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Abstract: Tissue engineering is a promising area that is aimed at tissue regeneration and wound
repair. Sodium alginate (SA) has been widely used as one of the most biocompatible materials for
tissue engineering. The cost-efficiency and rapid gel ability made SA attractive in would healing
and regeneration area. To improve printability and elasticity, many hydrogel-based bioinks were
developed by mixing SA with other natural or synthetic polymers. In this paper, composite SA/COL
bioink was used for the bioprinting of artificial cartilage tissue mimicries. The results showed that the
concentration of both SA and COL has significant effects on filament diameter and merging. A higher
concentration of the bioink solution led to better printing fidelity and less deformation. Overall, a
higher SA concentration and a lower COL concentration contributed to a lower shrinkage ratio after
crosslinking. In summary, the SA/COL composite bioink has favorable rheological properties and
this study provided material composition optimization for future bioprinting of engineered tissues.

Keywords: bioprinting; sodium alginate; collagen; tissue engineering

1. Introduction

Tissue engineering has gained plenty of attention in recent years. It is a major technique
in regenerative medicine that produces biological substitutes for tissue regeneration and
repairing [1]. The additive manufacturing techniques fabricate tissues or organ prototypes
by digital control to realize precise printing of tissue scaffolds with biocompatible materials
such as polycaprolactone (PCL) [2]. Furthermore, combining 3D printing and bioprinting
allows for the fabrication of detailed structure loading with homogeneously distributed
cells possible [3]. Since the ultimate goal of engineered tissues is to replace native tissues
and organs, the biomaterials for tissue scaffold fabrication should be highly biocompatible
and biodegradable. Alternatively, considerable mechanical strength is often desirable to
support cell proliferation and tissue formation. Therefore, it is challenging to reach a
balance between structural integrity and material biocompatibility.

Natural polymers such as gelatin, alginate, hyaluronic acid, and chitosan are often
used as bioprinting materials owing to their low toxic and biodegradable properties [4].
Among these natural polymers, the rapid biodegradability and chemical gelling capability
of alginate make it attractive in artificial extracellular matrix (ECM) fabrication [5]. Due to
the water retention property and tissue-like softness, bioprinting of SA hydrogel is widely
applied in soft tissue engineering applications such as skin and cartilage regeneration for
enhanced cell attachment and proliferation [6,7]. Alternatively, despite the cell-friendly
environment provided by SA hydrogel, the structural integrity and printing fidelity of
bioprinted SA hydrogel are often compromised due to the limited mechanical strength and
elasticity. Pure SA hydrogel cannot store enough energy to maintain its structure, which
lead to poor rheological behavior [8]. In this case, several strategies were put forward to
solve this issue.

One of the solutions was combining other fabrication techniques, such as electrospin-
ning with 3D printing. For example, An et al. took an electrospinning mat as the basement
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to improve mechanical strength and trap cells [9]. Another strategy was to transform the
natural polymers into sol-gel states by crosslinking [10]. The combination of ionic and
covalent bonds linked two or more polymeric chains and formed a long molecule [11].
Therefore, the crosslinked hydrogel can provide higher inner supportiveness to maintain
structure. Some researchers rose the printability of hydrogel by mixing SA with various
synthesis or natural polymers. For example, sodium alginate–gelatin hydrogel is one of
the most often used composite bioink for bioprinting with high cell viability and printabil-
ity [12–14]. In other studies, blended SA with poly (vinyl alcohol) (PVA) also showed an
increase in supportiveness and stability of scaffolds [15,16]. Kumar et al. took advantage of
carboxylated cellulose nanocrystals and xanthan gum to improve the rheological behavior
and obtained good printability [17].

Collagen is another natural material that is often used as bioprinting hydrogel besides
gelatin. Collagen is the major protein content in ECM and connective tissue such as
cartilage [18]. Similar to sodium alginate, the collagen hydrogel is highly biocompatible but
has a lack of mechanical strength [19], which indicates it could be difficult to maintain the
structure of the collagen printed scaffold. One way to resolve this challenge was to print
collagen bioink with supportive hydrogel. For example, Isaacson et al. utilized four types
of collagen mixed with SA as scaffolds for artificial corneal, and collagen type I showed
the best quality and stability [20]. Wu et al. printed cell-laden collagen/gelatin/alginate
hydrogel and achieved a stable structure with high cell viability [21]. In another study, Yang
et al. combined collagen type I (COL) with SA to construct cartilage tissue for enhanced
mechanical strength. The SA/COL scaffold showed improved mechanical strength and
great expression of cartilage-specific genes [22]. However, few studies have investigated
how the concentration change of SA and COL hydrogel changes the mechanical and
rheological properties of the composite hydrogel, thus altering the printability and shape
fidelity of the printed scaffolds.

