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A B S T R A C T   

Peripheral nerve injury can cause various degrees of damage to the morphological structure and physiological 
function of the peripheral nerve. At present, compared with “gold standard” autologous nerve transplantation, 
tissue engineering has certain potential for regeneration and growth; however, achieving oriented guidance is 
still a challenge. In this study, we used 3D bioprinting to construct a nerve scaffold of RSC96 cells wrapped in 
sodium alginate/gelatin methacrylate (GelMA)/bacterial nanocellulose (BNC) hydrogel. The 5% sodium 
alginate+5% GelMA+0.3% BNC group had the thinnest lines among all groups after printing, indicating that the 
inherent shape of the scaffold could be maintained after adding BNC. Physical and chemical property testing 
(Fourier transform infrared, rheometer, conductivity, and compression modulus) showed that the 5% 
alginate+5% GelMA+0.3% BNC group had better mechanical and rheological properties. Live/dead cell staining 
showed that no mass cell death was observed on days 1, 3, 5, and 7 after printing. In the 5% alginate+5% GelMA 
group, the cells grew and formed linear connections in the scaffold. This phenomenon was more obvious in the 
5% alginate+5% GelMA+0.3% BNC group. In the 5% alginate+5% GelMA+0.3% BNC group, S-100β immu
nofluorescence staining and cytoskeleton staining showed oriented growth. Polymerase chain reaction (PCR) 
array results showed that mRNA levels of related neurofactors ASCL1, POU3F3, NEUROG1, DLL1, NOTCH1 and 
ERBB2 in the 5%GelMA+0.3%BNC group were higher than those of other groups. Four weeks after implantation 
in nude mice, RSC96 cells grew and proliferated well, blood vessels grew, and S-100β immunofluorescence was 
positive. These results indicate that a 3D-bioprinted sodium alginate/GelMA/BNC composite scaffold can 
improve cell-oriented growth, adhesion and the expression of related factors. This 3D-bioprinted composite 
scaffold has good biocompatibility and is expected to become a new type of scaffold material in the field of neural 
tissue engineering.   

1. Introduction 

Peripheral nerve injury includes all damage to the morphological 
structure or physiological function of the peripheral nerve. [1]. Clinical 
manifestations are mainly motor nerve, sensory nerve and autonomic 
nerve dysfunction and bone muscular atrophy [2]; these manifestations 
result in physical disability, chronic pain, loss of motor and sensory 

functions, and decreased quality of life [3]. Currently, the gold standard

for the clinical repair of peripheral nerve defects is autologous nerve trans

plantation [4]. However, it has disadvantages such as nerve torsion, 
dislocation, limited nerve donor area and loss of nerve function in the 
donor area. Therefore, nerve guide conduits (NGCs) created by tissue 
engineering to repair nerve defects have become the current research 
trend [5]. Among numerous tissue engineering methods, 3D bioprinting 
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enables personalized printing and precise three-dimensional structure, thereby 
greatly improving the possibility of nerve defect repair [6]. Yoo et al. [7] 
used 3D printing to prepare an oriented collagen hydrogel using 
polylactide-caprolactone (PLCL) as a raw material and obtained micro
scale hydrogel patterns with a good effect on axon regeneration and 
remyelination. However, few studies have focused on cells containing 
3D-bioprinted components, which would guide cell-directed growth in 
the given material strand to reduce postoperative nerve torsion or 
misalignment. 

Sodium alginate is a linear polysaccharide that has good hydrophi
licity and histocompatibility. It can be cross-linked by CaCl2 to increase 
its mechanical strength [8]. In previous research [9], we used 3D bio
printing to create a gelatin‑sodium alginate nerve conduit loaded with 
rat Schwann cells. The results show that 3D bioprinting helps cell 
adhesion and the expression of nerve regeneration-related genes, but the 
strength of the scaffold remains to be improved. Gelatin methacrylate 
(GelMA) is obtained by the reaction of gelatin and methacrylic anhy
dride. The introduction of the MA group makes it photosensitive, which 
has attracted wide attention in the field of nerve regeneration [10]. 
Studies have confirmed that Schwann cells can attach and proliferate on 
GelMA and GelMA-pHEMA (5:5) hydrogels [11], whereas Zhu et al. [12] 
used GelMA and poly (ethylene glycol) diacrylate (PEGDA) to print 
NGCs with microchannels and found that the nerve fibres could enter the 
microchannel through the branch and extend to the distal end of the 
injury site. Therefore, combining sodium alginate-GelMA as the main 
component of the nerve conduit scaffold can provide an important 
microenvironment and microchannel structure for the regeneration of 
peripheral nerves. 

Interpenetrating network (IPN) polymer hydrogels are a special type 
of hydrogel formed by IPNs containing hydrophilic groups after 
absorbing water [13]. Calcium alginate-GelMA can be used as an IPN 
hydrogel, and the application of nanomaterials can further improve the 
mechanical strength of the IPN. Bacterial nanocellulose (BNC) is 
composed of interconnected cellulose ribbons. Due to its good biocom
patibility and mechanical properties, it has been suggested to be an 
effective hydrogel-like material [14]. Sämfors et al. [15] used BNC to 
construct a blood vessel scaffold, in which human umbilical vein 
endothelial cells were inoculated and cultured to form a unidirectional 
arrangement after 7 days. Adding BNC to the calcium alginate-GelMA 
double network system to form a semi-network rigid structure is ex
pected to further enhance the mechanical strength of the scaffold. 

