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Abstract: 3D bioprinting is an emerging research field developed by the deep cross-fertilization of
3D printing technology with multiple disciplines such as mechanics, materials, and biomedicine. Ex-
trusion 3D bioprinting, the most widely used 3D bioprinting technology, can print biomaterials with
different viscosities and has a wide range of material applicability. In this study, we prepared a com-
posite hydrogel with gelatin-oxidized nanocellulose as the matrix and glycerol as a multifunctional
co-solvent, and the optimal composition of the hydrogel was determined by material characteriza-
tion. The microstructure of the hydrogel was visualized by scanning electron microscopy (SEM),
and it can be seen that the composite hydrogel material has a three-dimensional porous network
structure with microporous pore sizes ranging from 200-300 um. The infrared spectra also showed
that the addition of glycerol did not interact with gelatin-oxidized nanocellulose while improving
the hydrogel properties. Meanwhile, the composite hydrogel has obvious shear-thinning properties
and good mechanical properties, which are suitable for extrusion-based 3D bioprinting, and the
printed area is clear and structurally stable. A series of results indicate that the hydrogel is suitable
for extrusion-based 3D bioprinting with good pore structure, mechanical properties, and printable
performance. This gelatin-oxidized nanocellulose hydrogel provides a new idea and material for 3D
bioprinting and expands the potential uses of the material.
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1. Introduction

3D printing, as one type of Additive Manufacturing (AM), is characterized by the
construction of three-dimensional solids by stacking layers and allows the fabrication
of custom or complex structures without the need for expensive and time-consuming
mold-making procedures [1] and is widely used in aerospace, architecture, process design,
education, medical, and biological fields [2—4]. Biological 3D printing is an emerging
research field developed by combining 3D printing technology with biomedicine [5], which
can manufacture scaffolds with high structural complexity and design flexibility, thus
overcoming the limitations of traditional tissue engineering, and is a perfect combination of
biomedicine, tissue engineering, regenerative medicine, and 3D printing technology, which
can achieve spatially oriented manipulation of biological materials, growth factors, cells,
and controlled stacking, solving the challenges faced by traditional tissue engineering [6],
which has important research significance and broad application prospects [7,8].

Depending on the forming principle and printing materials, 3D bioprinting tech-
nologies can be subdivided into four types: inkjet, laser direct writing, light-curing, and
extrusion printing [9-12]. The principle of the four printing types is shown in Figure 1.
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Figure 1. Schematic diagram of the four 3D bioprinting technologies: (A) inkjet 3D bioprinting,
(B) laser direct writing 3D bioprinting, (C) light-curing 3D bioprinting, (D) extrusion 3D bioprinting.
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Inkjet 3D bioprinting is considered to be the earliest 3D bioprinting technology that
uses piezoelectric or thermally driven printheads to dispense bioinks into a series of micro-
droplets that are printed in layers to shape the 3D structures containing cells [13]. Inkjet
printing has the advantages of being able to install multiple printheads and faster printing
speed and is the least costly 3D bioprinting technique. However, it has disadvantages,
such as the inability to print highly viscous materials and highly concentrated bioinks and
mechanical or thermal damage to cells during the printing process. Compared with inkjet
printing, laser direct printing can avoid direct contact between the bioink and the processing
device, thus ensuring high cell activity, and can also print high viscosity bioinks and use a
wider range of materials, but it has the disadvantage of higher printing cost. Similar to laser
direct printing, light-cured printing uses light to selectively cross-link bioinks, curing them
in layers to form three-dimensional structures. Light-cured printing has the advantages of
high printing efficiency and accuracy [14] and is a simple device for easy control, but UV
light and photoinitiators can cause damage to cells. Extrusion printing is the most widely
used 3D bioprinting technology [15], which evolved from inkjet printing and extruded
uninterrupted fibrous filaments by continuous extrusion force [16] and has the advantages
of printing bioink with different viscosities and different concentrations of cells, a wide
range of material applicability, and the ability to print tissue structures with good structural
strength. Since inkjet, laser direct writing, and light-curing 3D bioprinting technologies
have high requirements for printing materials, printing processes, and molding equipment,
and the application range is relatively narrow, most of the printing equipment based on
these technologies are built independently and are still in the laboratory research stage, and
no mature printing equipment has been reported. Therefore, the extrusion 3D bioprinting
method was used in this study to investigate the performance of hydrogel printing.

