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Abstract: The main aim of this paper is to achieve the suitable SA-GEL (sodium alginate and gelatin)
porous cartilage scaffold by 3D printing technology with optimal prediction parameters. Firstly,
the characteristics of SA-GEL were analyzed, the influence of calcium chloride on the gel was explored,
and the optimal cross-linking concentration and gelation temperature were determined. Secondly,
a prediction model of the extrusion line width of SA-GEL was established, in which the printing
pressure, the moving speed of the needle and the fiber interval were the important parameters
affecting the printing performance of the SA-GEL composite material. Thirdly, the SA-GEL composite
scaffolds were printed on the Bio-plotter platform, the C5.18 chondrocytes cells were cultured in the
SA-GEL biomaterial scaffold, and the results show that the cells could survive well. These results
show that, under the control of the printing parameters pressure 1.8 bar, moving speed 10.7 mm/s and
the internal structure parameters of the scaffold is 0/45-1.2 (Printing interval: 1.2 mm, angle value:
45 degree), SA-GEL scaffold printing results can be obtained which have good mechanical properties
and biocompatibility.

Keywords: biological 3D printing; sodium alginate; gelatin; cartilage scaffold

1. Introduction

Articular cartilage injury is a common and frequently occurring disease. Due to the lack of
nutrition channels for mature joints, its regeneration ability is limited, and it is difficult to recover to its
original state in case of injury [1]. Now there are generally the following treatment methods—drug
methods, surgical methods, physical methods [2,3]. In recent years, transparent cartilage scaffold has
been constructed by cartilage tissue engineering in vitro and in vivo, which provides a new method for
repairing cartilage defects [4-6]. Cartilage tissue engineering takes chondrocytes extracted from the
patient’s cartilage as seed cells, which are cultured and proliferated in vitro, and then inoculates them
into biodegradable scaffolds with good mechanical properties and biocompatibility. The composite of
cell scaffolds is implanted into the human body, and the chondrocytes on the scaffolds are proliferated
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to form tissue-engineered cartilage to repair the defect, so as to achieve the purpose of treatment.
Cartilage tissue engineering consists of three parts—seed cells, growth factors and scaffolds. Scaffolds
play a key role in cartilage tissue engineering, providing seed cells with channels for nutrient exchange
and material metabolism with the outside world, and providing them with a stable growth environment
to facilitate their adhesion, proliferation and differentiation, and necessary mechanical properties
for cartilage tissue reconstruction. Articular cartilage is mainly composed of cell matrix and water.
Proteoglycan gel and type II collagen are the main components of the matrix. According to the
biological characteristics of articular cartilage, cartilage tissue engineering scaffolds should have the
following characteristics: 1. Positive bio-compatibility, matching with human tissues while meeting
the appropriate mechanical strength requirements, not causing damage to patient tissues, and having
perfect hydrophilic and degradable properties; 2. Accurately fabricated with an appropriate pore size
and the ability to maintain an accurate pore size will allow the fabrication of scaffolds to be suitable.
Various scaffolds for tissue engineering applications allow cells to migrate and proliferate in scaffolds,
and nutrients to enter scaffolds. Metabolic waste can be discharged from scaffolds through the pores.
3. Highly consistent porous structure, i.e., the pore characteristics, morphology, pore distribution,
pore density and connectivity of all three dimensions of scaffolds must be consistent. 4. Stability and
mechanical properties to meet the molding requirements.

In recent years, many researchers have focused on the development of cartilage scaffold materials
and preparation methods to obtain cartilage tissue scaffolds [7-10]. Hydrogel material has been
extensively studied in preclinical and partial clinical studies because it can adjust its mechanical
properties to mimic natural tissue. Another main characteristic of hydrogel as a scaffold is that it can
maintain the flow state under certain conditions, and crosslink into a solid like shape with certain
intensity under certain external stimuli [11-13]. Sodium alginate is a kind of natural polysaccharide
polymer extracted from seaweed, which has high molecular weight, linear shape and high hydration.
Therefore, its water-soluble salts have very high viscosity at low concentrations, making it a good
thickening and suspending agent. Its molecular chain contains a large number of hydroxyl and
carboxyl groups. Under the condition of two valence ions, such as Ca?*, cross-linked calcium alginate
polymers will form, showing that the gel state with high water content is ridiculed [14]. A large
number of cell biology experiments show that alginate hydrogel has good compatibility with cells
and good mechanical strength; therefore, alginate has often been selected as scaffold material for
tissue-engineered bone (cartilage) by many scholars [15,16]. However, there are many shortcomings in
single alginate hydrogel, such as poor biodegradability and relatively few attachment points. After
finishing printing, alginate gel is severely contracted and cannot be well molded. Gelatin is a kind of
denatured protein, which is hydrolyzed by collagen in the connective tissue or epidermis tissue of
animals. The conversion of gelatin between solution and gel is particularly affected by temperature.
This characteristic makes it suitable for printing auxiliary materials [4,17-19]. In addition, gelatin will
not react with calcium chloride, and will produce an intermolecular force to improve the mechanical
strength of the material after blending with sodium alginate [20].

