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1. Introduction
According to the statistics from the World Health 
Organization, the burden of brain diseases throughout 
the world has exceeded that of cardiovascular diseases 
and cancer, accounting for 28%[1]. At present, the 
models used for brain pathology research and new drug 
development are mainly derived from animal models[2], 
which not only have long cycles but also display huge 
differences as compared to the human brain tissue[3], 
leading to a failure rate of drug development as high 
as 95%. In addition, the two-dimensional (2D) cell 
model is the main approach for pathological research, 
but due to lacking the interactions of cell-cell and cell-
extracellular matrix (ECM), the neurons cultured on 
2D cell culture dishes show significant deficiency[4-6]. 

Compared with the traditional tissue engineering 
methods, 3D bioprinting technology can be used to 
manufacture biomimetic tissue with complex structure 
through a highly automated manufacturing platform. 
Three-dimensional (3D) bioprinting technology has high 
precision and repeatability, which has great potential 
in achieving the envisioned goal of tissue-specific 
composition and localization of simulated cells and 
extracellular components[7]. The 3D bioprinting processes 
can be classified into five main categories: (i) Extrusion 
bioprinting[8,9], (ii) stereolithography bioprinting[10], (iii) 
inkjet bioprinting[11], (iv) laser-assisted bioprinting[12], 
and (v) microvalve-based bioprinting[13]. Extrusion-
based bioprinting technology is the most commonly used 
bioprinting method because of its fast printing speed and 
a wide variety of bio-inks that can be printed.
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μm, the forming accuracy can reach 97.24%, and the viability of cells in the printed structure is as high as 94.5%.
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Native tissues and/or organs possess complex 
hierarchical porous structures that confer highly-specific 
cellular functions[14]. The highly complex hierarchical 
porous structures are commonly found in most biological 
tissues such as skin[15-17], corneal[18], and even bone[19]. 
The importance of such hierarchical porous structures in 
native tissues has been critically reviewed elsewhere[20,21]. 
At present, 3D tissue engineering has been used to print 
the hierarchical porous structures in skin, blood vessels, 
esophagus, bladder, cartilage[22-28], and other tissues. 
Ng et al.[17] used a two-step drop-on-demand bioprinting 
strategy to manipulate the microenvironment to fabricate 
3D biomimetic hierarchical porous collagen-based 
structures found in native skin tissue. The differences 
between the two manufacturing methods (3D bioprinting 
and manual-casting) are also compared. The results 
show that the two-step bioprinting strategy enables the 
homogeneous distribution of printed cells in a highly 
controlled manner as compared to the manual casting 
approach. However, there is a transition region between 
layers in the layered structure obtained by the 3D 
bioprinting method, while the aperture size in the transition 
region is uncontrollable. Nam et al.[29] used the dragging 
technique based on 3D extrusion method to manufacture 
the multi-layered hierarchical structure of the esophagus, 
it allowed the production of tubular structures with an 
adjustable line width and pore size. Moreover, their study 
also proved that porous structure can provide a more 
favorable environment for cell proliferation. However, 
the stretching properties vary depending on the viscosity 
of the material, and there are differences and limitations 
in pore size control for each self-supporting material. Sun 
et al.[30] incorporated biochemical stimulus with different 
growth factor releasing and biomechanical stimulus 
with small pore sizes to induce better chondrogenesis to 
create the dual-factor releasing and gradient-structured 
cartilage construct. The results indicated that the gradient 
scaffold group showed better chondroprotective effects 
with a significantly higher histological grading compared 
with the nongradient groups over the 24 weeks in vivo. 
However, the change of the pore size in this study was 
obtained by changing the spacing between the printed 
lines, which did not change the pore size in the printed 
structures.

Xu et al.[31] utilized a single type of hydrogel by 
changing the weight/volume ratio of Gelatin-methacryloyl 
(GelMA) to bioprint the bilayer tubular construct which 
has smaller pores in the inner layers (6% GelMA) and 
larger pores in the outer layers (4% GelMA). The results 
also indicated that the difference in pore sizes may have 
helped prevent each of these cell types from crossing their 
respective layers. Although the cells had a high survival 
rate after printing, the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide results showed that the cells 

in the printed structure almost did not proliferate after the 
7 days of culture, which may be related to the printing 
inks in this research did not have the ability to make the 
cells growth rapidly. However, because of the complex 
composition and complicated structure of the brain tissue, 
it is rarely used in the brain.