In this paper, we investigated the effects of the concentration on SA/COL composite
hydrogel for potential cartilage tissue engineering applications. The objective of this
study is to investigate the effects of SA and COL concentration on bioink printability and
shape fidelity. The hypothesis is that the addition of COL into SA hydrogel in various
concentrations will alter the rheological properties of the printing hydrogel, therefore
changing the printability of the bioink. To test this hypothesis, three SA concentrations
and three COL concentrations were selected to obtain nine composite bioink groups with
tunable rheological properties. After bioprinting, CaCl2 crosslinking solution was added
to improve scaffolds’ structural integrity. Rheometer, optical microscope, and FTIR were
used for characterizations. Statistical analysis on filament extrusion and merging was
also conducted to assess filament extrusion consistency and filament merging effects. The
results showed that the SA and COL concentration has a significant influence on filament
diameter, merged filament size, and solution viscosity.

2. Materials and Methods
2.1. Solution Preparation

Sodium Alginate (SA) powder was purchased from SIGMA-ALDRICH, Co. (St. Louis,
MO, USA). Collagen (COL) powder was purchased from Doctor’s Best, Inc. (Irvine, CA,
USA). Calcium Chloride Anhydrous pellets were purchased from Fisher Scientific, Co.
(Fair Lawn, NJ, USA). Deionized water (DI water) was obtained from a Millipore Milli-Q
system.

The 7%, 8%, and 9% SA with 0%, 1%, and 2% COL solutions were prepared by
dissolving sodium alginate powder and collagen powder in DI water through magnetic
stirring for 24 h at 50 ◦C (Figure 1). Nine SA/COL solutions were prepared for the
experiment. The concentration ratios were selected based on preliminary experimental
results. The 1% CaCl2/DI water solution was prepared by dissolving calcium chloride
anhydrous pellets in DI water and stirring for 5 min.
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Figure 1. Schematic illustration of the bioprinting process.

2.2. Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR analysis was conducted by a Nicolet 8700 FTIR spectrometer from Thermo
Fisher Scientific (Waltham, MA, USA). The Attenuated Total Reflectance (ATR) mode was
used with a Germanium plate and MCT/A detector. Nine hydrogel solutions were loaded
separately, and the spectrum data were collected after baseline correction.

2.3. Rheological and Viscosity Measurements

The rheological and viscosity measurements were completed by Discovery HR 30
Rheometer (Waters, Milford, MA, USA). Oscillation frequencies were conducted by altering
angular frequency from 0.1 rad/s to 100.0 rad/s at a fixed strain of 1.0%. The samples were
also subjected to flow sweeps ranging from 1.0 1/s to 100.0 1/s to study their shear stress
and viscosities. The temperature was fixed at 25 ◦C and the soak time was 180.0 s for both
procedures.

2.4. Bioprinting Process

The printing process was performed on a BIO X printer (Cellink, Virginia, USA) with
a 25 kPa pressure. The composite bioinks were extruded from a syringe connected to an air
compressor with a 0.25 mm nozzle diameter. Filament square frames and 20 × 20 × 0.25
mm grids were printed with 15% infill density and 10 mm/s scanning speed (Figure 1).
Five square frames and five grids were printed for each group.

2.5. Characterization of Printed Frame and Grids

The printed samples were first observed using EVOS XL Core optimal microscope
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The frames and grids were then
crosslinked by dropping 1% CaCl2 solution onto the printed constructs until they were
fully immersed. After five minutes of crosslinking, the samples were observed using an
optical microscope again.