In this study, we attempted to combine gelatin and sodium alginate to obtain a composite sodium
alginate and gelatin (SA-GEL) hydrogel, then use 3D printing technology to obtain the cartilage
scaffolds with good mechanical strength and biocompatibility. In the printing process of fabricating
SA-GEL cartilage scaffolds, the printability was determined by many factors, which mainly include
two kinds of factors—parameters of the printing material and parameters of the printing setup [21].
Through reasonable material configuration and optimized machine parameter selection, a cartilage
scaffold structure that can meet the requirements of mechanical properties and biocompatibility was
fabricated. The paper includes the following aspects: 1. Preparation of SA-GEL material—the printing
characteristics of SA-GEL were analyzed and the influence of calcium chloride on the SA-GEL was
also explored. 2. The extrusion process model of printing process was established. In the model,
several parameters controlled by the printing equipment affected the printability, including nozzle
parameters, nozzle moving speed, printing pressure, printing temperature, etc. Through the optimized
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combination of these parameters, we can get the printing line width prediction model based on
the selected material performance, which is ready for further printing the ideal porous structure
support model. 3. The simulation model of SA-GEL composite material with different parameters
was constructed to help choose the optimal parameters of the printing process; 4. The composite
SA-GEL scaffolds were printed on the Bio-plotter platform with different parameters, and we obtained
the probabilities of different scaffold structures” with these parameters. These experimental results
will further verify the influence of material parameters and printing process parameters. The C5.18
chondrocytes cells were cultured in the SA-GEL biomaterial scaffolds and the results were analyzed.

2. Materials and Methods

2.1. Preparation of SA-GEL Composites Material

Homogeneous sodium alginate solution (concentration from 1.5-4.5%) was prepared with distilled
water, and then each solution was mixed with a gelatin solution of various concentrations, respectively.
The homogeneous solution of SA-GEL was obtained by using a constant temperature magnetic stirrer
(37 °C, 8 h), and then its composite material properties were tested. Both viscosity concentration value
was obtained for convenient observation and logarithmic value was obtained, the viscosity test results
of the solutions with different proportions are shown in Table 1.

Table 1. Viscosity table of gelatin—sodium alginate mixed solution.

Gelatin 15% 2% 2.5% 3% 3.5% 4% 4.5%

Algin Viscosity (cp)
2% 515 742 872 893 944 1034 10.96
4% 596 8.08 9.01 103 115 12.65 14.01
6% 644 845 940 113 129 1516 18.16
8% 736 898 9.63 135 1501 1827 23.24
10% 7.68 9.88 1258 15.88 1823 2423 29.1

According to Table 1, the viscosity of the mixed solution increases exponentially with the increase in
sodium alginate concentration at different gelatin concentrations. Hydrogen bonding and electrostatic
interaction also occur, which increases the viscosity of the mixed solution. When gelatin is added
too much (gelatin content is 10% or above), it hinders the formation of network structure of sodium
alginate and calcium chloride to a certain extent. As result, the network structure cross-linking
becomes insufficient, the gel hardness decrease, and the molding time is too fast for three-dimensional
forming. Therefore, at the same temperature, 0.08 g/mL gelatin was mixed with sodium alginate of
different concentrations to prepare composite gel, then cross-linked with 3% calcium chloride solution.
The specific content in the composite solution (considering the effect of viscosity) is shown in Table 2.

Table 2. Sample number of different concentration ratios.

Number 1 2 3 4
Algin (g/mL) 0.015 0.02 0.025 0.03
Gelatin (g/mL) 0.08 0.08 0.08 0.08

The cross-linking with 3% concentration of calcium chloride solution was performed and the
effects of different proportions on the hardness and elasticity of gel were tested. The results are shown
in Figure 1. It can be seen from Figure 1 that the strength and elasticity of SA-GEL are also improved
with the increase in sodium alginate content. When the concentration is relatively low, the hardness of
the SA-GEL is only about 330 g, and the elasticity is poor. This is because there is not enough alginate
combined with calcium ions. When the concentration reaches 3%, the SA-GEL structure is compact, the
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hardness of the gel can reach 568.6 g, the elasticity also increases to 1.79 mm, the toughness is positive,
and the mechanical properties increase significantly. This is because calcium ions and enough sodium
alginate molecules undergo a cross-linking reaction, and enhance the intermolecular interaction force.
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Figure 1. The effects of different concentrations on the hardness and elasticity of the gel.