The cerebral cortex is a layered gray matter covering 
the surface of the cerebral hemisphere. The lamellar 
structure is one of the most obvious characteristics of the 
cerebral cortex[32]. It has a typical structure with six layers 
and each has specific neurons. The six-layer structure is 
composed of the molecular layer (layer I), the external 
granule cell layer (layer II), the external pyramidal 
cell layer (layer III), the internal granule cell layer 
(layer IV), the internal pyramidal cell layer (layer V), 
and the multiform layer (layer VI). The thickness of the 
cortex in different functional areas ranges from 2  mm 
to 5.2 mm, and the thickness of each layer ranges from 
200 μm to 1000 μm. The researchers believe that the 
gradient distribution of ECM or the soluble signal factors 
is likely to be the inducement of the directional growth 
and migration of neurons. They also studied the effects 
of gradient distribution of matrix hardness[33] and growth 
factors[34] on the directional growth of neurons. Various 
characteristic parameters of the natural cerebral cortex 
are the important basis to determine the target parameters 
of the brain-like cortex model with a layered gradient 
structure which we constructed in this study. Brain tissue 
has obvious biophysical characteristics, with the modulus 
of much lower than that of the heart, cartilage, etc. (the 
modulus of newborn brain tissue is about 110 Pa, and that 
of an adult brain tissue is about 500 – 1000 Pa)[35]. The 
porosity of the cerebral matrix has a greater influence 
on cell migration and metabolism[36-41]. Designing and 
manufacturing the brain-like model with similar pore size 
to natural tissues are more conducive to cell migration and 
nutrient exchange. Therefore, the manufacturing targets 
of the layered gradient structure that imitates the cerebral 
cortex are: (i) The bio-inks containing components with 
different concentration, (ii) the modulus of the printed 
structure which is as close as possible to 1000 Pa, and 
(iii) the appropriate internal pore size (30 – 150 μm) of 
the printed structure.

In this study, we have designed and built a set of 
integrated equipment for cell printing/culture, which can 
realize the target of printing a structure with multiple cells 
and multiple materials. This equipment can provide a 
suitable environment during the printing process for the 
cells to survive. Furthermore, this equipment also provides 
a long-term cultivation environment for the printed 
structure, which can solve the problem of separating 
the printed structure from the printing process to culture 
process in the traditional 3D printing method and can 
reduce the risk of cell contamination during the process 
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of transferring the printed structure to an incubator after 
printing. Moreover, we also optimize the printing process 
by adjusting the printing parameters of the bio-inks and 
the pre-processing and post-processing conditions of the 
bio-inks so that we can accurately control the compression 
modulus of the printed structure. Collagen is the main 
component of natural ECM, accounting for about 30% 
of the total protein of human body[14], which provides 
structural stability and strength to numerous tissues such 
as skin, bone, cartilage, or even teeth. Therefore, in this 
study, collagen was added to the bio-inks to increase the 
survival rate of the cells in printed structure. Then, the 
distribution of pore size in brain tissue was simulated 
by changing the concentration of collagen in bio-inks to 
alter the inner pore size of printing structure. Therefore, 
an artificial brain-like tissue model with a gradient 
distribution of pore size was constructed in vitro.

2. Materials and methods
2.1. Building an integrated cell printing/culture 
equipment
The integrated cell printing/culture equipment consists 
of both hardware and software. The hardware consists 
of three parts: Mobile control module, material extrusion 
module, and environment control module. The main 
components of the mobile control module and the material 
extrusion module were placed outside of the environment 
control module to avoid the corrosion of the precision 
components caused by humidity and other conditions in 
the printing environment. The software was based on the 
VC language which can realize the coordinated control of 
the mobile platform and the material extrusion module. 
QT5.8 programming software was used to write a set 
of graphical control software. We can achieve the goal 
of printing a brain-like layered structure with multiple 
bio-inks and multiple cells using multi-nozzles. Finally, 
the printed tissue can be cultured in the equipment after 
the printing process. Moreover, the environment within 
the equipment can be controlled to provide a suitable 
environment for the survival of cells, formation of bio-
inks, and the culture of printed tissue. The integrated cell 
printing/culture equipment is shown in Figure 1, and the 
parameters of each part of this equipment are shown in 
Table 1.