Filament diameters, merged filament sizes, and mesh areas were measured by ImageJ
(National Institutes of Health, Bethesda, MD, USA). The upper line and bottom line of each
square frame were taken as filament observations. Two points (point A and point B) with
a distance of 2 mm were picked randomly from each sample for four-width measurement
(Figure 2a). Two grid cells were randomly picked from each sample for four diagonal mea-
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surements (Figure 2b) and two mesh area measurements (Figure 2c). Thirty measurements
were conducted for each group for filament diameter, merging, and mesh area.
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Figure 2. Measurement of (a) filament diameter, (b) merged filament size, (c) and mesh area.

3. Results
3.1. Rheometer

The log scale of storage modulus (G′) and loss modulus (G′′) of different SA concentra-
tions are shown in Figure 3 for better visibility. The figures showed that the 9%SA1%COL,
8%SA2%COL, and 7%SA1%COL have similar G′ and G′′ and that they were higher than
other groups. Therefore, the samples printed through these three groups have the higher
internal strength to maintain their structure. Vice versa, the hydrogels with lower con-
centration (7%SA0%COL and 7%SA2%COL) have the lowest G′ and G′′, which lead to
the liquid-like bioinks and may not have held their shape very well in certain circum-
stances. All nine groups showed higher G′ compared to G′′, except for 7%SA0%COL and
7%SA2%COL (when the angular frequency was higher than 0.63 rad/s). This indicated
most of our composite bioink groups were suitable for bioprinting, as the printed shape
would be held, while still being able to be extruded.
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The log scale of viscosity-shear rate curves (Figure 4a) showed that viscosity for
all groups decreased with the increase in shear rate, indicating the composite bioinks
were shear-thinning fluids. The log scale of the shear stress-shear rate curve in Figure 4b
showed increased trends, which testified that all groups of bioinks exhibited shear-thinning
properties. Although, when the overall viscosity increased by adding more SA and COL,
the shear-thinning property was less evident in the lower shear rate range. Nevertheless,
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this indicated that the SA/COL composite bioinks were suitable for bioprinting with
favorable rheological properties.
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3.2. FTIR

To characterize the chemistry of the SA/COL blends, we analyzed the hydrogels by
using FT-IR. As shown in Figure 5, the highest peak at around 3375 cm−1 was due to the
alcohol’s phenols (O-H) stretching, which was common in other hydrogel solutions. The
two absorption peaks at 1640 cm−1 and 1414 cm−1 were owing to asymmetric stretching
by nitro compound (N-O) and stretching by amide (C=O). The ether bond (C-O) stretch-
ing vibration led to the peak at 1010 cm−1 and 1032 cm−1. Since the peaks of different
solutions were similar, adding COL into the SA solution did not significantly change the
hydrogen bond interaction and spectrum absorption, with only a small variation between
1000~1200 cm−1 wavelength. Alternatively, the addition of both SA and COL increased the
number of ether bonds, leading to a higher peak than a low concentration solution.
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3.3. Printed Filament

The optical microscope images of printed filaments in Figure 6 showed that the filament
diameter seemed to be decreased in higher SA/COL concentration groups before crosslinking.
After crosslinking, some of the groups showed distinct layered sections, while some did not.
All nine groups were observed with shrinkage in filament size after crosslinking.
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After filament measurements, Minitab was used to analyze the statistical significance.
Table 1 listed the average filament diameter and shrinkage ratio after crosslinking and
the p values with COL and SA concentration levels as factors, respectively. The filament
diameter decreased with the increase in SA concentration. Alternatively, the increasing
trend within the same SA concentration group changed with different COL, indicating there
were interactive effects from both SA and COL. After crosslinking, the overall standard
deviation of filament diameter increased, showing that the crosslinking process significantly
influenced the uniformity of the filament. From the p-values of filament diameter analysis,
it was evident that both COL and SA concentration had significant effects (except for 7%
SA groups after crosslinking) on the filament diameter and the shrinkage ratio increased
with higher COL concentration and lower SA concentration.

Table 1. Statistical analyses for filament diameter.