2.2. Design and Fabrication of Scaffolds

Firstly, the scaffold samples’ CAD model with a cuboid shape was constructed by Magics
EnvisionTEC (Figure 2a), and then the model was sliced into 10 layers with the Bioplotter RP
software [21]. VisualMachine software was utilized to control the printing and assign the print
parameters for the model (Figure 2b), and then the gelatin-sodium alginate complex scaffold samples
were fabricated using Bioplotter, which was manufactured by the German company Envision TEC
(Figure 2c). Bioplotter is composed of a three-axis positioning system, an automatic tool conversion
system, a linear ball bearing, a heating base plate with a vacuum fixing system, a high temperature
resistant printing head and a low temperature resistant printing head. The device realized the
transformation from CT scan data of patients to solid 3D biological scaffolds. The 3D-Bioplotterwas
controlled by PC and monitored and operated by a workstation. The composite gel was used to
fabricate scaffolds by printing the composite solution into the CaCl, solution to induce crosslinking
layer by layer. The alginate was dispensed at 37 °C using a conical needle with different inner diameters.
After fabrication, the scaffolds were maintained in the crosslinking solution for a time period sufficient
to allow the Ca®" ions to penetrate and crosslink the whole structure.
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a b c

Figure 2. Scaffold printing process. (a) CAD model construction and sliced layers generation;
(b) Different pattern assigned before printing; (c) 3D-Bioplotter.

2.3. Extrusion Process Theory and Simulation Model of Printing Process

2.3.1. Extrusion Process Theory Model

For the fabrication of biological scaffolds, it is of significant importance to strictly select the
parameters of needle movement speed, air pressure, fiber spacing, and temperature and so on. These
changes affect the mechanical properties of scaffolds and the viability of implanted cells, such as
line width and spacing, which influence the pore size and porosity of scaffolds, and thus affect the
mechanical properties of scaffolds and the proliferation and attachment of binding cells in scaffolds.
The cryogenic printing head can be simplified, as shown in Figure 3a. The sodium SA-GEL solution
was pre-stored in the syringe. When pressure P was applied to the top of the needle, the composite
materials were extruded from the needle. The Bioplotter was able to adjust the air pressure in the range
of 0-5 Bar, and the diameter of the conical needle outlet was in the range of 0.2-1 mm. In Figure 3a(ii),
P is the pressure applied to the needle of the biographical plotter, P, is the outlet pressure of the needle
end, r1 and rg are the radius of the entry and exit of the needle respectively, 0 is the half-cone angle.
Because the diameter of the barrel was much larger than that of the conical needle, and the drop speed
of the liquid level in the barrel was much lower than that of the fluid in the conical needle, the change
in the liquid level height in the barrel was neglected. To further simplify the model, we made the
following assumptions in a pneumatic distribution system:

The composite solution was in-compressible.
The flow of compound solution in needle was stable and fully developed.
The slip between the composite solution and the needle wall was significant.

L .

The diameter of the barrel was much larger than that of the conical needle, so the pressure loss in
the barrel could be neglected.
5. The slight loss caused by the entrance effects and accessories could be neglected.

The pressure difference between the top and the outlet of the needle can be expressed as (1):
AP = P - P, 1)

The tangent value of the 6 can be expressed as (2):

tan 0 = @ )



Appl. Sci. 2020, 10, 768 6 0f 22

Figure 3. The printing process model and the prediction model of scaffold porosity. (a) simplified

model of printhead; (b) morphology change of extruded gel; (c) unit structure of scaffold.

The total flow equation of needle mixed solution can be written as (3):

Q=% +Q 3)

where Q is total flow, Q; is shear flow; Q; is slip flow.
The force balance equation of the pressure and shear stress of a conical needle can be written as (4):

nr’dp = 2mrtsec 6 cos Odl 4)

_dr_
tan6"

Given that the effects of accelerated shear flow are ignored, the pressure difference can be calculated
as (5):

where: T = %, dl =
T

"2 2K
AP = f i;TseCQCOSle = - o 5)
o T Gutan0)(2%)'[1 - (2)"|

Q1 and Q; can be deduced from (6):

711’131’03

Q1 = T (6)

[ 3ntanOAP |
)

2K (131 — o3

Q2 = Vslz’p(nrz) (7)
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where Vg, is slip velocity, which can be expressed as (8):

1
Tyt
Vslip - ﬁ_?li (8)

where f is the slip layer thickness and 7y, is the shear stress on the needle wall. K is the coefficient of
mixed solution consistency.
So, we can conclude the total flow equation of needle mixed solution as Equation (9):

3.3 2
TIr1° 1) i1y
Q = -+ - )
3n tan OAP. n n
2K (ry3n — rp3n) K% 3nAPtan @

The average speed of the needle extrusion prediction model can be concluded from (9):

Q 11’1 5
Vi = — = -+ : (10)
o 3 n n
4 n tan OAP
2K (r % — 1o3n) K% 3nAP tan 0

1 \30
- ()"
Because of the effects of gravity, the composite gel will collapse on both sides, assuming that the
section of the extruded line transforms from circular to elliptical, that its long diameter is c, the short
diameter is d, the section change is as shown in Figure 3b, and the length of the columnar body is L4,

can be written as:
Lg=vXt (11)

where v is the needle movement speed and t is the needle movement time.
The volume of the cylindrical line extruded at a given time V can be expressed as (12):

V = nedLyy = mc*kgLeg (12)

where K4 is the elliptic coefficients, kg = 7.
So, we can obtain the prediction model of fiber width after extrusion in mixed solution, (13)
expressed as:

1 1
3ntanOAP ]“ Bry3rg? [ 3nAPtand |
2(

Kl/n

113193 +
Q 4 2K(r13" _ r03“) rl3n _ r03n)
D=2c=2,/—/m =2 13
¢ V nkog Keqv (13)

where AP is the air pressure difference, r; is the needle inlet radius, r; is the needle outlet radius, v is
the needle velocity, K is the consistency coefficient, 0 is the angle between the needle wall and the
vertical direction, and n is the flow coefficient.