Bioinks suitable for extrusion-based 3D bioprinting need to meet three conditions. First,
shear-thinning properties. This is a rapid sol-gel transition capability (smooth extrusion
from the nozzle can be rapidly shaped on the deposition platform) [17]. Second, good
mechanical properties. This ensures the stability of the printed structure [18]. Third, excellent
biocompatibility [19]. As a unique class of 3D polymer network “soft” materials, hydrogels
have excellent toughness, elasticity, and flexibility, as well as good mechanical strength,
optical transparency, biodegradability, and biocompatibility, making them suitable for
extruded 3D bioprinting of bioinks, which are widely used in agriculture, industry, and
biomedical fields [20-22].

The most used hydrogel compositions in studies on extrusion 3D bioprinting available
hydrogels are sodium alginate (SA) and gelatin (GEL) because these two natural materials
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have good shear-thinning properties [23] and biocompatibility. GEL is a protein obtained
by partial hydrolysis of collagen, which has excellent biocompatibility and cell adhesion
properties. By co-blending GEL with SA, the temperature-controlled cross-linking property
of GEL and the cross-linking property of SA with divalent cations can be well applied
to extrusion-based biological 3D printing. However, this hydrogel has the problems of
high viscosity leading to damage to cells due to excessive air pressure during the printing
process and low dry matter content leading to print collapse, thus seriously affecting the
shape fidelity.

SA has some thickening properties and has a high viscosity at low concentrations.
Thus, in this study, we used only one material, GEL, to provide shear-thinning properties,
thereby reducing the hydrogel viscosity and decreasing the air pressure required for print-
ing. Studies have shown that the addition of small amounts of nanoparticles to hydrogels
can lead to significant changes in a range of physical and chemical properties, such as an
increase in material stiffness and the appearance of shear-thinning properties. In recent
years, nanocellulose-based hydrogels have attracted a lot of attention in the field of tissue
engineering due to their unique nanostructures, excellent mechanical properties, and good
biocompatibility [24,25]. Some recent articles have also proposed some hydrogel formula-
tions based on the incorporation of nanocellulose in alginate for biomedical applications,
but only the formulation composition was described without an in-depth study. In this
study, we used TEMPO system oxidized nanocellulose (T-CNF), which can effectively
avoid agglomeration of nanocellulose and improve its dispersion and stability in water
and enhance the stability and mechanical properties of gelatin-based hydrogels.

Collapse is a typical characteristic of bio-based hydrogels, usually due to low dry
matter content. In order to avoid structural collapse after printing, in this study, we replaced
part of the water with glycerol (GLY) to reduce the volume and share of non-volatile
components to minimize excessive shrinkage and to allow the samples to retain their shape
after curing. It was demonstrated that the addition of food-grade additives such as glycerol,
sugar, and citric acid to gelatin does not compromise the biocompatibility and safety of
the material while producing gel compositions with elasticity and toughness [26,27]. The
addition of GLY to the hydrogel also enhances the stability and water retention of the
hydrogel since the gelatin-based hydrogel can harden in the air due to rapid drying, which
affects its stability and durability as a bioprinting material.

In this study, a biocompatible composite hydrogel based on GEL, T-CNF, and GLY
was prepared for 3D bioprinting. The addition of T-CNF and GLY can not only adjust the
viscosity of the hydrogel but also enhance the mechanical properties. Through morphologi-
cal observation, chemical structure characterization, rheological property test, mechanical
property test, and swelling performance test, the influence of GLY on various properties of
the hydrogel was analyzed, and the optimal proportion of each component of the hydrogel
was determined. Finally, the hydrogel was applied to extrusion bioprinting, showing
excellent printability and shape fidelity while also being more stable at room temperature.

2. Materials and Methods
2.1. Materials

Gelatin (GEL), Sinopharm Chemical Reagent Co., Ltd., Shanghai, China; Glycerin
(GLY), Shanghai McLean Biochemical Technology Co., Ltd., Shanghai, China; TEMPO
system oxidized nanocellulose (T-CNF), Tianjin Wood Spirit Biotechnology Co., Ltd., Tian-
jin, China; Glutaraldehyde (GA), Shanghai Aladdin Biochemical Technology Co., Ltd,
Shanghai, China. The deionized water was used in all experiments. All reagents were used
directly without any further treatment.