2.2. Printing principle
Multiple nozzles were used to print the layered gradient 
brain-like structure by the extrusion method. Each nozzle 
contained a bio-ink with different compositions and 
different cells (Figure 2B), and all the nozzles printed the 
structure layer by layer in turn until the printing process 
was completed.

Table  1. Parameters of the integrated cell printing/culture 
equipment 

Environment 
control module

Temperature 0 – 50±0.8°C
Humidity 50 – 95%
Oxygen concentration 0 – 5%

Material 
extrusion 
module

Channels 4
Maximum stroke 90 mm
Linear velocity range 7.49 μm/min – 

79.4 mm/min
Stroke resolution 0.165 μm

Motion control 
module

Stroke X 150 mm
Y 150 mm
Z 150 mm

Speed X,Y 0 – 50 mm/s
Reposition 
accuracy

X,Y,Z 10 μm

Position 
Accuracy

X,Y,Z 20 μm

2.3. Preparation of the bio-inks
The bio-inks used for 3D cell printing needed to be both 
printable and biocompatible. Under certain conditions, 
gelatin and sodium alginate had higher viscosities which 
were easy to form and had good printing properties, but 
they were poorly biocompatible. Collagen and silk fibroin 
had good biocompatibility, but they were difficult to form 
and cannot print. Therefore, it was difficult to use a single 
biomaterial to meet the requirements of the printing. In 
this paper, gelatin and sodium alginate were mixed as 
the basic components of the bio-ink, and collagen was 
added as a regulating factor to form the final bio-ink, 
which has been proven to have good biocompatibility and 
printability.

The sodium alginate (medium viscosity, purity 
≥98%) and gelatin (from pigskin, medium-strength) used 
in this experiment were purchased from Sigma company. 
Collagen was collagen type I, which was extracted from 
rat tail by our research group, and its concentration was 
6  mg/ml. According to the preliminary experiment, 
we selected 6 wt% gelatin and 1 wt% sodium alginate 
as the basic bio-inks, and the collagen with different 
concentrations was added as the regulatory factor. By 
changing the concentration of collagen in the bio-ink (the 
concentrations of collagen are 1.5 mg/ml, 1 mg/ml, and 
0.5 mg/ml, which are denoted as G6A1C1.5, G6A1C1, 
and G6A1C0.5, respectively), we could obtain the 
bio-inks that can print the layered gradient brain-like 
structure.

According to the characteristics of collagen 
that gelates at high temperature and of gelatin at low 
temperature, we developed a configuration process to mix 
the bio-inks (Figure 3).
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The pH value of the bio-inks was adjusted to 7.4 
with 0.5M NaOH solution (Tianjin, Tianli), and then the 

U87 cells were mixed with the bio-inks to obtain the bio-
inks with 1 × 106 cells/ml.

Figure 1. The integrated cell printing/culture equipment.

Figure 3. Configuration process of the bio-ink.

Figure 2. Printing a layered gradient structure that mimics the cortex. (A) Schematic diagram of the layered gradient brain-like model\
designed in the current study. (B) The printing principle of the layered gradient brain-like structure.

A B
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2.4. Determination of viscosity
The SNB-1 digital viscometer (Shanghai Nirun, 
measuring accuracy is ±1.0%) was used to measure 
the viscosity of the bio-ink. The bio-ink was placed in 
the metal measuring cylinder of the viscometer. After a 
series of rotor speed were set, respectively, the viscosity 
data of the bio-inks under the corresponding speed were 
recorded.

2.5. Test of compression modulus
The electronic universal testing machine (ETM103A, 
Shenzhen Wance Testing Equipment Company, China) 
was used to measure the compression modulus of the 
bio-ink. The loading speed was set to 1 mm/min, and the 
compression stroke was set to1.5 mm. Each sample was 
measured 3  times, and the number of samples is more 
than or equal to 3, and the variance analysis method was 
adopted for data analysis.

2.6. Observing the distribution and morphology 
of pore sizes
Scanning electron microscope (SEM, SU-8010, Japan) 
was used to analyze the micro-morphology of the 
internal pores of the printed structure. First, the printed 
structures were freeze-dried in a freeze-dryer (VFD2000, 
BIOCOOL, China) for 24 h. After the samples were taken 
out, the surface of the samples was sprayed with gold; 
finally, SEM was used to analyze the morphology and 
pore size of the printed structure.