The porosity of scaffolds is closely related to the mechanical properties of scaffolds. Meanwhile,
it is also exceedingly important for cell growth, differentiation and proliferation. Porosity can be

adjusted by changing the spacing, line width and layer height according to different printing targets.
Fiber spacing is the most important factor. The scaffolds structure unit is shown in Figure 3¢, without
considering the influence of the edge structure of the scaffolds, the porosity of scaffolds can be regarded
as the function of interval L, line width D and formation height H:

Sy = (L,D,h) (14)
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The volume of the micro-structural unit is:

Vy = 2L%h (15)
The volume of the stent material is:
DZ
Vz = 77'CL (16)

Therefore, the porosity of the scaffolds is:

Vs nD?
sp_l—\Tl_1——4Lh (17)

From the Equation (11), we can obtain the prediction model of porosity of printing scaffold
structure as Equation (18), which can guide us to set optimal parameters to get corresponding porosity

of scaffold.

1
m13f03[ 3ntan OAP ]ﬁJrﬂﬁ'oz SnAPtanG]

4 2K(713"—ro3”) Kl/n 2{]_(@)3?1}
51
57

Sp=1- — (18)

1
7

2.3.2. Extrusion Process Simulation Model

The scaffold printing process was simulated and analyzed by using Fluent, and the relationships
among the variables in the model were explored. The flow coefficient 1 of the composite solution was
set to 0.5 and the consistency coefficient K was set to 18.5. In this paper, needles r; of 2.5 mm, and rj of
0.2 mm and the length L is 30 mm, were selected. 6 was nearly 4 degrees, and the slip layer thickness
approximated 9.9 um, and K4 was set to 0.8. By introducing these parameters, the simulation model
of extrusion process could be constructed, as shown in Figure 4.

Local
magnification

P=1.5bar P=1.8bar P=2.1bar P=2.4bar

a b

Figure 4. The extrusion process simulation model. (a) flow velocity distribution simulation; (b) different
expansion under different pressure conditions.

Pressure and platform movement speed are also important factors which affect the line width
of the printing material. At the same time, air pressure also determines the flow of extruded gel,
so the pressure and velocity were selected as variables to explore its effect on line width. In order
to obtain different extrusion flow rates, 1.2 bar, 1.5 bar, 1.8 bar, 2.1 bar and 2.4 bar were selected as
pressure variables to compare the line width of the needle in the range of 0-20 mm/s. As shown in
Figure 5, as the pressure and movement increased, the line width narrowed quickly. When the pressure
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increased to above 2.4 bar and the movement speed increased to above 20 mm/s, the line width became
stable. From the dotted line of 0.4 mm red contour line in Figure 5, it can be seen that the needle
moving speed of the optimum linewidth (the same linewidth as the inner diameter of the conical
needle outlet) was different under different pressure variables, which were 4.77 mm/s, 7.45 mm/s,
10.73 mm/s, 14.6 mm/s and 19.08 mm/s, respectively, which were all higher than the extrusion flow
velocity under their respective pressures and conformed to the mathematical model of the linewidth
prediction. When printing, the speed could be set to the needle speed corresponding to different
pressure variables to obtain the optimal linewidth. Under the same pressure variable, too fast and
too slow needle movement would lead to problems such as stretching and material accumulation,
which would seriously affect the accuracy and formability of extrusion lines. To sum up, it was more
appropriate to choose the needle moving speed between 10 and 16 mm/s by linear width mathematical
model (13).

1.2 ] —=—1.2 bar
—0—1.5 bar

A —*— 1.8 bar E
1.0 - —a—2 1 bar

—b—2.4 bar

%\TQ\@ 5

0.4 - \O\ O\*\:\A:i}\\ﬁb\m

Line width (mm)

\ ——
-\- O\O\*\*\:\\:
——a__ O3
l\.\ ——C)
0.2 4 B e————
L) L) L) L) L) ~, L) % L) i L) b L) L L)
0 2 4 6 8 10 12 14 16 18 20

Nozzle moving speed (mm/s)
Figure 5. The line width with different nozzle moving in different pressures and moving speeds.

For extrusion lines with the same line width, the porosity of scaffolds varied with different fiber
spacing. Setting the fiber interval in the range of 0.4-4 mm, other variables are maintained unchanged
to simulate the printing conditions and parameters. Using a conical needle with an outlet diameter of
0.4 mm and setting the pressure of 1.8 bar and the needle speed of 10.7 mm/s, the relationship between
the porosity of the scaffold and the fiber interval was obtained, as shown in Figure 6.