In previous studies, researchers used nanocellulose and GelMA hy
brids to print scaffolds, which helped maintain the activity of ATDC5 
cells within 7 days [16]. There are also studies that used sodium alginate 
and GelMA for hybrid printing [17]. To enhance mechanical properties 
and promote cell-oriented growth, 3D bioprinting of sodium alginate, 
GelMA and BNC was used in the field of peripheral nerve regeneration. 
Therefore, in conjunction with the findings of our previous studies, we 
explored the printability of alginate, GelMA and BNC hybrid bioink at 
different concentrations and examined the physicochemical properties 
of the material. Then, the bioink was mixed with RSC96 cells for bio
printing. Cell viability analysis, cell proliferation, immunofluorescence 
staining, cytoskeleton staining and a PCR array were performed to verify 
the effects of different concentrations of bioink on RSC96 cells. Finally, 
its biocompatibility was verified subcutaneously in nude mice. 

2. Material and methods 

2.1. Materials ratio experiment 

The sodium alginate used in this study was purchased from Sigma 
Aldrich (180947), GelMA was purchased from Aladdin (Lot# 
F1821011), BNC was purchased from Qihong Technology (Qihong 
Technology), and lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate 
(LAP) was purchased from TCI Shanghai (L0290). Co60 was used to 
irradiate GelMA and sodium alginate before configuring the bioink. 

High temperature and high pressure were used to sterilize BNC. As 
shown in Fig. 2a, different concentrations of sodium alginate were dis
solved with GelMA in phosphate-buffered saline (PBS) solution, and the 
proportion of materials capable of extrusion fluency was selected ac
cording to Fig. 2b-d. Finally, 5% was selected as the final concentration 
of sodium alginate, in which 0.5% LAP was added as the photoinitiator, 
and the final experiments were grouped as follows: ① 5% sodium 
alginate+0.5% LAP+2.5% GelMA, ② 5% sodium alginate+0.5% 
LAP+5% GelMA, ③ 5% sodium alginate+0.5% LAP+10%GelMA, and 
④ 5% sodium alginate+0.5% LAP+5% GelMA+0.3% BNC. (The 
following abbreviations are: ①2.5% GelMA; ②5% GelMA; ③10% 
GelMA; and ④5% GelMA+0.3%BNC). Image J was used to measure the 
filament diameter of different groups, and the average value(n = 5)was 
taken for statistical analysis. 

2.2. Materials physicochemical properties 

2.2.1. Modulus-temperature analysis, viscosity-shear rate analysis and 
viscosity-temperature analysis 

To evaluate the rheological properties of the bioink in each group, a 
rotational rheometer (Discovery HR2; TA Instruments, Inc., USA) was 
used to test the storage modulus (G′), loss modulus (G′′) and composite 
viscosity of the bioink in each group. To evaluate the relationship be
tween the storage modulus (G′), loss modulus (G′′) and temperature, 
each bioink was scanned for 750 s at a frequency of 1 Hz, at 1% strain 
and over a range of 9.95 ◦C–37.08 ◦C to obtain modulus-temperature 
curves. To determine the relationship between the composite viscosity 
and shear rate of bioink in each group, the bioink was scanned for a time 
period of 200 s at 1% strain and 20 ◦C temperature and 0.1–1000 shear 
rate to obtain the composite viscosity-shear rate curve. To further 
evaluate the relationship between the bioink composite viscosity and 
temperature, the bioink was scanned at a frequency of 1 Hz, strain of 1%, 
and temperature of 9.95 ◦C–37.08 ◦C for 12.5 min to obtain the com
posite viscosity-temperature curve. All values are shown as the mean ±
SD of three samples. 

2.2.2. Thixotropic tests 
In order to evaluate the thixotropic behaviour of bioinks in each 

group, a rotational rheometer (Discovery HR2; TA Instruments, Inc., 
USA). A three-step experiment was carried out at 20 ◦C and 1 Hz fre
quency. First, the state of the hydrogel before 3d bioprinting was 
simulated by using the shear rate of 0.1 s− 1 for 60s, and then the shear 
rate was adjusted to 100 s− 1 and maintain 10s to simulate the 3d bio
printing process. Finally, the shear rate was restored to 0.1 s− 1 for 60s to 
simulate scaffold after 3d bioprinting, and the viscosity time curve was 
obtained and analysed. 

2.2.3. Scanning electron microscopy (SEM) of the scaffold

The bioink of each group were freeze-dried, and then SEM (SU8020,

Hitachi) was used to observe the micromorphology of each group of hydrogels

after coating with gold. Image J was used to measure the porosity of different

groups, and the average value was taken for statistical analysis.

2.2.4. Fourier infrared analysis 
The chemical composition of each bioink was investigated by a 

NICOLET IS10 FTIR spectrometer (Thermo Fisher Scientific Inc., USA). 
Each sample was ground together with 200 mg KBr in an agate mortar at 
a ratio of approximately 1:20 and pressed into a thin slice. The flakes 
were placed in a sample chamber with automatic identification, the 
spectral range was set from 4000 to 400 cm− 1, the resolution was 4 
cm− 1, and the scan time was approximately 100 s. After background and 
baseline corrections, FTIR spectra were analysed. 

2.2.5. Analysis of electrical conductivity 
The bioink from each group was lyophilized and pressed into thin 

sections (n = 3), and electrical conductivity measurements of the thin 
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sections were performed by a high-precision electrical resistivity tester 
(YAOS, FM100GH) using the four-probe method, with 3 averages 
measured at different locations of the selected samples in the 
measurements. 

