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Abstract
The necessity to preserve meniscal function prompts the research and develop-
ment of novel treatment options, like three-dimensional (3D) bioprinting. However, 
bioinks for meniscal 3D bioprinting have not been extensively explored. Therefore, 
in this study, a bioink composed of alginate, gelatin, and carboxymethylated cellu-
lose nanocrystal (CCNC) was formulated and evaluated. Firstly, bioinks with varying 
concentrations of the aforementioned components were subjected to rheological 
analysis (amplitude sweep test, temperature sweep test, and rotation). The optimal 
bioink formulation of 4.0% gelatin, 0.75% alginate, and 1.4% CCNC dissolved in 4.6% 
D-mannitol was further used for printing accuracy analysis, followed by 3D bioprint-
ing with normal human knee articular chondrocytes (NHAC-kn). The encapsulated 
cells’ viability was > 98%, and collagen II expression was stimulated by the bioink. The 
formulated bioink is printable, stable under cell culture conditions, biocompatible, 
and able to maintain the native phenotype of chondrocytes. Aside from meniscal 
tissue bioprinting, it is believed that this bioink could serve as a basis for the devel-
opment of bioinks for various tissues.

Keywords: Meniscus; 3D bioprinting; Bioink; Alginate; Gelatin; Carboxymethylated 
cellulose nanocrystal

1. Introduction
Meniscal lesions are one of the most common injuries to the human knee, stemming 
from its biomechanical role as a shock absorber[1]. The clinical results of meniscus repair 
have direct correlations with the vascularization of the area in which the lesion occurs. 
The vascularized zone has higher regenerative potential in comparison to the avascular 
zone. The routine treatment methods include stitching and partial meniscectomy, which 
pose a risk of detachment and limitation to joint mobility[2,3]. There is also a risk of 
late-age osteoarthritis with meniscectomy, as it decreases the contact area and increases 
the contact stress on the articular cartilage. In the case of complex and extensive 
meniscal tears, the treatment options include allograft transplantation; however, tissue 
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accessibility is a major limitation. Therefore, cartilage 
regeneration or substitute through a tissue-engineered 
scaffold is extensively explored. 

Three-dimensional (3D) bioprinting emerges as a 
versatile method to manufacture structurally defined 
constructs[4]. In short, 3D bioprinting utilizes a carrier 
matrix termed bioink to provide a microenvironment for 
cells suspended within it[5]. The main advantage of 3D 
bioprinting is the architectural control over products[6]. 
A perfectly tailored scaffold can be developed using data 
from various imaging techniques, like magnetic resonance 
imaging (MRI)[7]. The growing interest in this field of 
research is anticipated[8]. Presently, 3D bioprinting is 
used to manufacture tissues, organs, or cancer models for 
research, including orthopedic applications[9].

Literature presents various bioink compositions 
developed for orthopedic 3D bioprinting[5]. An 
interesting idea is to formulate bioink based solely on the 
decellularized extracellular matrix (ECM) from porcine 
menisci[10,11]. This low immunogenic component exhibits 
good biocompatibility and stimulates chondrogenesis. 
However, constructs suffer from poor mechanical stability, 
which is an issue that has to be addressed. Polycaprolactone 
(PCL) is frequently used as a reinforcement in orthopedic 
applications[12,13]. For example, PCL supports alginate-
based bioinks mixed with porcine inner or outer meniscal 
ECM[10,14]. Nevertheless, ECM extraction requires the use 
of surfactants that may elicit cytotoxic effects even at low 
concentrations[15]. Alternative methods of supercritical 
carbon dioxide (CO2) extraction require advanced and 
costly equipment. As a result, alginate, collagen derivatives, 
chitosan, nanocellulose, and hyaluronic acid are some of 
the more widely investigated biomaterials[5]. 

The most commonly used bioink component is an 
accessible and affordable alginate that crosslinks with 
divalent cations, usually calcium ions (Ca2+). Nonetheless, 
the rapid alginate gelation limits the control over this 
process during bioprinting[16]. Therefore, it is usually 
mixed with other materials, like gelatin, to obtain 
bioinks with dual-stage gelation[7]. The gelation of gelatin 
is temperature-dependent; it is fluid above 30°C but 
solid at lower temperatures. In addition, gelatin, unlike 
alginate, has a positive charge that ensures cell and protein 
binding[17]. Alginate-gelatin bioink is commonly used as a 
basis for bone and cartilage tissue engineering[18–20].

In cartilage-related research, the addition of 
nanocellulose enhances the mechanical properties and 
shear forces affecting cells and printability[7,21,22]. The cell 
mobility inside constructs and phenotypic changes are 
related to the mechanical properties of bioink[23]. Cells 
detect mechanical stress through mechanoreceptors, 

which convert mechanical stimuli into biochemical signals 
that regulate various cellular pathways[24]. The mechanical 
stimulation is further enhanced by shear forces exerted on 
cells during 3D bioprinting[7,25]. This phenomenon is known 
as mechanotransduction and is one of the chondrogenesis 
stimulators. 