As shown in Figure 6, the larger the fiber spacing, the larger the porosity of the scaffold. When the
fiber interval was less than 0.4 mm, the porosity of the scaffold was zero or even negative, and the
scaffold accumulation was serious. In addition, when the interval was small, a slight change made
the size of the scaffold porosity fluctuate greatly. When the interval was set to 1 mm, the porosity
was about 60%. When the porosity interval needed to be greater than 60%, it needed to be greater
than 1 mm. According to the requirement of cell growth on scaffold pore; the interval can be between
1-1.5 mm.
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Figure 6. The prediction relationship curves of different fiber spacings with porosity.

3. Results and Discussion

To investigate the effectiveness and corrective capability of the predicted model, we printed
different samples as Section 2.3.1 discusses. To obtain successive samples, there was some preparation
we needed to do, as follows:

1.  Suppression bubbles of printing materials—the continuity of the extrusion line is very important
for the accuracy and forming effects of the scaffold [22]. In the preparation of SA-GEL composite
material, bubbles will be introduced due to mixing and other factors. The bubbles in the material
will affect the continuity of extrusion, and the break point will affect the mechanical properties of
scaffolds. Accordingly, bubbles in the barrel solution should be cleaned. In this paper, a static
suppression method was used to solve the problem—the cylinder filled with composite solution
was heated upside down until the bubbles in the material could not be observed by naked eyes.

2. Selection of printing platforms—unlike Fused Deposition Molding (FDM) method, the SA-GEL
composite materials used in this paper had a large amount of water, so it was indispensable
to select appropriate deposition platforms [23]. Hydrophobicity is the main index for selecting
deposition platforms. The platform made of hydrophobic materials, such as plastic containers,
shrinks the complex gel deposited on the hydrophobic platform to form a globule, which seriously
affects the forming of scaffolds. When the gel is deposited on the platform made of hydrophilic
materials, problem of excessive deposition will occur. Therefore, after many experiments, PS film
was chosen as the deposition platform [24]. Due to the differences between hydrophilic and
hydrophobic materials, the deposition and diffusion of hydrogels on PS film are not obvious.
In addition, adhesion of the gel on the PS film can overcome surface tension, so that the shrinkage
does not occur.

3. Calcium chloride assisted stereotyping—in the process of printing, the calcium chloride solution
was used to semi-crosslink atomically with the deposited composite SA-GEL. As a result, not
only the curing process, but also the shaping effects of scaffolds could be improved [25].

4.  Selection of the diameter of conical needle—as the diameter of conical needle increased, the
required air pressure decreased, and the needle speed needed to be accelerated. At the same
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time, when the pressure was low, cells in the composite materials received less damage due to
extrusion. The acceleration of the needle movement reduced the printing time of the scaffold and
improves preparation efficiency. With the increase of conical needle diameter, the porosity of the
printing scaffold decreased gradually [26]. Additionally, considering that the diameter of tissue
cells varies from more than ten microns to tens of microns, the outlet diameter was 0.4 mm to
print the scaffold.

From the prediction model of fiber width and porosity of scaffold, printing pressure, needle
moving speed and spacing are key factors affecting scaffolds forming.

3.1. Pressure Affective Analysis

The printing pressure was assigned as 1 bar, 1.5 bar, 2.5 bar, 3, bar, 3.5 bar, and 4 bar, respectively.
The total mass of the composite solution was measured within 1 min, and then divided by the density
and time of the solution. The relationship between flow rate and pressure was obtained, as shown in
Figure 7. The flow rate increases exponentially with the increase of air pressure, indicating that the flow
coefficient n is not 1, and the composite material is proved to be a non-Newtonian pseudoplastic fluid.
The experimental data fit the theoretical value curve well, which proves the necessity of considering
the slip effect, and also shows that the flow forecasting model is correct. The experimental results
under the conditions of 1.5 bar, 1.8 bar, 2.1 bar and 2.4 bar show that the extrusion diameter at 1.8 bar
pressure is less affected by the extrusion swell and the continuous forming ability is stronger, as shown
in Figure 8.

Theoretical value

4 ® Measured value

Flow rate (ml/s)

I !
1.0 125 2.0 25 3.0 3.5 4.0 4.5
Pressure (bar)

Figure 7. The relationship between the flow and pressure.
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Figure 8. Extrusion line form at different pressure. (a) extrusion line with the feeding pressure is 1.5
bar; (b) extrusion line with the feeding pressure is 1.8 bar; (c) extrusion line with the feeding pressure is
2.1 bar; (d) extrusion line with the feeding pressure is 2.4 bar.

3.2. Needle Moving Speed Affective Analysis

In order to study the influence of the needle moving speed on the printing accuracy, the extrusion
pressure was set to 1.8 bar, and the sprinkler moving speed was set to 4, 7, 10, 13, 16 mm/s, respectively.
The sprinkler was printed by 0-90 degree lying and the height of the adjacent two layers was set to
0.32 mm. A digital microscope was used to observe the printing support at different moving speeds;
the results are shown in Figure 9.