2.2. Preparation of Hydrogels

Gelatin and oxidized nanocellulose were used as composite hydrogel matrices, and the
content of the multifunctional co-solvent glycerol was varied to prepare different kinds of
hydrogels. The initial experimental goal was to configure hydrogels with the right viscosity
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so that the hydrogels could be extruded smoothly through the print nozzle and retain their
shape and structure on the deposition platform. After the preliminary experiments, four
hydrogels with different composition ratios were selected for the next evaluation (Table 1).

Table 1. Hydrogel formulation.

< (o o (o Deionized
Sample ID Gelatin (% w/v)  T-CNF (% w/v) Glycerin (% w/v) Water (% w/v)
GTGO 8 1 0 91
GTG10 8 1 10 81
GTG30 8 1 30 61
GTG50 8 1 50 41

The T-CNF powder was first dissolved in deionized water, sonicated for 30 min, and
then magnetically stirred for 2 h to obtain a uniformly dispersed, transparent gelatinous
suspension of T-CNF. Gelatin and glycerol were then added to the oxidized nanocellulose
suspension and magnetically stirred for 12 h. The covered glass beaker was kept at 37 °C
throughout the magnetic stirring process. All hydrogels were stored in a water bath at
37 °C before further testing or printing.

2.3. Morphological and Chemical Characterization of Hydrogels
2.3.1. Macroscopic Topography of Hydrogels

The composite hydrogels configured after ultrasonic dispersion and magnetic stir-
ring were left to stand for one hour at 37 °C in a water bath to observe the dispersion
of the materials. Then the hydrogel was poured into a cylindrical mold with an inner
diameter of 15 mm and a height of 10 mm, put into a refrigerator at 4 °C for 1 h, and
then removed from the mold to observe the macroscopic morphology of the hydrogel after
low-temperature curing.

2.3.2. Scanning Electron Microscope Testing of Hydrogels

The cryogenically cured cylindrical hydrogel samples were cross-linked by immersion
in 2% w/v glutaraldehyde (GA) solution for 24 h, then pre-frozen overnight at —20 °C and
placed in a freeze dryer (ALPHA 2—4 LD plus, Marin Christ, Ltd., Osterode, Germany) with
a cold trap temperature of —70 °C. The lyophilized hydrogels were cut horizontally, sprayed
with gold, and observed using an ultra-high resolution field emission scanning electron
microscope (SU8020, Hitachi, Ltd., Tokyo, Japan) with an accelerating voltage of 5 kV.

2.3.3. Chemical Structural Characterization of Hydrogels

The functional group changes of the hydrogels were tested using Fourier transform
infrared (FT-IR) spectrometer (Nicolet iS10, Thermo Fisher Scientific, Ltd., Waltham, MA,
USA), and the test samples were prepared by KBr (Sinopharm Chemical Reagent, Ltd.,
Shanghai, China) compression method. The scanning range was set to 500-4000 cm ™! and

the resolution was set to 4 cm~!.

2.4. Rheological Properties Testing of Hydrogels

A certain amount of uncross-linked hydrogel was tested for rheological properties
(MCR 92, Anton Paar, Ltd., Graz, Austria). The shear rate-viscosity curves were scanned
at a steady rate in the shear rate range of 1 57! to 500 s™'. A 40 mm diameter parallel
plate (with a 2 mm gap) was used to simulate the viscosity of the material at the syringe
and nozzle during the printing process, and the temperature was kept at 37 °C during the
test. The velocity of the plate adopted to reach the selected gap was varied from 0.15 to
0.60 mm/s, and the normal force was recorded with the aim of eliminating the effect of
the compression on the structure and rheology of the hydrogel. Before starting rheological
tests, the sample was left to relax with normal force, and then the excess material was
removed. The oscillation-frequency scanning angular frequency range was 0.1-100 rad/s
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with 1% strain, and the temperature was maintained at 37 °C during the test. Oscillation-
temperature scan angular frequency of 1 rad/s, strain 1%, temperature range of 10-50 °C.

2.5. Mechanical Properties Testing of Hydrogels

The prepared hydrogels were cast on cylindrical molds with an inner diameter of
15 mm and a height of 10 mm, refrigerated at 4 °C for 1 h until the gel structure was
stable, and then cross-linked in 2% w/v glutaraldehyde (GA) solution for 24 h. After
the cross-linking was completed, the samples were removed, and the surface water was
blotted with filter paper to obtain a uniform and stable cylindrical sample. The compression
performance was tested using ASTM F2150-19 standard, using a universal testing machine
(CMT6104, MTS Industrial Systems Co., Ltd., Shenzhen, China) with the sample placed in
the center of two cylindrical compression plates with a compression displacement rate of
0.5 mm/min until the sample ruptured. Each set of tests was repeated five times.