2.7. Research on the printing parameters
The effects of needle diameter D, material extrusion rate 
u, and platform moving speed v on the performance of the 
printed structures were studied by designing orthogonal 
experiments. Three parameters for each variable were used 
and the L9 (34) orthogonal table (Table 2) was selected to 
design the orthogonal experiment. The printing effect of 
the printed structures was evaluated by two indexes: Line 
width and forming accuracy. The forming accuracy, A, 
of the printed structure was expressed by the following 
formula:
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where l, side length of design; l1, average side length 
of the printed structure.

2.8. Determination of cell viability
The LIVE/DEAD®Viability/Cytotoxicity Kit reagent 
(L3224, Thermo, USA) was used to determine the viability 

of cells. Using a laser scanning confocal microscope (A1, 
Nikon, Japan) to observe the fluorescence image of cells, 
the living cells were labeled with green fluorescence, 
and the dead cells were labeled with red. Cell viability is 
expressed as the proportion of the stained green cells in 
the total number of stained cells. Image J software was 
used to count the number of the dead/living cells.

2.9. Statistical analysis
Image J and Microsoft Excel 2010 were used for statistical 
analysis. Unless otherwise stated, all experiments were 
conducted independently for at least 3  times. The data 
were expressed as mean ± standard deviation. Statistical 
significance within the groups was tested by one-way 
analysis of variance (ANOVA) and statistical significance 
between the groups was tested by two-way ANOVA. 
P < 0.05 was considered statistically significant and the 
P < 0.01 was considered very significant.

3. Results
3.1. Influence of pre-treatment time at 4 on the 
performance of bio-inks
Pre-cooling the G6A1C1 bio-ink in a refrigerator at 4°C 
was used as the pre-treatment condition of the bio-ink 
and we studied the effect of the pre-cooling time on the 
performance of the printing ink. After the bio-inks were 
placed at 4℃ for 0 min, 3 min, 6 min, 9 min, and 12 min, 
the viscosity of the mixed bio-inks increased rapidly with 
the increase of the pre-treatment time at low temperature 
(Figure 4A). When the bio-inks were placed at 4℃ for 
3 min and 6 min, the viscosity of the bio-inks was roughly 
the same. The viscosity of the bio-inks placed at 4℃ for 
9 min is about 10 times that of those for 6 min. With the 
increase of the pre-treatment time (Figure 4A), the shape 
of the extruded ink (Figure 4B) changed from spheroidal 
to linear. When the bio-ink was placed at 4℃ for 9 min, 
the extruded ink was smooth with line shape, and the 
printed structure (Figure  4C) was regular with smooth 
surface. Therefore, placed the bio-ink at 4℃ for 9 min 
was chosen as the appropriate pre-treatment time in this 
experiment.

Table 2. Factor level table

Factor level Experimental factors
Material 
extrusion 

rate μl/min

Platform 
movement 

speed mm/s

Needle 
diameter

A B C
1 30 5 20G
2 60 10 23G
3 120 15 27G
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3.2. Determining the printing parameters of the 
G6A1C1 bio-ink
The G6A1C1 bio-ink was used to print a single-
layer grid structure with side length of 12  mm and 
spacing of 2  mm. The order of the influence of the 
printing parameters on the line width (Table  3) and 
forming accuracy (Table  4) of the printed structure 
was as follows: Needle diameter D > moving speed v 
> extrusion rate u. Needle diameter D (P < 0.01) and 
moving speed v (P <0.05) had significant effects on the 
line width. These three factors had no significant effect 
on the forming accuracy.

According to the results of these two evaluation 
indexes, the optimal printing parameter for the G6A1C1 
bio-ink to print the single-layer structure was chosen 
as follows: The diameter D of the needle was 27G, the 
moving speed v was 15 mm/s, and the extrusion rate u was 
60 μl/min. When using this printing parameter to print a 
multi-layer structure, it was found that the extruded inks 
could not deposit continuously due to the fast-moving 
speed (Figure  5D). Therefore, it was necessary to 
optimize the printing parameters when printing a multi-
layer structure. The continuity and stability of the printed 
multilayer structure can be guaranteed by reducing the 
moving speed (Figure 6). Therefore, according to the 
experimental results, the printing parameters of multi 
layer structure were determined as shown in Table 5.