2.2.6. Compressive modulus analysis 
The compressive properties of the bioinks in each group were tested 

using a universal testing machine. Briefly, the cross-linked hydrogels of 
each group were placed between load-bearing sensors with circular 
metal plates on a universal testing machine at room temperature, the 
samples were compressed to 80% deformation of their thickness at a 
speed of 0.5 mm/min, the data were recorded, and the compressive 
modulus was calculated from the slope of the stress-strain curve (linear 
strain range of 0–10%). 

2.3. Cell culture and 3D bioprinting 

RSC96 cells were purchased from ATCC and maintained in Dulbec
co's modified Eagle's medium (Gibco, Grand Island, 8120185) supple
mented with 10% foetal bovine serum (Gibco, 10099–141) and 1% 
penicillin/streptomycin (Gibco, 15140–122). Cells were cultured in the 
humidified environment of a 37 ◦C incubator and passaged every 2 days. 
Cells from passages 9–13 were used for experiments. The process of 3D 
bioprinting is shown in Fig. 1a. Briefly, a cuboid with a length of 8 mm, 
width of 8 mm and height of 2 mm and a cylinder 5 mm in height and 4 
mm in diameter were designed using computer design software. The 
cuboids were then cut into 5 layers and 17 layers, respectively (S. Fig. 1). 
Thereafter, a 1 ml syringe was placed after mixing the cells with the 
bioink and placed in the Medprin bioprinter (BMP-C300-T300-IN3). In 
consideration of the biomimetic structure as well as printer accuracy, a 

printing needle with an inner diameter of 160 μm was selected. The 3D- 
bioprinted parameters are shown in Table 1. When the construct was 
printed out, it was solidified by using blue light at a wavelength of 430 
nm for 20 s and cross-linked by using sterilized CaCl2 solution at a 
concentration of 50 mm for 5 min (Fig. 1b). Subsequently, the construct 
was placed into the culture medium. 

2.4. Shape fidelity 

Shape fidelity is evaluated by extruding filaments from qualitative 
macro images and calculating printability index (Pr) [18]. The macro 
images of each group were processed by ImageJ software, and the 
perimeter and area of interconnection channel were measured (n > 20). 
Then calculate Pr value and find the pore perimeter normalized by pore 
area. The formula is as follows: 

Pr = L2/16A (1)  

where L is the perimeter and A is the area. Under ideal gelation condi

Fig. 1. a) Schematic illustration of 3D-bioprinting bioink production. b) Schematic illustration of material cross-linking at the molecular level.  

Table 1 
3D-bioprinting parameters.  

Parameter Value 

Barrel temperature (◦C) 20–25 
Ambient temperature (◦C) 20 
Fill density (%) 40 
XY plotting speed(mm/s) 30 
Inner diameter of needle(μm) 160 
Layer thickness (μm) 300  
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tions or ideal printing suitability, the affirmative channel of the struc
ture is square and the Pr value is 1. Pr = 1 means that the extrusion line 
has good uniformity, Pr > 1.1 means unacceptable uniformity [19]. 

2.5. Cell viability analysis 

Cell viability in the 3D-bioprinted scaffolds was assessed using a 
fluorescence live/dead viability assay kit (KeyGEN Bio TECH, KGAF001, 
China). Briefly, 8 μm propidium iodide (PI) and 2 μm calcein AM were 
dissolved in 10 ml PBS to configure the staining solution. After incu
bation for 30 min with the staining solution, the scaffolds were washed 3 
times with PBS buffer and observed under a fluorescence microscope 
(calcein AM stained viable cells green at a wavelength of 490 nm 
whereas PI stained dead cells red at a wavelength of 535 nm). 

2.6. Cell proliferation assay 

Cell Counting Kit-8 (CCK8, LK815, Japan) was used to evaluate cell 
proliferation of the 3D-bioprinted scaffolds on days 1, 3, 5 and 7. Briefly, 
CCK8 solution was mixed with culture medium at a ratio of 1:9 to obtain 
a working solution, and samples (n = 3) at each time point were incu
bated with 1 ml working solution for 1 h. A total of 110 μl of the su
pernatant was transferred to a 96-well plate, and the absorbance (OD) 
value of the plate at a wavelength of 450 nm was measured using a 
microplate reader (BioTek ELX800, VT, USA). 

2.7. S-100β immunofluorescence staining 

The 3D-bioprinted hydrogel scaffolds were subjected to S-100β im
munostaining to determine the expression of RSC96 cell signature pro
teins. Briefly, on day 4 after 3D bioprinting, scaffolds in each group were 
cross-linked with 50 mM CaCl2 solution for another 5 min and fixed with 
4% paraformaldehyde for 30 min. Scaffolds were then blocked with 
blocking solution (1% PBS/5% BSA/0.3% Triton X-100) for 30 min. 
Rabbit anti-rat S100β antibody (Abcam, ab52642) was diluted (1:100) 
in antibody dilution buffer (1% PBS/1% BSA/0.3% Triton X-100). After 
that, scaffolds were immersed in rabbit anti-rat S100 β antibody solution 
overnight at 4 ◦C. On the next day, the residual liquid was aspirated, and 
scaffolds were gently rinsed 3 times with PBS. Goat anti-rabbit sec
ondary antibody (Abcam, ab150077) was diluted to 1:500 with sec
ondary antibody dilution buffer (1% PBS/1% BSA/0.3% Triton X-100). 
Samples were incubated with secondary antibody solution for 1 h. After 
rinsing 3 times with PBS, samples were stained with DAPI staining so
lution (ZSGB-BIO, ZLI-9557) for 10 min and observed under a laser 
confocal microscope (LMS710, Zeiss, Germany). 