2.6. Swelling Performance Test of Hydrogels

The hydrogel samples were freeze-dried in a freeze-dryer at a cold trap temperature
of —70 °C for 24 h and then removed, and the weight of the freeze-dried gel was weighed
as Wy. The gel was then swollen in deionized water at room temperature and removed at
regular intervals (1, 3, 5,7, 12, and 24 h) and the surface water was wiped dry with filter
paper and weighed, and the real-time mass was recorded as W; to calculate the Swelling
Ratio (SR) of the gel.

W — Wy

0

After 24 h, the gel was weighed continuously until the gel weight stopped changing,
which was recorded as the gel swelling equilibrium weight Ws, and the swelling ratio at
this time was recorded as Equilibrium Swelling Ratio (ESR).

SR (%) = % 100% )

2.7. Printing Performance Test of Hydrogels

A desktop bioprinter (EFL-BP-6800, Suzhou Intelligent Manufacturing Research Insti-
tute, Suzhou, China) was used to perform the printing performance test of hydrogels. The
bioprinter consists of a screw-driven X-Y-Z moving system, a pneumatic micro-extrusion
system (0-30 kPa), a temperature control system (—10-70 °C), and a control management
system. The temperature control system at the nozzle ensures that the hydrogel is extruded
smoothly at a suitable temperature, and the cooling system of the printing platform en-
sures the stability of the structure after the hydrogel is extruded and formed. Before the
bioprinting starts, the drawn model is imported into specific software, and after adjusting
the parameters, the 3D structure is printed by using the Slic3r slicing engine to slice the 3D
model and generate the code or by editing the G code by itself.

This part of the test mainly investigates the differences in the printing performance
of different formulations of hydrogels. Thus, the other parameters of the printing process
were kept unchanged, and only the printing material was changed. The extrusion head
temperature was 37 °C; the printing platform temperature was 5 °C; the nozzle travel
speed was 5 mm/s; the nozzle diameter was 0.26 mm; the height of the nozzle from the
printing platform was 0.3 mm, and other parameters such as the filling method were also
kept unchanged.

3. Results and Discussion
3.1. Analysis of Morphological and Chemical Characterization Results of Hydrogels
3.1.1. Morphology Analysis of Hydrogels

As shown in Figure 2, the hydrogels were uniform and stable after ultrasonic disper-
sion and magnetic stirring, and no precipitation was found after a long period of resting,
indicating that the components within the hydrogels were evenly dispersed and stable
in nature. The cast hydrogel has a smooth surface and smooth demolding after being
refrigerated for 1 h, showing good toughness and stability. Since the GEL is a pale yellow



Processes 2022, 10, 2216

6 of 15

particle, the hydrogel also exhibits a corresponding degree of pale yellow. With the increase
in GLY content, it can be found that the air bubbles inside the hydrogel gradually increased,
which may be due to the increase in the overall viscosity of the hydrogel resulting in the
slow discharge of the air mixed in the long mixing process. To avoid the effect of air bubbles
on other performance tests of the hydrogel, we will subsequently perform the extraction
process to eliminate the air bubbles in the hydrogel.

Figure 2. (A) GTGO solution, (B) GTG10 solution, (C) GTG30 solution, (D) GTG50 solution, (E) GTGO
after low-temperature cross-linking, (F) GTG10 after low-temperature cross-linking, (G) GTG30 after
low-temperature cross-linking, (H) GTG50 after low-temperature cross-linking.

It can also be found that when the GLY content is 0, the hydrogel behaves milky white
and yellowish; when GLY is dissolved in hydrogel, and the content is increasing, the hy-
drogel gradually becomes clear and transparent. This may be due to the stabilization of the
interaction between glycerol, water, and the polymer network. Macroscopic morphological
analysis shows that the addition of GLY has a stabilizing effect on the hydrogel and does
not affect the gel properties.

3.1.2. Analysis of the Results of Scanning Electron Microscopy of Hydrogels

The significant differences in properties exhibited by composite hydrogels are mainly
related to their microstructural variations. Therefore, the microstructure of hydrogels can
be visualized by the scanning electron microscopy (SEM) technique, which can reflect the
internal cross-linking of hydrogels and observe the microporous structure morphology and
composition of solid substances.