3.3. Effect of post-processing on the performance 
of the printed structure

(1) Effect of temperature on the performance of the 
printed structures

G6A1C1 bio-ink was used to print a grid structure with 
15 layers. The printed structure was immersed into a 
solution containing 1% CaCl2 for 30 min at 20°C and 
37°C, respectively. The compression modulus of the 

Table 3. Range and variance analysis data of line width of the 
printed structure

Type of data 
processing

Factor A Factor B Factor C

Range analysis
k1 730.73 856.53 1213.13
k2 761.60 786.60 559.40
k3 811.60 660.80 531.40
Range 80.87 195.73 653.73
Sequence C>B>A
Optimal levels A1 B3 C3
Optimal combination A1B3C3

Variance analysis
Mean-square value 4996.1 29513.9 446455.8
F value 5.397 31.883 482.298
Significance level 
(P value)

---(0.156) *(0.030) **(0.002)

Figure 4. Effect of different pre-cooling time at 4℃ on the performance of the G6A1C1 bio-inks. (A) Curve of viscosity and shear rate 
of the mixed bio-inks. (B) Outflow state of the bio-inks. (C) The micro-morphology of the printed structures printed by the bio-inks with 
different pre-cooling time.

A B

C
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Figure 5. Effect of multi-layer structure printing with optimized single-layer printing parameters.

A B

DC

Table 4. Range and variance analysis data of forming precision

Type of data 
processing

Factor A Factor B Factor C

Range analysis
k1 91.79 90.45 88.22
k2 95.57 93.34 94.91
k3 91.68 95.24 95.91
Range 3.90 4.79 7.69
Sequence C>B>A
Optimal levels A2 B3 C3
Optimal combination A2B3C3

Variance analysis
Mean-square value 16.06 19.00 56.93
F value 1.25 1.48 4.44
Significance level 
(P value)

---(0.444) ---(0.403) ---(0.184)

printed structure was 5.3 ± 1.3 kpa when treated at 
20°C, and 8.1 ± 1.5 kpa while treated at 37℃. After 
the samples were freeze-dried and scanned by SEM, it 
was found that there were evenly distributed pores in 
the printed structure, and the average pore diameters 
of the pores were 46 ± 10 μm when treated at 20℃, 
and 44 ± 7 μm when treated at 37℃, and there was 
no significant difference between the pore sizes when 
the samples were treated at different temperatures. To 
meet the low elastic modulus of the cortical tissue, the 
post-treatment temperature was selected as 20°C in 
this experiment.

(2) Effect of the concentration of Ca2+on the 
performance of the printed structure

G6A1C1 bio-ink was used to print a grid structure with 
15 layers. In order to verify the effect of the concentration 
Ca2+ on the performance of the printed structure, we 
guaranteed that the soaking temperature was 37℃ and 
the soaking time was 30 minutes. With the increase of 
the concentration of Ca2+, the compression modulus of 
the printed structure (Figure  7F) also increased. The 
modulus of the printed structure treated with 5% CaCl2 
solution (9.57 ± 2.39kpa) was about twice as much as 
that treated with 0.1% CaCl2 solution (5 ± 2.55 kpa). 
After freeze-drying, we found that with the increase of 
the concentration of Ca2+ (Figure  7A-E), the internal 
pore size of the printed structure gradually decreased. 
The internal pore size of the printed structure treated with 
0.1% CaCl2 solution (92.3 ± 7.4 μm) was about 5 times as 
much as that treated with 5% CaCl2 solution. According 
to the characteristics of the pore size of the cortical tissue, 
0.1% CaCl2 solution was used for post-processing in this 
experiment.

3.4. Physical characterization of the layered 
structure
Three kinds of nozzles which contains the bio-inks in 
the order as follows: G6A1C1.5->G6A1C1->G6A1C0.5 
were used in turn to print a layered structure. All bio-inks 
are printed with their optimized printing parameters, and 
after printing, the printed structure was immersed into a 
solution containing 0.1% CaCl2 for 30 min at 20℃. It was 
found that the printed structure was complete and regular, 
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which also has obvious layered characteristics and clear 
grid lines in the middle part (Figure  8A). The overall 
compression modulus (Figure  8B) of the total layered 
structure was 3.7 ± 0.8 kPa (n = 3). The pore size of the 
layered structure showed a clear gradient distribution 
(Figure 8C). With the decrease of the concentration of 
the collagen in the bio-inks, the size of the internal pore 
gradually decreased. The pore sizes of the top part printed 
with G6A1C1.5 bio-ink were larger than 100 μm when 
that of the middle part printed with G6A1C1 bio-ink were 
between 30 and 60 μm, and that of the bottom part printed 
with G6A1C0.5 bio-ink was the smallest, ranging from 
20 μm to 30 μm. 