2.8. Cytoskeleton staining 

3D-bioprinted scaffolds were stained by using 1× Phalloidin-iFluor 
594 to observe the topography of their cytoskeletons in the scaffold. 
Briefly, on days 4 and 7 after printing, scaffolds were re-cross-linked 
using 50 mM CaCl2 for 5 min. Then, the scaffolds were fixed with 4% 
paraformaldehyde for 10 min after rinsing 3 times with PBS. After 2–3 
washes with PBS, the scaffold was incubated with 0.1% Triton X-100 for 
3–5 min. Then, the scaffolds were stained for 30 min at room temper
ature by adding 1× phalloidin conjugate working solution (1 ml PBS +
1% BSA in 1 μl 1000× phalloidin conjugate storage solution) after 
washing 2–3 times with PBS; next, DAPI staining solution was added, 
and the cells were observed at excitation/emission (EX/EM) = 590/618 
nm using a laser confocal microscope (LMS710, Zeiss, Germany). Image 
J was used to calculate the angle between the long axis of the cell and 
vertical line of the long axis of the scaffold, and the percentage of each 
angle range was counted. 

2.9. Quantitative real-time PCR (qRT-PCR) and PCR array analysis 

QRT-PCR was used to analyse the gene expression of cells cultured 
for 7 days on 3D-bioprinted scaffolds of each group (n = 3). Scaffolds 
were soaked in 100 mm sodium citrate for 5 min, and hydrogels were de- 
cross-linked with gentle stirring. The decapsulated cells were centri
fuged at 1000 rpm for 5 min after cross-linking, and the pellet was 
washed with PBS and centrifuged again at 1000 rpm for 3 min. Total 
RNA was extracted using TRIzol reagent (Invitrogen, USA) according to 
previous experience [20]. The PrimeScript™ RT reagent kit (Takara, 
Japan) was used for reverse transcription. Faststart universal SYBR 
Green Master Mix (Rox) (Roche, Germany, 04913850001) was used for 
quantitative real-time PCR. Ninety-two mRNA constructs encoding 
neuroregeneration-related genes were detected using a rat neurogenesis 
PCR array (Wcgene Biotech, Shanghai, China) according to the manu
facturer's protocol (n = 3). Gene expression profiles were analysed ac
cording to the manufacturer's protocol (Wcgene Biotech, Shanghai, 
China), and data were analysed using software from Wcgene Biotech. 
Genes with fold change greater or less than 2.0 were considered bio
logically significant. 

2.10. In vivo experiment, HE staining and S-100β immunofluorescence 
staining 

To verify the biocompatibility of 3D-bioprinted constructs contain
ing cells in vivo, the 3D-bioprinted constructs were placed subcutane
ously in nude mice for in vivo experiments. Animal experiments were 
carried out according to the ethical principles of the Animal Protection 
and Use Committee of Peking University (licence No. LA2018216). 
Implants were divided into two groups: the 5% GelMA group (contain
ing RSC96 cells) and the 5% GelMA+0.3% BNC group (containing 
RSC96 cells). On day 1 after printing, male BALB/C nude mice (Charles 
River, weight 20 ± 1 g) aged 7 weeks were randomly divided into two 
groups and anaesthetized with 2% chloral hydrate. Sterile implants were 
placed in the subcutaneous area of the back of the animal and marked 
accordingly (n = 18). All animals were kept at 20–25 ◦C in a 12-h light/ 
dark cycle. At 2 and 4 weeks after the operation, the nude mice were 
killed by cervical dislocation, and the implants were collected. The 
implants were fixed with 4% formalin, dehydrated and embedded in 
paraffin. Slices were created using a rotary microtome with a thickness 
of 4–6 μm. HE staining was performed as follows: before staining, 
paraffin in the section was removed with xylene and then immersed in 
distilled water with high to low concentrations of alcohol. Then, the 
slices were soaked in haematoxylin dye solution for 5–15 min, washed 
with tap water, differentiated with hydrochloric acid ethanol, and then 
washed with running water. The slice was further immersed in eosinol 
for 3–5 min, dehydrated with pure alcohol, cleared with xylene, and 
finally sealed with neutral glue. The expression of S-100β in RSC96 cells 
was evaluated by immunohistochemistry (IHC). 

2.11. Statistical analysis 

The data are expressed as the mean ± standard deviation and were 
analysed by SPSS 20.0 software. In terms of statistical comparison, a t- 
test was used in this study. After confirming the homogeneity of vari
ance, one-way ANOVA and least significant difference (LSD) tests were 
performed. The significance level was α = 0.05. *P < 0.05 was consid
ered statistically significant. 

3. Result 

3.1. Printability analysis of materials 

Barros et al. [21] used a mixture of 2% sodium alginate and 7.5% 
GelMA to better simulate bioprinted endothelial cells to optimize the 
viability of endothelial cells. Zhou et al. [22] used 10% (w/v) GelMA, 1% 
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(v/v) PEGDA750 and 1% (w/v) alginate as bioinks to bioprint small 
vessels. Our study found that the printability was mainly determined by 
the concentration of sodium alginate under the same temperature. When 
the sodium alginate concentration was 5%, different concentrations of 
GelMA (2.5%–15%) could be used to squeeze out the continuous lines 
shown in Fig. 2a, and when the concentration of sodium alginate was 
higher or lower, it would lead to discontinuous lines (Fig. 2d) or the 
mixture becoming too thin to squeeze as a liquid (Fig. 2b). Therefore, we 
chose a concentration of 5% sodium alginate mixed with different 
concentrations of GelMA as the experimental groups. Fig. 2e-i shows 
that after photo-cross-linking and chemical cross-linking, the 5% 
GelMA+0.3%BNC group (301.49 ± 30.59 μm) and 10% GelMA group 
(305.80 ± 22.57 μm) had the thinnest line among all groups, which 
indicated that the inherent shape of the scaffold could be maintained by 
adding BNCs. The next group was the 5% GelMA group (368.12 ± 15.71 
μm) and 2.5% GelMA group (555.56 ± 38.03 μm), which showed that 
the higher the concentration of GelMA, the better the printability to 
maintain the original thickness of the line after printing without local 
collapse. Printability index (Pr) of each constructs were found in the 