Filament Diameter before and after Crosslinking (mm)

Filament
diameter

7% SA 8% SA 9% SA

0% COL 1% COL 2% COL 0% COL 1% COL 2% COL 0% COL 1% COL 2% COL

Before crosslinking 1.168 1.281 1.432 1.006 0.945 1.009 0.849 0.638 0.790
After

crosslinking 1.005 0.942 0.917 0.887 0.638 0.704 0.804 0.418 0.497

Shrinkage
ratio 13.96% 26.46% 35.96% 11.83% 32.49% 30.23% 5.30% 34.48% 37.09%

p-Values of Filament Diameter Analysis (Factor = COL)

Status 7% SA 8% SA 9% SA

Diameter Average Before crosslinking 0.000 *** 0.000 *** 0.000 ***
After crosslinking 0.367 0.000 *** 0.000 ***

p-Values of Filament Diameter Analysis (factor = SA)

Status 0% COL 1% COL 2% SA

Diameter Average Before crosslinking 0.000 *** 0.000 *** 0.000 ***
After crosslinking 0.000 *** 0.000 *** 0.000 ***

(*** stands for p < 0.001).
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3.4. Filament Merging

The optical microscope images of filament merging in Figure 7 showed that the
merged filament shape changed from a round-like to a square-like shape with the increase
of SA/COL bioink concentration. Although it seemed that the COL concentration had
fewer effects on the merged filament shape. Instead, circular grid size in 7% SA groups
decreased with higher COL concentration, indicating more deformation. Similar to filament
diameter, all nine groups showed shrinkage in merged filament size after crosslinking.
However, no obvious layered structures were observed.
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Table 2 showed the merged filament size, as well as the shrinkage ratio after crosslink-
ing. In general, the merged filament size decreased with the increase of SA concentration
and the shrinkage ratio increased with higher COL concentration and lower SA concentra-
tion. Similar to filament diameter, the increasing trend within the same SA concentration
groups changed with different COL concentrations, indicating there were interactive effects
from both SA and COL. After crosslinking, the overall standard deviation of filament
diameter increased, showing that the crosslinking process significantly influences the uni-
formity of the filament. The ANOVA results showed that COL concentration did not have
a significant influence on grid shape within 7% SA groups. The concentration of SA had a
significant influence on filament merging before and after crosslinking.

Table 2. Statistical analyses for merged filaments.

Filament Diameter before and after Crosslinking (mm)

Filament
diameter

7% SA 8% SA 9% SA

0% COL 1% COL 2% COL 0% COL 1% COL 2% COL 0% COL 1% COL 2% COL

Before crosslinking 2.670 2.651 2.852 2.160 2.114 2.120 1.701 1.538 1.758
After

crosslinking 2.616 2.333 2.444 2.026 1.692 1.906 1.688 1.407 1.396

Shrinkage
ratio 2.02% 12.00% 14.31% 6.20% 19.96% 10.09% 0.76% 8.52% 20.59%

p-Values of Filament Diameter Analysis (Factor = COL)

Status 7% SA 8% SA 9% SA

Diameter Average Before crosslinking 0.136 0.036 * 0.000 ***
After crosslinking 0.063 0.000 *** 0.000 ***

p-Values of Filament Diameter Analysis (Factor = SA)

Status 0% COL 1% COL 2% SA

Diameter Average Before crosslinking 0.000 *** 0.000 *** 0.000 ***
After crosslinking 0.000 *** 0.000 *** 0.000 ***

(* stands for p < 0.05; *** stands for p < 0.001).



J. Compos. Sci. 2022, 6, 227 8 of 12

The mesh area was measured to present the shape fidelity of different groups. The
ratio of printed mesh area to designed mesh area was shown in Figure 8. The boxplot
showed that the shape fidelity of meshes improved by increasing SA concentration. Similar
to filament merging, adding COL has interactive effects on mesh areas.
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0% COL 1% COL 2% COL 0% COL 1% COL 2% COL 0% COL 1% COL 2% COL 

Before cross-

linking 
2.670 2.651 2.852 2.160 2.114 2.120 1.701 1.538 1.758 

After  

crosslinking 
2.616 2.333 2.444 2.026 1.692 1.906 1.688 1.407 1.396 

Shrinkage  

ratio 
2.02% 12.00% 14.31% 6.20% 19.96% 10.09% 0.76% 8.52% 20.59% 

p-Values of Filament Diameter Analysis (Factor = COL) 

 Status 7% SA 8% SA 9% SA 

Diameter Average Before crosslinking 0.136 0.036 * 0.000 *** 

 After crosslinking 0.063 0.000 *** 0.000 *** 

p-Values of Filament Diameter Analysis (Factor = SA) 

 Status 0% COL 1% COL 2% SA 

Diameter Average Before crosslinking 0.000 *** 0.000 *** 0.000 *** 

 After crosslinking 0.000 *** 0.000 *** 0.000 *** 

(* stands for p < 0.05; ** stands for p < 0.01; *** stands for p < 0.001). 