3.5. Biological evaluation of the gradient 
structure
After the layered tissue was cultured in a cell incubator 
for 1 day, it was found that the grid structure remained 
intact (Figure 9A). Cells were evenly distributed inside 
of the printed structure, and most of the cells were living 
cells with a survival rate of 94.5%. With the increase of 
the culture days (Figure 9C-E), the number of the living 

cells increased significantly, which indicated that the cells 
can proliferate rapidly in this printed structure.

4. Discussion
In this study, a set of integrated equipment for cell printing/
culturing was designed and built. The maximum printing 
volume of this system can reach 150  mm × 150  mm × 
80 mm. It provided the installation location for multiple 
nozzles and can be used for printing with single nozzles, 
multiple nozzles, and coaxial nozzles. This equipment 
can also meet the requirements of hydrogel formation 
using various cross-linking forms. Most of the existing 
bio-printers, such as 3D Discovery and BioFactory 
manufactured by RegenHU company in Switzerland, and 
INKREDIBLE from CELLINK company in Sweden, are 
the open printing systems. During the printing process, 
the printing device needs to be placed on a clean bench to 
maintain a sterile environment. The integrated equipment 
for cell printing/culture designed in this paper can provide 
a sterile environment during the printing process to ensure 
that the cells cannot be contaminated. At the same time, 
the equipment can adjust the temperature and humidity of 

Figure 6. The use of different printing parameters to print the structure with different collagen concentrations in the ink.
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DC



� Pei, et al.

	 International Journal of Bioprinting (2021)–Volume 7, Issue 3� 79

Figure 7. Effect of the concentration of Ca2+ on the performance of the printed structure. (A-D) scanning electron microscope image of the 
morphology of the internal pore of the printed structure. (E) The size of the internal pore of the printed structure. (F) Compression modulus 
of the printed structure when treated with the different concentration of Ca2+ solution.

A B

C D

E

F
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Figure 8. The macro and micro characteristics of the layered structure. (A) The macro-morphology of the layered structure. (B) The stress-
strain diagram. (C) The scanning electron microscope image of the cross-section of the layered structure.

A

C

B

the printing room to meet the requirements of cell culture 
and solve the problem of separation between the printing 
process and the culture process in the traditional printing 
method. Meanwhile, the commercial biological 3D printers 

on the market are expensive, most of which cost between 
RMB 500,000 and 3 million. In this study, the overall cost 
of the self-made printing system was about 120,000 RMB, 
which can substantially reduce the research cost.
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Due to the complexity of the brain structure, 
humans attempt to construct brain-like tissue models 
in vitro to study the structure and function of the brain. 
At present, Chwalek et al.[42] have used the molding 
method to produce a donut-shaped silk-collagen protein 
scaffold which can form a 3D neural network that has 
similar electrophysiological characteristics as normal 
neural tissue. Odawara et al.[43] developed a technique 
to form the directional fibers using collagen gel and also 
developed a 3D culture method in a polydimethylsiloxane 
micro-chamber. Finally, they proved that this method 
could generate a 3D neural network by accurately 
controlling the location of the cells. These studies 
built a 3D neural tissue model in  vitro using the 
molding method. Although this method was simple to 
operate, had low requirements for forming, and did not 
require complex external conditions, it was difficult to 
manufacture complex structures, and at the same time, 
it was impossible to accurately control the density and 
spatial distribution of the nerve cells. Therefore, it was 
difficult to produce complex brain-like tissues that bear 

a high resemblance to the brain. Lee et al.[44] proposed 
a direct ink-jet 3D printing method with multi-layer 
collagen gel containing rat embryonic astrocytes and 
neurons. Gu et al.[45] proposed a direct printing method 
using a new bio-ink combining human neural stem 
cells to print a 3D porous grid structure. These methods 
can be used to construct 3D brain like tissue by 3D 
printing, but the brain like tissue constructed by these 
methods does not simulate the hierarchical structure 
and gradient characteristics of brain tissue, which 
verified the feasibility of using the printing method to 
construct brain-like tissues but lacked the simulation 
of the layered structure and gradient characteristics of 
brain tissues. Lozano et al.[46] used a peptide-modified 
gellan gum to prepare a three-layer brain-like layered 
structure by hand-held extrusion printing method. This 
study preliminarily simulated the layered structure 
with or without cells, but it was quite different from 
the continuous layered structure of natural brain tissue. 
Gu et al.[47] developed a novel and optically visible 
bio-ink for printing 3D neural tissue. The bio-inks can 