range of 0.8–1.1, and the 5%GelMA+0.3%BNC group was closer to 1, 
demonstrating good shape fidelity. Fonseca et al. [23] used BNC as a 
support for hyaluronic acid (HA) microneedles and obtained good me
chanical properties. Bao et al. [24] found that when the amount of BNC 
increased, the mechanical strength of D-BNC and G-BNC catheters was 
stronger than that of many tissue-engineered blood vessels (0.4–2.2 N). 
According to the computer software, we designed and printed a cylinder 
with a diameter of 4 mm and a height of 5 mm and used it in the sub
sequent in vivo experiments. The height of the scaffold was higher after 
adding BNC (Fig. 2j-k), and the deformation of the material was smaller. 
Therefore, the results of this experiment confirmed that BNC could be 
the mechanical reinforcer and rheology modifier to the bioink. 

3.2. Analysis of physical and chemical properties of materials 

All samples show the same properties under stress scanning. In 
Fig. 3a, we found that before photocuring, the storage modulus of 
hydrogel in each group was basically higher than that in the loss 
modulus, and the storage modulus of the 10% GelMA group was higher 

Fig. 2. Material printability: a) 
different concentrations of sodium 
alginate and GelMA, b) excessive 
fluidity of extruded liquid, c) extruded 
lines suitable for printing, d) high vis
cosity of extrusion lines, e) printing 
model of the 2.5% GelMA group(scale 
bar = 1 mm), f) printing model of the 
5% GelMA group(scale bar = 1 mm), g) 
printing model of the 10% GelMA 
group(scale bar = 1 mm), h) printing 
model of the 5% GelMA+0.3% BNC 
group(scale bar = 1 mm), i) filament 
diameter of each group, j)printing cyl
inder model of the 5% GelMA group 
(scale bar = 0.5 mm), and k) printing 
cylinder model of the 5% GelMA+0.3% 
BNC group (scale bar = 0.5 mm).   
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than other groups. The storage modulus of the 5% GelMA group and the 
5% GelMA+0.3% BNC group were close, and the storage modulus of the 
2.5% GelMA group was lowest. The relationship between viscosity and 
shear thinning characteristics and temperature is helpful to understand 
the ability of hydrogels to be extruded through 3D bioprinting to form 
fine structures. The shear thinning feature enables the printing nozzle to 
pass smoothly with reduced shear viscosity to avoid the drag of the 
previous printing layer, which may distort the entire printing structure 
[25]. Temperature is the decisive factor for the application of hydrogels 
in 3D bioprinting. We found that in Fig. 3b, the viscosity of each 
hydrogel decreased with increasing shear rate. Similarly, the viscosity of 
each group decreased with increasing temperature, and the 10% GelMA 
group had the largest reduction at 10–15 degrees, whereas the viscosity 
of the 2.5% GelMA group was the lowest at different temperatures. 
Combined with actual printing, after photocuring, the linear plasticity of 
the 10% GelMA group and the 5% GelMA+ 0.3% BNC group was better 
than that of the 5% GelMA group and the 2.5% GelMA group (Fig. 3c), 
indicating that the rheology of the hydrogel was determined by the 
storage modulus and viscosity. Thixotropic tests of each group (Fig. 3d) 
showed that when the shear rate was maintained at 0.1 s− 1 at the 
appropriate temperature of 20 ◦C, the viscosity of 5% GelMA+ 0.3% 
BNC group and 10% GelMA group was close to that of 4 × 106 Pa⋅s, 
followed by 5% GelMA group and 2.5% GelMA group, respectively. 

When the shear rate increased to 100 s− 1, the viscosity of each group 
decreased significantly. When restored to 0.1 s− 1, the hydrogels in each 
group basically recovered to the first stage of viscosity, indicating that 
each group of hydrogels were highly thixotropic materials, which is very 
important for extrusion-based 3D bioprinting. 

In the SEM images (Fig. 3e-h), each group of hydrogels had a porous

structure, and the pores were interconnected. The porosity of the 5% 
GelMA+0.3% BNC group was 53.34%, higher than the 2.5% GelMA 
group(42.1%), 5% GelMA group(41.52%) and the 10% GelMA group 
(35.06%). The pore size of the 5% GelMA+0.3% BNC group was smaller 
and more uniform because the average pore size of the composite 
hydrogel could be adjusted by the BNC particle content [26]. 