0.70

Line width
® Test width

0.65-.
0.60:
0.55:
0.50-.

0.45 4

Line width (mm)

0.40

0.35

0.30 T T T

Needle moving speed (mm/s)

Figure 9. The relationship between the nozzle moving speed and line width.

When the needle velocity is too low (v = 4 mm/s, 6 mm/s), the well-shaped structure of the support
is submerged, and the pore becomes smaller or even blocked, as shown in Figure 10a,b. With the
acceleration of the needle speed, the width of the extrusion line keeps decreasing, approaching the
optimal inner diameter when v equals to 10 mm/s or 13 mm/s, as shown in Figure 10c,d. However,
when the moving speed is too fast for the gel extrusion speed to keep up with, it will cause shrinkage
or even fracturing of the fiber, which will affect the accuracy and mechanical properties of the bracket,
as shown in Figure 10ef.
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Figure 10. Micro-view of midline of scaffold at different moving speeds. (a) extrusion line with moving
speed 4 mm/s; (b) extrusion line with moving speed 7 mm/s; (c) extrusion line with moving speed

10mm/s; (d) extrusion line with moving speed 13 mm/s; (e) extrusion line with moving speed 16 mm/s;
(f) extrusion line with moving speed 20 mm/s.

3.3. Scaffolds Porosity Affective Analysis

Porosity is a crucial index for evaluating scaffolds [27]. The size of porosity determines the growth
ability and mechanical properties of cells, while the porosity of scaffolds mainly depends on fiber
spacing. On the premise of guaranteeing the quality and mechanical properties of the support, the

main purpose of this section is to adjust the size of the porosity by changing the line spacing; the results
are shown in Figure 11.

80
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404

30 -

L) * L) * L) . L) *: 1 *) L)
0.6 0.8 1.0 1.2 1.4 1.6

Fiber spacing (mm)
Figure 11. The relationship between fiber spacing and porosity.

The printing parameters were set as follows: air pressure 1.8 bar, needle outlet diameter 400 um,
needle speed 10.7 mm/s, thickness 0.32 mm. When the fiber spacing is too small, as shown in Figure 12a,
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the gap between the extrusion lines is very small, and even sticks together because of the swelling
effects. After cross-linking, the pore structure becomes even smaller, and some are even blocked. The
permeability of the scaffold structure decreases, which is not conducive to cell growth. When the fiber
spacing is appropriate, as shown in Figure 12b—d, there is a certain gap among the extrusion lines
deposited on the substrate, which can form a better pore structure. On this basis, the printed support
has good permeability and a high mechanical strength. When the interval between fibers is too large,
the lower layer cannot provide enough support force to the next layer, so the collapse occurs. With an
increase in the number of printing layers, the collapse phenomenon becomes more serious. The z-axis
direction pore is completely blocked, which reduces the overall structural strength of the support. This
phenomenon occurs in some areas of Figure 12e-f.
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Figure 12. Print scaffolds at different intervals. (a) scaffold structure with fiber spacing 0.6 mm;
(b) scaffold structure with fiber spacing 0.8 mm:; (c) scaffold structure with fiber spacing 1.0 mm; (d)
scaffold structure with fiber spacing 1.2 mm; (e) Scaffold structure with fiber spacing 1.4 mm; (f) Scaffold
structure with fiber spacing 1.6 mm.

The porosity of scaffolds was measured by the liquid displacement method [28]. The specific
test methods were as follows: using electronic balance to weigh the specific gravity bottle filled with
ethanol, the quality was Z;; weighing the composite support after freeze-drying, the quality was Z;;
putting the composite support after freeze-drying into the specific gravity bottle, adding ethanol to
make it filled with the specific gravity bottle and weighing, the quality was Z3: using tweezers to
remove the support (the pore of the support is filled with ethanol) from the bottle, weighing the specific
gravity bottle after removing the support (there is residual ethanol in the bottle), the quality was Z,.

The porosity Z of the scaffold is as following:

Z3s—2Z4—2>
k=L nsh (19)

The theoretical porosity can be calculated by using the foregoing mathematical model of porosity
prediction, and the theoretical value of porosity can be compared with the experimental data, as shown
in Table 3.

Table 3 shows that when the fibers are spaced in the range of 0.6-1.4 mm, the theoretical and the
measured porosity are basically the same. Scaffolds with 50-70% porosity can be printed out, and the
porosity is very neat, which confirms the correctness of the related mathematical model. However,
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when the interval is 1.4 mm or more, the collapse of fibers occurs in some areas of the scaffolds.
The actual porosity is slightly less than the theoretical one; the mechanical properties of the scaffolds
are poor, and there are discontinuous pore structures in the scaffolds. Considering the spacing between
1-1.4 mm and the porosity between 60-82%, it is advantageous to cell culture.