Figure 9. (A) The morphology of the layered structure and the distribution of cells inside of the layered structure which was cultured in a 
cell incubator for 1 day. (B) The macro morphology of the layered structure when cultured for 7 days. (C-E) The viability of cells in the 
layered structure when the structure was cultured for 1 day, 3 days, and 7 days, respectively. Green and red fluorescence denote living cells 
and dead cells, respectively.

A B

C D E

Table 5. Printing parameters of bio-inks with different collagen concentration

Parameter type Ink composition Needle diameter 
D (μm)

Extrusion rate of 
the ink u (μl/min)

Moving speed of 
platform v (mm/s)

Top layer G6A1C0.5 200 (27G) 60 10
Middle layer G6A1C1 200 (27G) 60 10
Bottom layer G6A1C1.5 200 (27G) 30 10
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maintain good molding accuracy after gelation. Then, 
the samples were stained to characterize the alive and 
dead cells, and it was found that there were many dead 
cells after 1 day of printing. Of note, the survival rate 
of the cells in the printed structure in our research was 
maintained at 94.5%. Vijayavenkataraman et al.[48] 
developed a biodegradable conductive hydrogel to 
provide a conductive environment for the proliferation 
and differentiation of neurons. However, nerve cells 
have extremely demanding requirements for the growth 
environment. The printing system constructed in this 
study cannot adjust the temperature and humidity in 
the printing environment during the printing process, 
thereby providing a sterile environment that is more 
suitable for the growth of nerve cell. In our research, we 
constructed a cell printing/culturing integrated operating 
system that can provide a suitable environment for 
cell growth during the printing process. Moreover, the 
overall modulus of the printed tissue constructed in our 
study is 3.7 ± 0.8 kPa, while the neurons prefer a softer 
substrate[49].

In view of the low elastic modulus and layered 
structure of the natural cerebral cortex, this paper proposed 
a method for manufacturing the layered structure with a 
gradient distribution of pore size. The density and position 
of cells in the printed structure can be precisely controlled 
by extrusion 3D printing technology. By controlling the 
different nozzles which contain different bio-inks to 
print the structure in turn, the layered structure can be 
manufactured. By changing the concentration of collagen 
in the bio-ink, it is possible to achieve the gradient change 
of pore size in the printed structure. As the collagen 
concentration increased from 0.5 mg/ml to 1.5 mg/ml, the 
pore size of the printed structure also showed a significant 
increase, thereby realizing the goal of manufacturing a 
layered structure with gradient pore sizes that mimic the 
cortex in vitro. At the same time, by changing the printing 
path, more complex tissue models can be printed in vitro.

At present, more and more studies have shown that 
changing the concentration of one or several biomaterials 
in the mixed bio-inks can change the internal pore size of 
the printed tissue so as to manufacture the gradient porous 
structure with heterogeneity. For example, Xu et al.[31] 
obtained smaller internal pore size by increasing the 
concentration of GelMA in hybrid bio-inks. Ng et al.[14] 
based on the principle of macroporous crowding and 
adopted the drop-on-demand technology to print the 
samples, their experimental results have indicated that the 
layered structures could be achieved by controlling the 
number of microporous-based bio-ink drops printed on 
each printed collagen layer. In this study, all parameters 
remained unchanged, with the exception of the collagen 
concentration in the mixed bio-ink. Fischer[50] proved 
that a higher concentration of collagen can lead to a 

smaller internal pores size of the structure. Therefore, this 
highlights that the change of pore size as mentioned in this 
paper is caused by the change of collagen concentration.