The FTIR spectra of hydrogels in each group are shown in Fig. 3j. The 
results show a sodium alginate hydroxyl bond (O–H) at 3394 cm− 1, 
which may overlap with the peak at 3289 cm− 1 (mainly N–H stretching 
of BNC) [27]. The strong peak at 1653 cm− 1 is related to the tensile 
vibration of GelMA C––O, and the peak at 1535 cm− 1 is related to the 
tensile vibration of GelMA C–N and N–H bending [28]. The peak at 
1158 cm− 1 is characteristic of BNC glycosidic bonds [29]. An overlap of 
the symmetrical -COO stretching (COOH group) of sodium alginate and 
the bending of CH in BNC may be evident at 1410 cm− 1. The peak at 895 
cm− 1 reflects the bending deformation of CH2 in BNC [30]. Combined 
with the above results, it can be seen that the inherent characteristics of 

Fig. 3. Physical and chemical properties analysis of materials: a) modulus-temperature curve, b) viscosity-shear rate curve, c) viscosity-temperature curve, d) 
viscosity-time curve, e) SEM of the 2.5% GelMA group, f) SEM of the 5% GelMA group, g) SEM of the 10% GelMA group, h) SEM of the 5% GelMA+0.3% BNC group, 
i) porosity of each group, j) FTIR. 
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sodium alginate, GelMA and BNC will not be changed in the process of 
3D bioprinting. 

Fig. 4a shows that the conductivity of the material is obviously 
enhanced after adding BNC, which is due to the porous nanostructure 
and abundant hydroxyl functional groups that make the active catalytic 
layer of BNC bind closely with the substrate [31]. Dutta et al. [32] 
improved the electrochemical properties of the composite by using its 
unique properties and network structure. The conductive substrate was 
prepared by in situ polymerization of polypyrrole (PPy) on BNC fibres, 
which has good flexibility, mechanical properties and electrical con
ductivity [33]. Good electrical conductivity is of great significance to 
nerve regeneration [34], so the addition of BNC can make the nerve 
conduit have a certain level of electrical conductivity. 

The compression modulus of the hydrogel increased with increasing 
GelMA concentration when the alginate concentration was the same 
(Fig. 4b). The compression modulus of the 2.5% GelMA group was 
0.60547 kPa, that of the 5% GelMA group was 2.24957 kPa, and that of 

the 10% GelMA group was 5.65764 kPa. This is because the higher the 
concentration of GelMA was, the more C––C was involved in photo- 
cross-linking. The cross-linking between the macromolecules of GelMA 
was much closer, and the compression modulus of the material was 
higher [35]. After adding 0.3% BNC, the compression modulus of the 
hydrogel increased to 10.9193 kPa. This was due to the smaller diameter 
of BNC, which has a higher surface area than cellulose obtained from 
plants, and special mechanical properties. Also, its stress-strain behav
iour is similar to that of soft tissue [36]. Therefore, BNC is widely used as 
a reinforcing material for polymer networks to maintain the shape and 
profile of scaffolds while ensuring biocompatibility [37–38]. 

3.3. Analysis of cell viability and proliferation 

The viability of RSC96 cells in the 3D-bioprinted scaffold within 7 
days of culture was analysed by live/dead cell staining (Fig. 5). Most of 
the cells in all groups were stained green, indicating that the cells had 

Fig. 4. a) Electrical conductivity, b) compressive modulus.  

Fig. 5. Live/dead cell staining: merged images of different groups on day 1 (a, e, i, and m), day 3 (b, f, j, and n), day 5 (c, g, k, and o) and day 7 (d, h, l, and p) after 
3D bioprinting. (Scale bar: 200 μm). 
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good vitality. From the fluorescence images taken on day 1, it could be 
seen that the dead cells were evenly distributed in the scaffold; no mass 
cell death was observed (Fig. 5a, e, i, and m). From day 1 to day 7, the 
number of fluorescent cells increased in all groups. Pepelanova et al. 
[39] proved that low concentrations of GelMA and low doses of ultra- 
violet (UV) light provide a proper microenvironment for mesenchymal 
stem cells (MSCs) to promote cell growth. MSCs are highly active in 
hydrogels with low gel concentrations and low UV doses. GelMA could 
also be used to load C2C12 cells. The cells in GelMA fibres were exposed 
to electrical stimulation. The results showed that relatively high cell 
arrangement and reasonable cell viability could be obtained at medium 
cell density (15 × 106 cells/mL) [40]. Combined with the results of this 
study, GelMA has certain biocompatibility and can promote the growth 
of RSC96 cells loaded with GelMA. On day 7, the 10% GelMA group 
(Fig. 5l) exhibited a local proliferation trend and did not grow well. 

When the concentration of GelMA is high, the proliferation and growth 
of cells is inhibited [41]. Low-concentration GelMA (≤ 5%) bioink is 
more attractive because its relatively loose polymer network can pro
mote the interaction, migration and more effective metabolism between 
cells [42]. This outcome is similar to the results of this study, so using the 
appropriate concentration of GelMA is of great significance for the 
growth of RSC96 cells. 