The mesh area was measured to present the shape fidelity of different groups. The 

ratio of printed mesh area to designed mesh area was shown in Figure 8. The boxplot 

showed that the shape fidelity of meshes improved by increasing SA concentration. Sim-

ilar to filament merging, adding COL has interactive effects on mesh areas. 
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before crosslinking, and (b) after crosslinking. 
Figure 8. Boxplot of the percentage of measurement mesh area compared to designed 3D model
(a) before crosslinking, and (b) after crosslinking.

4. Discussion

Articular cartilage, an avascular tissue, has a limited spontaneous repair ability, which
is a challenge for tissue regeneration that needs to be addressed. In clinical therapy, many
approaches have been applied to cartilage defects treatment, such as microfracture [23],
osteochondral autologous transplantation [24], and autologous chondrocyte implantation [25].
However, these treatments still have significant drawbacks, such as body rejection and
infection for cartilage reconstruction [26]. Therefore, additive manufacturing was put forward
as the novel method for artificial tissue manufacturing. Fused deposition manufacturing
(FDM) [27], bioprinting [28], digital light processing (DLP) [29], and selective laser sintering
(SLS) [30] are four techniques that are commonly used to generate cartilage-mimic tissue.

Although DLP and SLS allow for high resolution and can obtain precise scaffold
structure, the usable materials are limited [31], and the manufacturing cost is higher than
FDM. Moreover, bioprinting is often utilized for cell loading to increase cell attachment.
Given the low accuracy of the printed scaffold by conventional bioinks, Rathan et al.
extruded cECM (cartilage extracellular matrix)-functionalized bioink into 3D-printed PCL
scaffold networks for better supportiveness [32]. Alternatively, researchers tried to reinforce
the internal support of bioink by blending different hydrogel solutions or pre-crosslinking.
Among these studies, sodium alginate, gelatin, and collagen were the most used materials to
produce artificial cartilage tissue, and CaCl2 was applied for crosslinking [33–35]. Yang et al.
compared the mechanical properties and biological functionality of pure SA, SA/agarose,
and SA/COL. The results revealed that the SA/COL group had the best mechanical
strength and benefit for phenotype preservation [22]. Furthermore, high concentrations of
collagen-based bioink contribute to printing accuracy [36].

In this paper, we bioprinted composite SA/COL bioinks with various concentration
ratios and crosslinked the printed constructs by dropping 1% CaCl2/DI water solution.
By utilizing an extrusion-based bioprinter, the composite SA/COL bioinks were extruded
from the syringe nozzle by compressed air for a layer-by-layer process. Since the bioinks
were hydrogels with low viscosity, it was important to investigate the printability and
shape fidelity of the bioprinting process. Therefore, filament formation and merging effects
were investigated. The rheological properties and material composition were also studied
to better understand the effects on printability. In this study, the filament diameter before
crosslinking ranged from 0.706–1.432 mm with the designed diameter of 0.25 mm. The
filament merging measured as grid diagonal length ranged from 1.396 mm to 2.852 mm
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with the designed size of 0.35 mm. Both filament diameter and filament merging showed
shrinkage after crosslinking with CaCl2/DI water solution. The shrinkage rate ranged from
5.3% to 37.09% for filament diameter and from 0.76% to 20.59% for filament merging. The
results also showed that both SA and COL concentration had significant effects on filament
diameter and filament merging. Indicating the printability and shape fidelity of printed
scaffolds could be improved by changing the composition of SA/COL bioink.