Figure 3 shows the SEM images of the hydrogel samples after freeze-drying. It can be
seen that the composite hydrogel materials prepared in this study have a three-dimensional
porous network structure with micropores sizes ranging from 200-300 pum. The pore sizes of
GTGO are different and not uniformly dispersed; with the addition of GLY and the increase in
concentration, the micropores of the composite hydrogel are gradually evenly distributed and
uniform in pore size. GTG30 has uniform distribution and a moderate number of micropores
with good structure and porosity, which can make the balance between mechanical properties
and material transport of the composite hydrogel. GTG50 has too dense micropores, which
will negatively affect the mechanical properties of the hydrogel.
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Figure 3. SEM images of hydrogels: (A) GTGO, (B) GTGI10, (C) GTG30, and (D) GTG50.

The microporous structure of GTG30 is partly open-cells and partly closed-cells. The
presence of both types of micropores can provide growth space and material transport channels
for cell proliferation and adhesion, and the geometry, porosity, and pore size of micropores can
directly affect cell behavior. High porosity and pore size help nutrient and oxygen transport
or enable more cells to grow inward, but the mechanical properties of the hydrogel can be
compromised if the pore volume is too large. All these qualities lay the foundation for the
application of composite hydrogels in 3D bioprinting and biomedical applications.

3.1.3. Analysis of the Results of Chemical Structure Characterization of Hydrogels

The IR spectra of the composite hydrogels are shown in Figure 4A. The strong and
broad band of 3000-3800 cm ! is the absorption peak of the stretching vibration of the
hydroxyl group (-OH). The peaks at 2930 cm !, 2850 cm ™!, and 1460 cm ™! are the main
three absorption peaks of the methylene group of the protein contained in GEL. The IR
characteristic peaks of GEL are also reflected in the peptide bonds, such as amide A and
amide I-III [28-30]. The characteristic absorption peak of amide A (stretching vibration of
N-H) is at 3273 cm ™!, the characteristic absorption peak of amide I (stretching vibration of
C=0 and C-N) is at 1650 cm !, the characteristic absorption peak of amide II (stretching
vibration of N-H) is at 1550 cm~!, and the characteristic absorption peak of amide III
(stretching vibration of C-N) is at 1240 cm~!. The stretching vibration peak of C-O is at
1050 cm~!. The remaining absorption peaks at 923 cm~!, 852 cm~!, and 717 cm~! are
consistent with the standard IR spectra of GLY. As can be seen from Figure 4B, with the
addition and increasing content of GLY, the characteristic peaks on the IR spectra of the
hydrogels gradually agreed with those of glycerol, and the positions of the peaks did not
shift significantly, which proved that no interaction occurred between GLY and both GEL
and T-CNE.
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Figure 4. (A) Fourier-transform infrared spectra of GTG0, GTG10, GTG30, and GTG50, (B) Fourier-
transform infrared spectra of Glycerin.

3.2. Analysis of Rheological Properties of Hydrogels

The shear-thinning properties of hydrogels are particularly important for extrusion-
based 3D bioprinting methods. The shear-thinning property is a non-Newtonian fluid
phenomenon in which the viscosity decreases rather than rises as the shear rate continues
to increase. This is due to the temporary disruption of the physical interaction between
macromolecules and macromolecules under high shear stress, resulting in the rearrange-
ment of polymer chains and the reduction in segment entanglement. However, when the
shear force disappears, the viscosity increases rapidly again, and this property is known as
viscosity recovery. The shear-thinning property of the hydrogel allows the highly viscous
hydrogel to pass through the nozzle smoothly, and the viscosity recovery property ensures
that the hydrogel can have good shape fidelity after deposition on the platform. The
“shear-thinning” and “viscosity recovery” phenomena experienced by hydrogels during
3D bioprinting are also known as “thixotropy”.

Since hydrogels have special viscosity and elasticity, and the gel properties are sensitive
to the load applied in the measurement process, the methods used in rheological testing are
expected to have a certain impact on the structure and morphology of the gel, and it may
be difficult to obtain the rheological data with good repeatability [31]. Therefore, suitable
rheometer conditions should be selected to test the rheological properties of hydrogels, and
the normal force load applied to hydrogels should be controlled. To eliminate the influence
of the normal force on the rheological performance test, the normal force was recorded in
real-time when the parallel plate reached the 2 mm gap until it reached the 2 mm gap [32].
In the process of realizing the set gap, the maximum load is up to 1.6 N, and a small load
will not have a great impact on the structure of the hydrogel. Before formally starting the
rheological test, allow the sample to relax the normal force and remove excess material.