Table 3. The theoretical porosity and the measured porosity of scaffolds.

Fiber Distance (mm) Theoretical Porosity Experimental Porosity
0.6 323 31.8
0.8 49.6 48.9
1 60.3 60.7
1.2 66.4 66.5
1.4 71.0 68.8
1.6 75.5 72.1

3.4. Scaffolds Mechanical Properties Analysis

A shared drawback of porous hydrogel scaffolds is their relatively weak mechanical properties.
By adjusting the proper internal structures, the mechanical properties of scaffolds can be improved [25].
The essence is to change the contact area between two adjacent layers by adjusting the different angles
of extruded gel, thereby obtaining a different Young’s modulus and dynamic modulus of scaffolds.
In this paper, the SA-GEL solution made from 3% sodium alginate and 8% gelatin was selected and the
printing parameters were set as the extrusion pressure being 1.8 bars, the moving speed of the nozzle
being 10 mm/s, and the layer height being 0.32 mm. Not only were the 0-90 degree scaffolds with 1 and
1.2 mm spacing printed, but also the scaffolds with internal 0/45/135 degrees and 0/45 degrees were
printed. The printed paths were just as Figure 13 shows—the scaffold in Figure 13a was a 0/90 degree
scaffold with 1 mm spacing, the scaffold in Figure 13b was a 0/90 degree scaffold with 1.2 mm spacing,
the scaffold in Figure 13c was a 0/45 degree scaffold with 1.2 mm spacing, the scaffold in Figure 13d
was a 0/45/135 degree scaffold with 1.2 mm spacing, and the scaffold in Figure 13e was a staggered
scaffold with 1.2 mm spacing. The size of sample model is (12 x 12 x 3) mm?3 for each condition.
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Figure 13. Different internal structure patterns of scaffolds. (a) 0/90 degree scaffolds with 1 mm spacing;
(b) 0/90 degree scaffolds with 1.2 mm spacing; (c) 0/45 degree scaffolds with 1.2 mm spacing; (d)
0/45/135 degree scaffolds with 1.2 mm spacing; (e) staggered scaffolds with 1.2 mm spacing.
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The printing results are shown in Figure 14, which are all highly consistent with the predictions of
the theoretical model. Then, the mechanical properties of hydrogel scaffolds cross-linked with different
internal structures were studied, including Young’s modulus and the dynamic modulus.

O

(c) (d

Figure 14. The printing results with different internal structure patterns. (a) printed result with
0/90 degree scaffolds with 1 mm spacing; (b) printed result with 0/90 degree scaffolds with 1.2 mm
spacing; (c) printed result with 0/45 degree scaffolds with 1.2 mm spacing; (d) printed result with
0/45/135 degree scaffolds with 1.2 mm spacing; (e) printed result with staggered scaffolds with 1.2
mm spacing.

Scaffolds with different internal structures were tested as follows: the compressive modulus of the
scaffolds was measured by the cross-head velocity of 0.01 m/s, and the Young’s modulus was calculated
based on the linear region of the stress—strain curves of all the samples. The dynamic test was carried
out by applying 15% sinusoidal deformation at a frequency of 1 Hz. After more than 20 cycles of
steady-state response, the dynamic modulus was determined from the ratio of stress amplitude to
strain amplitude. Under the condition of 50% deformation, a 24-h creep recovery test was carried out
in PBS at 37 °C, and the stress was removed, and the samples were allowed to recover within 24 h.

It can be clearly seen from Figures 15 and 16 that the scaffold with an internal structure of 0/90
is the group with the smallest middle distance of all scaffolds. The Young’s modulus is the highest,
reaching 113.64 + 12.83 KPa, and the dynamic modulus is also the highest, at 841.5 + 27.9 KPa, but the
porosity of the scaffolds is the lowest. When the fiber spacing increases to 1.2 mm, just make the internal
structure as 0/90 degree with 1.2 mm spacing; the Young’s and dynamic moduli of samples were 69.7 +
4.5 KPa and 502.3 + 63.5 KPa, respectively, which decreased significantly. Larger fiber spacing reduces
the mechanical properties of the scaffolds, which is in line with the expected relationship between
fiber spacing, porosity and mechanical properties of the composite scaffolds. That is, the larger the
fiber spacing is, the higher the porosity is, and the worse the mechanical properties of the scaffolds
are. When the internal structure of the scaffold was 0/45-1.2, the Young’s and dynamic moduli were
86.6 + 10 KPa and 671.4 + 31 KPa, respectively, which were significantly higher than those of the
0/90-1.2 scaffold group with the same fiber spacing. This may be because the scaffold designed at
angle 0/45 provides more contact areas among adjacent layers. As shown in Figure 17a,b, the area
of (a) is D?, while the area of (b) is (2D?)'/2, which provides more mechanical strength. When the
internal structure of the scaffold is 0/45/135-1.2, the direction of the fiber lines in the adjacent layers will
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change continuously, which will further reduce the effective contact area, as shown in Figure 17c, thus
weakening the mechanical properties of the scaffold.
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Figure 17. Contact area of adjacent layers with different internal structures. (a) 0/90 degree internal
structure; (b) 0/45 degree internal structure; (c) 0/45/135 degree internal structure.