In addition, on day 7, the cells in the 5% GelMA group formed linear 
junctions and grew in the scaffold (Fig. 5h), which was more obvious in 
the 5% GelMA+0.3% BNC group (Fig. 5p). Pillai et al. [43] cultured 
human skin fibroblasts and mouse osteoblasts on a bacterial cell-based 
sustainable Kombucha (KBC) sheet; the results showed that they had 
good attachment, growth and proliferation. BNC modified by calcium 
phosphate and other bone minerals [44] or chitosan, gelatin and BNC 
hydrogels [45] can improve cell adhesion and cell proliferation. This 
phenomenon can be explained by durotaxis, a mechanism of cell 
migration. Therefore, cell migration is affected by mechanical properties 
(duro/mechanotaxis) [46]. Studies have shown that fibroblasts can 
migrate along the 3D-printed alginate, cellulose nanocrystal (CNC) and 
GelMA hydrogel interface [47]. This can be understood as the basic 
process of 3D printing and the guiding role of BNC itself to promote the 
orientation growth of RSC96 cells. Therefore, the results of this study 
confirm the effect of BNC on improving the cell adhesion property of 
sodium alginate-GelMA hydrogel. Moreover, compared with the other 
three groups, the 5% GelMA+0.3% BNC group maintained better line 
width on the 7th day, which further proves that BNC can not only pro
mote cell adhesion but also increases the plasticity and mechanical 
strength of the bioink. In the cell proliferation experiment (Fig. 6), we 
found that the addition of 0.3% BNC did not significantly affect the 
proliferation of RSC96 cells in the scaffold, which is similar to many 
research results [48–49]. In contrast, when the concentration of GelMA 
was 10%, compared with other groups, the proliferation of RSC96 cells 
was affected on day 7. This result is consistent with live/dead cell 
staining results. 

Fig. 6. Proliferation of RSC96 cells in different groups tested by CCK8. (**,# #, 
⍋⍋p < 0.01). 

Fig. 7. Immunostaining for the S100β marker on day 4 of a) the 2.5% GelMA group, b) 5% GelMA group, c) 10% GelMA group, d) and 5% GelMA+0.3% BNC group.  
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3.4. Analysis of S-100β staining and cytoskeleton staining 

S100β is a typical cytoplasmic marker protein of Schwann cells that 
is related to the proliferation of nerve cells and the expression of func
tional proteins. S100β can also be stably expressed in RSC96 cells. Li 
et al. [50] used gelatin-alginate scaffolds mixed with RSC96 cells in 3D- 
bioprinted nerve scaffolds. After 7 days, RSC96 cells stably expressed S- 
100β. On day 4 after printing, an S100 β antibody was used to directly 
stain the printed forms in each group. According to Fig. 7, most of the 
cells expressed S100β, which indicated that the 3D bioprinting process 
and 3D culture did not inhibit S100β expression. In addition, in the 5% 
GelMA+0.3% BNC group, the cells formed an obviously oriented 
arrangement, as shown in Fig. 7d, which was consistent with the live/ 

dead staining results. However, the cells in the 2.5% GelMA group, 5% 
GelMA group and 10% GelMA group grew in clusters, and the cells did 
not form obviously oriented junctions. It has been proven that human 
breast cancer cells cultured on 3D-printed collagen structures can be 
aligned along the direction of a collagen fibre arrangement [51]. Zhang 
et al. [52] produced micropattered polycaprolactone (PCL) scaffolds and 
cultured Schwann cells on them. The results showed that they could help 
Schwann cells release nerve growth factor (NGF), brain-derived neuro
trophic factor (BDNF) and other growth factors. The oriented growth of 
Schwann cells is helpful to form axonal structures, which are more 
conducive to peripheral nerve regeneration than cluster growth [53]. 
Similar results can be found in Fig. 8 cytoskeleton staining. In the 5% 
GelMA+0.3% BNC group of day7, the cells grew in spindle shape and 

Fig. 8. Cytoskeleton staining on days 4 and 7 of the 2.5% GelMA group (a, e), 5% GelMA group (b, f), 10% GelMA group (c, g), and 5% GelMA+0.3% BNC group (d, 
h). White line in e,f,g,h shows the outline of the scaffold, and the arrow marks the direction of the long axis of the scaffold. (I, j, k, l) is to enlarge the area of each 
group of red boxes in (e, f, g, h). The angle between the long axis of the cell and the vertical line to the long axis of the scaffold was calculated and the percentage of 
m) 2.5% GelMA group, n) 5% GelMA group, o) 10% GelMA group, p) 5% GelMA+0.3% BNC group was counted. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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formed directional junctions. In the 2.5% GelMA group, 5% GelMA 
group and 10% GelMA group, the cytoskeletal staining of cells tended to 
indicate round cell growth, and cell proliferation showed cluster growth 
from day 4 to day 7, especially in the 10% GelMA group; this growth 
pattern is not conducive to the biological function of cells. We calculated 
the angle between the long axis of the cell and the vertical line to the 
long axis of the scaffold (Fig. 8i-l), and counted the percentage (Fig. 8m- 
p). The results showed that nearly 72% of the cells in 5% GelMA+0.3% 
BNC group were parallel or nearly parallel to the long axis of the scaf
fold, while only 29%, 16% and 26% of the cells in 2.5% GelMA group, 
5% GelMA group and 10% GelMA group respectively. The cells in other 
groups tended to grow disorderly or clumped, while the cells in 5% 
GelMA+0.3% BNC group grew orderly. Combined with the SEM results, 
we speculate that by adding BNC, the internal structure of the material 
formed an orderly layer arrangement. When the materials were fully 
mixed, the extrusion process of 3D bioprinting can promote the align
ment of the internal structure. Moreover, Schwann cells tend to form 
linear junctions, which is helpful for myelin formation and nerve 
regeneration [53]. Therefore, RSC96 cells formed an orderly linear 

arrangement under the appropriate internal arrangement and shear 
force. 