The shear-thinning characteristics of the hydrogels were characterized at a temperature
environment of 37 °C. As can be seen from Figure 5, when the shear rate was zero, and
the shear rate was low, the viscosity of all four hydrogels was relatively high, and the
initial viscosity also became higher with the increase in GLY content. When the shear rate
gradually increases, the viscosity decreases rapidly. The shear rate variation curves show
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Figure 5. The viscosity-shear rate of hydrogels.

The storage modulus (G') and loss modulus (G”) of the hydrogel are shown in Figure 6.
The storage modulus (G'), also known as the elastic modulus, is the magnitude of energy
stored in the material due to elastic (reversible) deformation when deformation occurs,
reflecting the elasticity of the material. The loss modulus (G”), also known as the viscous
modulus, is the magnitude of energy lost in the material due to viscous deformation
(irreversible) when deformation occurs, reflecting the viscous size of the material. G’
and G are often used to characterize the mechanical properties of hydrogels, and the
relationship between the two magnitudes can reflect the solid-liquid state of the material.
When G'is greater than G”, the elastic deformation mainly occurs, and the hydrogel exhibits
solid-like properties; when G is less than G”, the viscous deformation mainly occurs, and
the hydrogel exhibits liquid-like properties.
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Figure 6. The rheological properties change curves of the hydrogel: (A) The storage modulus (G')
and loss modulus (G”)-angular frequency of GTG0, GTG10, GTG30, and GTG50, (B) The storage
modulus (G’) and loss modulus (G")-temperature of GTGO, GTG10, GTG30, and GTG50.

The oscillation-angular frequency curves of hydrogels are shown in Figure 6A, and it
can be found that both G’ and G” of the four groups of hydrogels increase with the increase
in the angular frequency, and the curve of G’ is always higher than G”, with no crossover
point. This indicates that the hydrogels exhibit a solid-like gel elastic network structure,
which is conducive to improving the shape stability and structural fidelity of the printed
structures. Compared with the hydrogel without GLY addition, the G’ and G” of GTG10,
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GTG30, and GTG50 gradually increase, which is because the addition of GLY reduces the
water content in the hydrogel.

The oscillation-temperature curves of the hydrogel are shown in Figure 6B, and it can
be found that both G’ and G” of the hydrogel decrease as the temperature increases, but G’ is
still always much larger than G”, which indicates that the hydrogel network remains stable
when the temperature changes and the system always has a solid-like hydrogel property.

3.3. Analysis of Mechanical Properties of Hydrogels

The improvement and modulation of the mechanical properties of hydrogels are
crucial for the application of 3D bioprinting. Proper mechanical stability is required during
3D printing; the printed structures must also have strong physical properties and be
resistant to compression to provide support for cells and tissues.

Figure 7 shows the experimental results of the compressive strength of the hydrogels.
It can be seen that there are significant differences in the mechanical properties of the four
hydrogels, but all of them have a certain compressive strength and good compressive
properties, which are compressive materials. The maximum compressive strength of
the composite hydrogel GTG0 without the addition of GLY is 198 KPa, the maximum
compressive strength of the composite hydrogel is significantly increased after the addition
of GLY, and the maximum compressive strength of GTG10 is 350 KPa, and the maximum
compressive strength of GTG30 is 403 KPa. The maximum compressive strength of GTG50
was 392 KPa, which was slightly lower than that of GTG30 because the increasing GLY
content also made the internal pore structure of the hydrogel too dense, thus negatively
affecting the compressive strength. The experimental results showed that the compressive
performance of the hydrogel compounded with GLY was significantly better than that
of the gelatin-oxidized nanocellulose hydrogel, and the compressive performance of the
hydrogel improved with increasing GLY content at less than 50% w /v.
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Figure 7. Compressive strength of GTG0, GTG10, GTG30, and GTG50.