When the spatial distribution of extruded fibers (displacement group) was changed, the mechanical
modulus of displaced scaffold was worse than that of 0/90-1.2 of displaced scaffold. This shows that
the relative position of the extruded fibers in each layer also has a significant impact on the mechanical
properties of the scaffolds. The mechanical strength of displaced scaffolds is the worst among all
scaffolds, with the lowest Young’s modulus of 30.4 + 9 KPa and a dynamic modulus of 153.3 + 15 KPa,
which may be related to the structure of displacement. At the same time, due to its unique displacement
structure, the strain effect is largely offset and absorbed by the deformation of internal pores. It is
worth noting that the compression modulus of each bracket group is much lower than that of the
physiological load frequency. This fact indicates that the static modulus alone is not enough to reflect
the functional response of the composite gel. This discovery can guide the research direction regarding
the mechanical properties of printing supports and is exceedingly meaningful.

3.5. Scaffold Biocompatibility Test

After disinfecting and treating the scaffold surface, the C5.18 chondrocytes cells were implanted
on the scaffold surface and cultured for a long time. The cells were stained alive/dead on Day 1, 5
and 7, respectively. The cells were marked by green fluorescence for live cells and marked by red
for dead cells. As shown in Figure 18, the results indicate that the cells would survive well. On the
first day of chondrocyte culture, the cells adhered to the composite hydrogel scaffolds. With the
increase in culture days, the cells grew better, because the cell culture medium and the metabolic waste
liquid can flow smoothly in the gap structure of the scaffold. At the same time, the high porosity also
increases the surface area of the scaffold, which provides more places for cell growth and proliferation.
Under the scanning electron microscope, as shown in Figure 19, it can be clearly seen that when
the chondrocytes are cultured in vitro for one week, they adhere closely to the scaffold, and some of
them are extending pseudopodia, which have been marked with a red circle line, and seem to have
extracellular matrix secretion.

The C5.18 cell viability on the scaffolds surfaces was analyzed. As in Figure 20, the survival rate
was 93.9% on the first day, 97.3% on the fifth day, and 98.2% on the seventh day, indicating that the
cells could exchange substances within the scaffolds, so the death rate was very low. The above data
show that the composite hydrogel scaffolds have good biocompatibility.
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Figure 18. Cell viability and distribution in the scaffold designs (green for living cells, red for dead
cells).

Figure 19. Scanning electron microscopic observations of chondrocytes cultured on scaffold (x45 and

X500).
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Figure 20. Cellular viability of LC5.18 cells on scaffold surface after one-day, five-day and
seven-day cultures.
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4. Conclusions

1. The SA-GEL printing material was prepared. The properties of SA-GEL composite material under
various ratios were analyzed from viscosity tests and mechanical performance. The optimum
material ratio (sodium alginate:gelatin = 3:8) was determined by comprehensive evaluation.

2. Modeling and simulation analysis of gel material extrusion process. First of all, the rheological
properties of gel materials were analyzed, and then the cone needle model was simplified.
Considering the slip effects, the mathematical model of extrusion flow was established from
two facets of shear flow and slip flow. Finally, the printing line width and porosity prediction
model was obtained, and the pressure and needle movement were analyzed by fluent simulation
software. The variation law of flow rate, line width and porosity of support is affected by velocity
and other factors.

3. In study of pressure, the flow model and fluent expansion simulation were validated by the
measurement of extrusion flow rate and the experiment of extrusion swell. Then the needle
speed of 10.7 mm/s was selected from the influence of needle speed on stent size and line width.
In the analysis of fiber spacing, it was found that the mechanical strength of scaffolds was not
enough when the spacing was too large, and the cells could not grow well when the spacing was
too small, and the interval of porosity and mechanical strength was 1-1.4 mm. In the analysis
of influence factors about different internal scaffold structure, by adjusting the proper internal
structures, mechanical properties of scaffolds can be improved, when the internal structure of the
scaffold was 0/45-1.2, the Young’s and dynamic modulus were 86.6 + 10 KPa and 671.4 + 31 KPa
respectively, which has good mechanical property.

4. C5.18 osteoblasts cells were implanted on the scaffold surface and cultured; the results indicate
that the cells would survive well.

5. Finally, the performance of the printed composite SA-GEL scaffolds was tested and analyzed.
The mechanical properties of the bracket show that the mechanical performance of the bracket is
mainly affected by the porosity, the contact area between the extruded fiber lines and the relative
position of the extruded lines. These experimental results support the original simulation that,
under the control of printing parameters such as a temperature of 37 C°, pressure of 1.8 bar,
moving speed of 10.7 mm/s and an interval of 1.2 mm, better scaffold printing results can be
obtained for newly prepared sodium alginate-gelatin composite bio-printing materials.
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