3.5. PCR array analysis 

To elucidate the mechanism of neural regeneration of RSC96 cells in 
each group of biomaterials, we used a PCR array to detect 92 genes 
related to neural regeneration in each group on day 7. The results 
(Fig. 9) showed that the expression levels of ASCL1, POU3F3, NEU
ROG1, DLL1, NOTCH1 and ERBB2 in the 5% GelMA+0.3% BNC group 
were higher than those in the other groups. ASCL1 is a basic regulator of 
axon growth, which is closely related to the establishment of the pe
ripheral nerve ganglion [54], and can promote functional recovery after 
nerve injury by regulating the expression of DLL1 [55]. At the same 
time, high expression of POU3F3 [56] and NEUROG1 can induce the 
expression of neural factors-DLL1 [57], which was similar to the results 
of this experiment. DLL1 belongs to delta/serrate/Jagged family. It in
teracts with Notch receptors and regulates Schwann cell proliferation 
and functional expression through signal transduction [58]. NRG1- 

Fig. 9. a) PCR array heatmap of 92 genes. b-g) Quantitative comparison of ASCL1, POU3F3, NEUROG1, DLL1, NOTCH1 and ERBB2 gene expression on day 7 
analysed 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). 

Fig. 10. In vivo experiment: HE staining of paraffin embedded sections at 2 and 4 weeks after implantation in the 5% GelMA group (a,c) and 5% GelMA+0.3% BNC 
group(b, d), the scale bar is 50 μm (blue arrows indicate scaffold residue, yellow arrows indicate blood vessels). S100β immunohistochemical staining at 2 and 4 
weeks in the 5% GelMA group (e, f) and 5% GelMA+0.3% BNC group (g, h); red for S100β, blue for DAPI, and the scale bar is 50 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ERBB2 signal controls the survival, proliferation, migration, maturation 
and myelination of Schwann cells [59]. We speculated that because the 
RSC96 cells tended to adhere and extend on the surface of materials with 
higher modulus [60], and the appropriate porosity help to enhance the 
adhesion and mobility of Schwann cells on the matrix [61]. ASCL1, 
POU3F3 and NEUROG1 can activate the Notch ligand DLL1 when RSC96 
cells adhere better and connect regularly [62]. Furthermore, it can 
activate Notch 1 receptor on Schwann cells and enhance NRG1-ERBB2 
signal transduction, which contributes to Schwann cell proliferation, 
functional expression and myelination [59]. 

3.6. In vivo experiments 

3D-printed scaffolds with cells were implanted in nude mice for 2 
and 4 weeks and then harvested for HE staining and S-100 β staining (S. 
Fig. 2). At the second week, HE staining (Fig. 10a,b) showed that the 5% 
GelMA group had a loose reticular structure. Concurrently, the 5% 
GelMA+0.3% BNC group had a more compact structure, which may be 
related to the supportive effect of BNC on the scaffold. A certain amount 
of scaffold residues was observed in both groups. At the same time, both 
groups of structural cells were S-100 β positive (Fig. 10e, f). At the fourth 
week, the scaffold volume of the 5% GelMA+0.3% BNC group was larger 
than that of the 5% GelMA group, which may be due to the microen
vironment of cells, which is more conducive to proliferation and 
expression. Local blood vessels grew into the scaffold (Fig. 10d), and the 
positive area of S100 β was larger (Fig. 10g-h). Meanwhile, the scaffold 
residues in the two groups were less, indicating that the scaffold material 
had undergone a certain degree of degradation. Some studies used 3D- 
bioprinted gelatine-alginate scaffolds and implanted them in nude 
mice for 8 weeks. The results showed that the scaffold containing cells 
maintained the original shape and that the blood vessels grew into the 
structure [63]. Luo et al. [64] used 3D-bioprinted 5% GelMA scaffolds 
loaded with bone marrow MSCs (BMSCs). The results showed that 21 
days later, the nude mice showed suitable growth without systemic or 
local inflammation and toxicity, and local cartilage fossa had formed. 
Combined with the results of this study, it has been proven that a 3D- 
printed structure is helpful for the growth of RSC96 cells. 

Sodium alginate can be mixed with carbon nanotubes, methyl cel
lulose and poly lysine for 3D printing. Poly lysine can promote cell 
connection and cell aggregation, so as to help cells better play their 
functions, but its mechanical properties basically depend on the cross- 
linking of sodium alginate and calcium ions [65]. Carbon nanotubes 
and methyl cellulose can increase the mechanical strength of the ma
terial, but the doping amount of carbon nanotubes should not exceed 
1%, otherwise it will produce greater cytotoxicity [66]. The addition of 
9 wt% methyl cellulose significantly improved the cyclic compression 
and thixotropy of the composites [67]. However, due to the lack of 
cellulase in human body, high content of cellulose should concern the 
problem of degradation in vivo. In this study, we used alginate-GelMA to 
construct the main components of the scaffold, which provided a good 
living environment for RSC96 cells. 0.3%BNC enhanced the mechanical 
strength of the scaffolds and promoted the growth of RSC96 cells. In the 
future research, we will focus on using 3D bioprinting to improve the 
internal design of the scaffold, so as to achieve better growth of nerve 
cells in the scaffold and even nerve regeneration. 

4. Conclusion 

In this study, 3D bioprinting was successfully applied to construct a 
hydrogel structure composed of alginate, GelMA and BNC; its physico
chemical properties were better than those of other control groups. At 
the same time, it was confirmed that the 3D-bioprinted construct could 
promote oriented growth, proliferation and adhesion of RSC96 cells and 
promote the expression of ASCL1, POU3F3, NEUROG1, DLL1, NOTCH1 
and ERBB2 genes. These preliminary results indicated that 3D bio
printing of sodium alginate, GelMA and BNC constructs provides a 

suitable microenvironment for RSC96 cells to maintain their activity and 
biological function. Therefore, 3D-bioprinted sodium alginate, GelMA 
and BNC constructs are expected to become candidate materials for 
neural tissue engineering. 
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