3.4. Analysis of Swelling Properties of Hydrogels

Proper water swelling and porosity are favorable for the transport and exchange of
nutrients in the printed structure, and the aqueous condition is favorable for the growth of
cells. Thus, the swelling ratio is a very important indicator of hydrogel. Figure 8A shows
the swelling ratio of the hydrogel samples obtained from the experiment. It can be seen
that the sample swells rapidly in the first 3 h, and the swelling decreases significantly after
12 h until the swelling equilibrium is reached at 24 h. After 24 h, the swelling of the sample
only fluctuates slightly. As shown in Figure 8B, the swelling ratio of GTGO0 was 837%,
and that of GTG50 was 691%, which were significantly different from each other. It can
be found that the swelling ratio of hydrogel decreases with the increase in GLY content,
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and the swelling performance is negatively affected. On the one hand, it is due to the
enhanced intermolecular hydrogen bonding and mutual entanglement after the addition
of T-CNF, which makes the intermolecular interaction tighter and the hydrogel structure
relatively dense. On the other hand, it is because the addition of GLY further reduces the
water content and increases the solid content. Thus, the water absorption and swelling
ratio decreases.
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Figure 8. The swelling properties of GTG0, GTG10, GTG30, and GTG50: (A) Variation curve of
swelling ratio with time, (B) Equilibrium swelling ratio.

3.5. Analysis of Printing Properties of Hydrogels

Good printing performance is always a challenge throughout the development process
of materials suitable for biological 3D printing. From the perspective of tissue engineering
research, materials applied to bioprinting need to provide a certain mechanical strength
while satisfying biocompatibility for subsequent histochemical culture and implantation ex-
periments. GEL, as the most common hydrogel matrix component, provides a well-defined
function in bioink. As a degradation product of collagen, GEL is naturally biocompatible
and is one of the main components of the extracellular matrix, providing the microenviron-
ment necessary for cellular components to adhere and proliferate. On the other hand, GEL
has temperature-sensitive phase transition properties that are lacking in colloidal materials,
with a gel state at low temperatures and increased fluidity with increasing temperature.
Therefore, the main function of the GEL component in the hydrogel is to provide a cell
survival environment as well as a temperature-sensitive glue-forming capability. However,
the glue-forming capability of the GEL is reversible. In the cell incubation environment
(37 °C), GEL dissolves rapidly, and other materials need to be added to enhance the me-
chanical strength to ensure the stability of the bioprinted structure. However, from a
bioprinter’s perspective, the material cannot be mechanically enhanced without limits.
Its mechanical properties are governed by the extrusion-based printing technology, both
in terms of maintaining sufficient fluidity during extrusion to minimize shear damage
to the cellular components by the extrusion head and to reduce nozzle clogging and in
terms of providing mechanical support during the setting process and after cross-linking.
Therefore, the addition of T-NFC can provide the hydrogel with suitable mechanical prop-
erties for the size so that it can enhance the printability and fidelity of the hydrogel while
achieving self-support of the hydrogel structure during the printing process, which has
great potential for application. When the GTGO hydrogel without GLY was directly used
for extrusion-based 3D bioprinting, it was found that the hydrogel would naturally flow
out when no printing pressure was applied, and the extrusion was not stable and smooth
enough under the low printing pressure, which affected the printing accuracy and printing
molding situation. Because the bio-ink is greatly affected by the printing pressure, the
thickness of the silk thread is easily unstable. Where the thread is wider, there will be a
certain degree of accumulation and diffusion, and where the thread is narrow, the thread
may even be broken, and the nozzle will be blocked. This is due to the material’s low
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viscosity, relatively small solid content, and low mechanical strength, and the material
cannot provide sufficient support for the superstructure on the deposition platform.

To avoid structure collapse after printing and to increase the viscosity of the hydrogel,
we replaced part of the water with GLY and reduced the volume and share of the non-
volatile components. GTG10, GTG30, and GTG50 were used directly for extrusion printing.
In addition, the grid structure and hollow circular tube structure were designed to evaluate
the shape fidelity. The area fidelity parameters of the grid structure are calculated by
Equation (2).

Fg(%) = %‘: x 100% (2)
where S, is the actual grid area and S; is the theoretical grid area. The area fidelity of the
three hydrogels is shown in Figure 9.
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Figure 9. The area fidelity of GTG10, GTG30, and GTG50.

When the GLY addition content is small, the viscosity of the hydrogel is not signifi-
cantly increased, resulting in a certain degree of accumulation and diffusion, which makes
the area fidelity of the grid structure are poor, and the printed grid structure area signifi-
cantly larger than the theoretical grid area. When the GLY content continues to increase,
with the increase in the viscosity and solid content of the hydrogel, the printed structure
area is closer to the theoretical area.

