. Thus, the hydrogel com-
position of 2% sodium alginate and 8% gelatin was suitable for
Schwann cell survival.

The S100β subunit is a cytosolic calcium-binding protein that plays
an important role in growth, cell signaling, movement, and metabolism
[42]. Soucy et al. [43] used gelatin-methacryloyl (GelMA) and metha-
cryloyl-substituted tropoelastin to culture Schwann cells. Immuno-
fluorescence showed that Schwann cells were round and expressed

Fig. 6. Immunostaining of S100β marker on day 4 and 7: S100β staining (a, d); DAPI staining (b, e); merge image (c, f). (Scale bar: 50 μm).

Fig. 7. NGF release (by ELISA) of 3D bioprinted and 2D culture on days 4, 7
(*p < 0.05, **p < 0.01).

Fig. 8. Quantitative comparison of NGF (a), BDNF (b),
GDNF (c) and PDGF (d) gene expression was detected by
qRT-PCR on day 4. Compared to 2D culture, the mRNA
expression levels of 3D bioprinted group were analyzed
by the 2−△△Ct method using GAPDH as the internal
control. Dates were represented as the mean ± SD
(n = 3). (*p < 0.05, **p < 0.01 and ***p < 0.001).
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S100β antibody. In this study, gelatin and alginate was used as a
composite scaffold material, and immunofluorescence showed that cells
with S100β antibody were expressed in the scaffold, indicating that 3D
printing did not affect the phenotype of Schwann cells. Schwann cells
showed a round shape on day 4, indicating that Schwann cells were
suspended in the hydrogel. On day 7, Schwann cells showed a dendritic
shape, indicating that the cells adhered well to the scaffold.

Nerve growth factor (NGF) is a secreted protein that promotes ax-
onal regeneration and improves electrophysiological and histomor-
phometric parameters after nerve injury [44,45]. Li et al. [46] treated
diabetic rats with sciatic nerve injury with NGF-loaded heparin-polox-
amer thermogels, which promoted exercise recovery and Schwann cell
proliferation. Chao et al. [47] used a chitosan/glycerophosphate hy-
drogel loaded with NGF, which can continuously release NGF at a local
site, and could be used as a scaffold in an intravenous catheter to repair
rat facial nerve defects. However, most studies have focused on loading
NGF on the scaffold, and few have documented the secretion of NGF on
the scaffold. In this study, more NGF was released in the three-dimen-
sional environment, possibly owing to the increase in cell contact area.
Sun et al. [48] showed that NGF could be enriched and stored in col-
lagen. The gelatin-alginate scaffold likely promoted Schwann cell NGF
secretion and storage.

Schwann cells secrete a range of neurotrophic factors, including
NGF, BDNF, GDNF and PDGF, which induce axon regeneration
[49–52]. The qRT-PCR results showed that, on day 4, the mRNA levels
of NGF, BDNF, GDNF, and PDGF were higher in Schwann cells on the
3D bioprinted scaffold than in the 2D culture, which was consistent the
ELISA results. The 3D cultured Schwann cells were likely in a more
suitable environment for growth, and in better contact with each other,
facilitating the secretion of NGF, BDNF, GDNF, PDGF. In addition,
PDGF could promote the secretion of collagen by Schwann cells [53].

Wang et al. [54] found that 3D printed scaffolds without cells de-
graded after 8 weeks of implantation, leaving a small amount of irre-
gular material. The cell-containing scaffold retained its original shape,
and blood vessels grew into the pores of the construct. In this study,
cell-free scaffolds were degraded after 4 weeks. The cell-containing
scaffolds, although loose in structure, still showed a partial grid struc-
ture, and S-100β immunofluorescence was positive, indicating that
Schwann cells still survived in the 3D bioprinted constructs and helped
to maintain scaffold shape. Gelatin without crosslink led to the in-
sufficient strength of the bioprinted structure. Meanwhile calcium ions
got displaced in an ion rich environment thus causing the breakdown of
the polymer network which led to the scaffolds loose in structure [55].

In future studies, we will try to introduce methacrylamide groups into
gelatin and use photocrosslinking to enhance the strength of the scaf-
fold [56], and further verify the effect of cross-linking on cell viability
and nerve scaffold function.

Studies have shown that Schwann cells and CTX0E03 cells can be
directionally dispersed in collagen-containing ECM to form an en-
gineered neural tissue construct that can potentially be used for per-
ipheral nerve repair [57,58]. The results of this study indicated that,
compared to 2D culture, the 3D bioprinted gelatin-alginate scaffold
loaded with Schwann cells was more conducive to the expression of
nerve regeneration-related neurotrophic factors and important nu-
trients by Schwann cells, which could provide potential applications for
neural tissue engineering. However, our research has some short-
comings. Owing to technical limitations, the diameter of the nozzle was
larger than the axon. In addition, materials were prone to degradation,
volume changes, and internal morphology damage in in vivo experi-
ments. Therefore, it is necessary to develop a material that is well suited
to the 3D bioprinting of cells, and exhibits optimal resolution and suf-
ficient strength.

5. Conclusion

In this study, a hydrogel construct with Schwann cells was suc-
cessfully created by 3D bioprinting, and it was confirmed that the 3D
bioprinted construct composed of gelatin and sodium alginate could
maintain viability and promote adhesion of Schwann cells. The 3D
construct upregulated NGF protein and mRNA expression of NGF,
BDNF, GDNF, and PDGF. These preliminary results show that the 3D
bioprinted gelatin-sodium alginate construct provides a suitable mi-
croenvironment for Schwann cells to maintain its activity. The 3D
bioprinted gelatin-sodium alginate construct could be a promising
candidate in neural tissue engineering in the future.
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Fig. 9. In vivo experiment: a)The 3D bioprinted scaffold during implantation, b) After 4 weeks implantation, the arrow indicates the 3D bioprinted scaffold, c) The
arrow showed the 3D bioprinted scaffolds, d) H&E staining of paraffin embedded sections at 4 weeks after implantation (8.4×, scale bar 100 μm), e) Magnification of
H&E staining (26.7×, scale bar 50 μm), f) S100β immunohistochemical staining (scale bar 50 μm).
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