Behind the effects of bioink composition on the printed filament, the significant effects
it had on rheological properties, such as storage modulus, loss modulus, shear stress, and
viscosity were the fundamental reasons in the materials science perspective. The G′ and G′′

showed two aspects of solution viscosity. Higher G′ indicated that it required larger energy
to distort the shape of samples. Higher G′′ has the ability to store more energy elastically [8].
Therefore, if G′ was greater than G′′, the solution was more solid-like. On the contrary, if G′

was less than G′′, the solution was more liquid-like. As we can see in Figure 3, most groups
have higher G′ compared to G′′. As shown in Figure 4, the viscosity increased with the
increase of SA concentration, especially when the shear rate increased from 10 to 100 1/s.
In Figure 4b, the log scale of the shear stress-shear rate curve showed a linear relationship
after 2.51 1/s shear rate for most groups, which showed Bingham’s pseudoplastic behavior
and indicated a shear-thinning effect [37]. Although when the overall viscosity increased by
adding more SA and COL, the shear-thinning property was less evident in the lower shear
rate range. This indicated lower overall viscosity of the bioink and shear rate contribute to
the shear-thinning effects. In terms of solution characteristics and material composition,
the FT-IR results showed that the nine groups had similar spectrum absorption peaks,
indicating an insignificant change in internal molecular structure (Figure 5). Therefore, it
was safe to say both SA and COL concentrations had no significant effects on the internal
molecular structure of the composite bioinks.

From Figures 6 and 7 we can see that the bioprinting processes obtained consistent
extrusion of filaments over repetitions, indicating good printability. Alternatively, the
filament diameter and merged filament size varied for different groups before and after
crosslinking. The statistical analyses showed that both filament diameter and merged fila-
ment width increased compared to the designed size in the 3D model. This was consistent
with other research that bioprinted hydrogel results in filament fusion and collapsing in
general due to the low viscosity and mechanical strength [38,39].

In the ANOVA analysis, both COL and SA concentration had significant effects on
filament diameter before and after crosslinking (Table 1). However, COL became an
insignificant factor within 7% of SA groups after crosslinking. One possible explanation
was that with lower zero-shear viscosity, the flow and deformation of the material will be
higher, thus diminishing the effects of COL [40]. This was also tested by the high standard
deviation (SD) of filament diameter in the 7% SA groups. Furthermore, with the increase in
COL concentration, the shrinkage rate after crosslinking seemed to be increasing in all three
SA groups. This could be attributed to the intrinsic of free calcium ions with high mobility
to complexation with -COOH to form the crosslinking [41]. Besides, it was proved that the
swelling response was not statistically significant for crosslink hydrogels at pH = 5 [42].
With the increase of COL concentration, the pH value of hydrogel solution gradually
increases and induced to higher shrinkage rate. When the COL concentration was low,
the calcium ions react with SA rapidly and thus have less chance to penetrate the filament,
forming a two-layer structure. With increasing COL concentration, more calcium ions were
able to penetrate the filament, which resulted in a more uniform crosslinking (Figure 6).

Similar to filament diameter, both COL and SA concentration had significant effects on
filament merging before and after crosslinking (Table 2). The only exception was with 7%
SA groups, COL had no significant effects before crosslinking. This could also be explained
by the higher flow and deformation of the bioink in lower zero-shear viscosity [31]. Due to
the inhomogeneous shrinking process, the overall SD after crosslinking was larger than
that before crosslinking [43]. Furthermore, the groups with a lower COL ratio seem to
have less shrinkage. The 9%SA1%COL group resulted in merged filament size with the
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least deformation. Alternatively, with lower SA concentration, the merged filament size
increased with the increase of COL. However, when the SA concentration increased from
7% to 9%, the merged filament size decreased when COL concentration was 1%, but then
increased when COL concentration was 2% (Figure 7). This mixed result indicated COL
and SA concentration had interactive effects on merged filament size.

5. Conclusions

In summary, this study investigated the effects of composite SA/COL hydrogel com-
position on printability and shape fidelity for potential cartilage tissue engineering appli-
cations. The results showed that both SA and COL concentration had significant effects
on filament diameter and merging. A higher concentration of the bioink solution led to
better printing fidelity and less deformation. Overall, higher SA concentration and lower
COL concentration contributed to a lower shrinkage ratio after crosslinking. However,
maintaining the structure of pure SA, especially with low concentration, during the print-
ing process was still a challenge that needs to be addressed. The results from this study
provide a reference for bioink composition for potential tissue engineering applications
such as artificial skin or cartilage tissues. Future work includes the bioprinting of cartilage
biomimicry constructs by loading chondrocytes into the composite SA/COL bioink and
the investigation of important variables for cell proliferation and chondrogenesis. It could
also be another potential strategy to mix electrospinning microtubes with SA/COL bioink
for cartilage tissue engineering [44].
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