Based on the properties of collagen forming at 
high temperature and that of gelatin forming at low 
temperature, a set of ink mixing schemes has been 
developed to minimize the loss of the bio-inks during 
the mixing process as much as possible. This paper 
also focuses on the effect of the printing performance 
of the bio-inks by adjusting the printing parameters. By 
designing the orthogonal experiment, we found that the 
diameter of the needle had the most significant influence 
on the line width of the printed structure, and the moving 
speed has the second most significant impact. These 
findings can provide some guidance in the selection and 
optimization of the printing parameters in the future.

In this study, we have further studied and optimized 
the printing process. In the preliminary study, we 
determined that the pre-treatment time of the bio-inks at 
low temperature was a key parameter that affected the 
printing performance of bio-inks. When the pre-treatment 
time was 3 min or 6 min, the extrusion form of the bio-
ink was spherical, and the printed grid structure appeared 
to adhere to each other. These phenomena indicated 
that the bio-ink tended to be at liquid state, which was 
mainly related to the characteristics of gelatin forming at 
low temperature. Thus, if the pre-treatment time was too 
short, the formation of gelatin would become incomplete, 
manifested by the collapse and adherence of printed 
structures. When the processing time was 12  min, the 
bio-ink had a rough surface morphology, indicating that 
the gelatin has been basically formed at this time and 
can be printed. However, at this time, the surface of the 
printed structure was too rough due to the over-molding. 
Based on these observations, we determined 9 min as the 
appropriate pre-treatment time at 4℃.

The main purpose of the post-processing in this 
study was to reduce the compression modulus of the 
printed structure and obtain a smaller aperture range 
(30 – 150 μm). The higher the concentration of Ca2+, the 
greater the osmotic pressure between the printed tissue 
and the post-processed solution. The main reason of 
this phenomenon was that the increased concentration 
of Ca2+ would cause the printed tissue to be more fully 
cross-linked. Therefore, as the concentration of Ca2+ 

increased, the compressive modulus of the printed 
structure increased, and the pore size decreased. The 
total compression modulus of 3D brain-like nerve tissue 
printed by Gu et al.[45] was about 7.5 kPa, while that of the 
printed structure reported in this paper was about 3.7 kPa. 
The total compression modulus of the printed structure 
in our study was reduced by half compared to the results 
of Gu et al.[45], which was closer to that of natural brain 
tissue.
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According to the layered characteristics of the brain 
tissue, in this paper, we developed a technology to print 
the layered structure with gradient distribution of pore 
size. This technology not only be used to manufacture 
brain-like tissue with layered structure, but also can 
be used to manufacture layered tissues widely existing 
in human body, such as cartilage, blood vessels and 
others. By changing and optimizing the cell type and cell 
density used in this printing process, we can construct the 
corresponding tissue/organ in vitro.

We encountered some problems in this study. 
A  printed structure of <30 layers can maintain a more 
regular and complete structure, but when the printed 
structure had more than 30 layers, the edge of the printed 
structure began to appear defects, but the middle part 
could still maintain a better structure. In future research, 
we plan to further optimize the printing parameters and 
printing process to produce a structure with more layers. 
Although the cells possess a high survival rate and 
proliferation rate within the printed structure, they did not 
exhibit similar spreading and migration characteristics as 
in normal tissues. The biocompatibility of the bio-ink can 
be improved by modifying the material (RGD peptide 
modification) or adding bioactive factors (structural 
protein, glycoprotein, etc.) so as to further investigate 
the effect of special structure or signal factors (gradient 
distribution) on cell morphology and function expression.

5. Conclusion
In this study, we designed and built integrated cell 
printing/culture equipment for printing and culturing a 
3D brain-like layered structure. This equipment provides 
a more affordable, integrated, and cell-friendly device for 
printing active organs and tissues in vitro. Gelatin, sodium 
alginate, and collagen were chosen as the raw materials of 
printing ink, and we developed a set of preparation scheme 
of the bio-inks. The optimum printing parameters of the 
bio-inks were determined by studying the printing process 
parameters such as material extrusion rate u, platform 
moving rate v, and needle diameter D. The pre-treatment 
and post-processing conditions of the bio-inks were also 
studied. By adjusting the collagen concentration of the 
bio-inks in each printing nozzle, the layered structure 
with gradient distribution of pore size could be produced. 
The forming accuracy of the printed single-layer structure 
reached 97.24%, and the survival rate of cells in the printed 
structure reached 94.5%. These gradient pore structures 
provide a more accurate 3D in vitro model for studying the 
complex structure and function of brain tissue.
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