The F; of GTG30 is about 94%. The printed grid structure has a clear outline and
uniform grid with the highest fidelity. The Fy of GTG50 decreases by about 90% because
the hydrogel viscosity is too large and the silk thread is too thin at the same printing air
pressure, which affects the grid structure outline and molding effect. After increasing the
printing air pressure appropriately, the situation of too-thin silk thread will be improved
significantly and F; will be improved.

The height fidelity parameter of the hollow circular tube structure is calculated by
Equation (3).

Fh(%) = ;I”ITLZ x 100% (3)
where 1, is the actual height and #; is the theoretical height. The theoretical maximum
number of printed layers is set to 100 layers, and the height of each layer is 0.2 mm. The high
fidelity and the maximum number of printed layers of the hollow circular tube structure of
the three hydrogel materials are shown in Figure 10.

The use of printing a hollow circular tube structure can measure the degree of spread-
ing and sinking of the thread. As can be seen in Figure 10B, the maximum number of
printed layers for GTG10 is only 26, while both GTG30 and GTG50 can reach the set maxi-
mum number of 100 layers. This is due to the fact that at lower GLY content, there is still a
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more serious diffusion of the thread, and when the number of printed layers exceeds 20,
there is an obvious tendency of sinking and collapse, resulting in a lower number of printed
layers and poorer high fidelity. With the increase in GLY content, the maximum number of
printed layers of hydrogel appears to increase significantly and still has a good molding
effect when printing 100 layers. The high fidelity of the GTG10, GTG30, and GTG50 is
shown in Figure 10A, among which the highest high fidelity of GTG30 is about 90%, which
proves that the thread-forming effect on the top layer of the circular tube structure is better
and the structural stability is high. However, when the number of printed layers is too
high, the hydrogel is too far from the low-temperature deposition platform, resulting in
uneven temperature transfer and too high temperature of the upper layer, and the middle
and upper part of the printed structure shows deformation and slight deposition, which
forms a certain impact on the high fidelity.

B

100

Layers

T T T T
GTG10 GTG30 GTG50 GTG10 GTG30 GTG50

Figure 10. Printing of hollow circular tube structure with GTG10, GTG30, GTG50: (A) High fidelity,
(B) the Maximum number of printed layers.

Through the study of the area fidelity of the grid structure and the circular tube
structure, it can be seen that the area fidelity and height fidelity of GTG10 are not as good as
GTG30 and GTG50, of which GTG30 has the best performance. As can be seen in Figure 11,
it can be found that GTG30 has good printability, the printing thread is continuous and
clear, there is no obvious broken thread and collapse during the printing process, and the
complex three-dimensional structure also has high printing accuracy.

;.

qf".L‘U|

Figure 11. GTG30 for complex structure printing: (A) single-layer grid structure, (B) double-layer
grid structure, (C) hollow circular tube structure, (D) single-layer grid support, (E) multi-layer grid
support, (F) snowflake special structure.
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4. Conclusions

In this study, by introducing GLY as a multifunctional co-solvent into the gelatin-
oxidized nanocellulose-based hydrogels, we successfully prepared composite hydrogels
with good pore structure and mechanical properties that can be suitable for extrusion-based
3D bioprinting and determined the most suitable hydrogel ratios by material characteriza-
tion methods and 3D printing experiments. Macroscopic morphological analysis showed
that the addition of GLY had a stabilizing effect on the hydrogels and did not affect the gel
properties. Scanning electron microscopy results also showed that the composite hydrogels
had high porosity, in which GTG30 had a uniform distribution of microporous structure
and uniform pore size. By increasing the share of non-volatile components and using
effective strength additives such as T-CNEF, good shear-thinning properties are imparted
to the composite hydrogels so that the system always has solid-like hydrogel properties,
avoiding collapse during printing, and increasing the shape fidelity and stability of the
printed structures. We also tested the compressive strength of the four composite hydrogels,
and the results showed that GTG30 has better swelling, the highest compressive strength,
and the best mechanical properties. Several tests have shown that the composite hydrogel
GTG30 has the best overall performance in all aspects and is the best ratio that can be
applied to extrusion-based 3D bioprinting. A series of printing experiments followed,
demonstrating that GTG30 has better printability, structural stability, and shape fidelity
than other hydrogel ratios. The results of various tests indicate that the composite hydro-
gel with gelatin-oxidized nanocellulose as the matrix and glycerol as the multifunctional
co-solvent can provide new material and ideas for 3D bioprinting and expand the potential
use of the material.
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