Extrusion-based bioprinting, which is the most 
popular type of bioprinting, utilizes compressed air or a 
mechanical piston to extrude bioink from a cartridge[5,26]. 
It is a relatively affordable technique and is compatible 
with various materials, including alginate- and gelatine-
based bioinks[27,28]. The applicability of extrusion-based 
bioprinting can be expanded by integrating additional 
modules, such as the microfluidic printhead or the UV 
module for photo-curable materials[29,30]. Inkjet bioprinting 
is another 3D bioprinting technology that ejects droplets; 
hence, it allows the manufacturing of constructs in a 
drop-on-demand fashion[31,32]. Laser-assisted bioprinting 
systems, such as laser-induced forward transfer (LIFT) and 
vat polymerization-based bioprinting, can also be used as 
3D bioprinting techniques for cartilage tissue engineering. 
LIFT is a nozzle-free and noncontact technique that 
is applicable for high-viscosity bioinks with high cell 
densities[5]. The laser is pulsed on a ribbon that absorbs 
energy and generates a bubble of bioink on the opposite 
side[5,33]. Vat polymerization is based on the polymerization 
of photo-curable inks in vats and is mainly used for 3D 
printing with inks without cells. Nevertheless, digital light 
processing is a vat polymerization technology that has 
been successfully used for bioprinting with bioinks mixed 
with cells[34,35]. A bioink composed of alginate, gelatin, and 
carboxymethylated cellulose nanocrystal (CCNC) was 
formulated and evaluated for meniscal tissue engineering. 
The addition of CCNC is a novelty selected for its 
carboxymethylated groups that increase its solubility. All 
materials are natural, biocompatible, accessible, and 
affordable. Rheological analysis was performed on bioinks 
with varying concentrations of alginate, gelatin, and CCNC. 
Based on the rheological analysis, a bioink was selected for 
printing accuracy analysis, and the bioink was subsequently 
enriched with normal human knee articular chondrocytes 
(NHAC-kn) for 3D bioprinting. The constructs were 
created with an extrusion-based bioprinter. The viability 
and gene expression of the embedded cells were assessed. 

2. Materials and methods
2.1. Bioink preparation for rheological analysis
Table 1 presents the investigated bioink formulations. 
Firstly, weighted sodium alginate (Sigma-Aldrich), 
gelatin from porcine skin (Sigma-Aldrich), and CCNC 
(Cellulose Lab) were sterilized under ultraviolet (UV) light 
for 30 minutes. The components were then dissolved in 
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sterile  4.6% (w/v) D-mannitol (Sigma-Aldrich) solution. 
The components were added in the following order: 
alginate, gelatin, and CCNC; the mixture was shaken after 
each addition for at least 30 minutes at 37°C. The prepared 
bioinks were mixed overnight. During bioink formulation, 
the EFD Optimum dispensing equipment (Nordson) 
ensures a high repeatability of bioink composition by 
wiping the residues from the walls with a piston.

2.2. Rheological analysis
Rheological analysis was performed using the Anton Paar 
302 rheometer, equipped with 25 mm, smooth, parallel 
plates (PP25). The gap between plates was set to 1 mm, 
and measurements were conducted at 23°C, unless stated 
otherwise. The performed rheological measurements 
included amplitude sweep test, temperature sweep test, 
and rotation. Temperature sweep experiments were 
performed at a rate of 2°C·min−1 from 20°C to 40°C. In 
the rotation study, the shear rate range was set to 0.01–
200.00 s−1. The oscillatory measurement was divided into 
three intervals[36]. The first interval was a pre-shear step 
conducted at a constant strain amplitude (γ) of 0.01% and 
an angular frequency (ω) of 10 s−1. The next interval was a 
rest time (t = 10 minutes), followed by an amplitude sweep 
test with varying strain amplitude (0.01%–500.00%) and a 
constant angular frequency (1 rad·s−1). A layer of silicone oil 
was spread over the surface of the sample to prevent water 
evaporation from the bioink samples during rheological 
measurements[36,37]. All rheological measurements were 
performed in triplicate, including sample preparation, and 
at least three measurements were performed for further 
calculations.

2.3. 3D model design
Three computer-aided design (CAD) models were 
developed. The first model was developed for printing 
accuracy analysis, while the second model was developed 
to test the feasibility of bioprinting a meniscus-like shape 
model (approximately 29 mm × 39 mm × 11 mm). Both 
were prepared with Inventor Professional 2020. The 

stereolithography (STL) models were adjusted based on 
the bioprinter requirements in Slic3r. The third model 
(10 mm × 10 mm × 1 mm cylinder) was less challenging, 
and it was prepared using Thinkercad for 3D bioprinting. 
This model was uploaded to the BIO X bioprinter (Cellink) 
and sliced using a bioprinting software with infill set at a 
35% rectilinear pattern.

2.4. Printing accuracy analysis
The bioink selection for 3D bioprinting accuracy 
analysis was based on the former rheological analysis. 
The bioink was prepared as described above, transferred 
to a cartridge, and precooled in a 25°C water bath. The 
BIO X bioprinter (Cellink) with temperature-controlled, 
pressure extrusion printhead was used. Its printhead 
and printbed temperatures were set to 25°C and 10°C, 
respectively. A 22 G needle (inner diameter = 410 µm) was 
used. After printing, the constructs were photographed on 
millimeter paper, and all measurements were taken from 
15 individually printed constructs. The length and width 
measurements for printing accuracy were performed on 
ImageJ software. The printing accuracy in percentage 
was assessed with a previously proposed equation[38] as 
follows:

Printing accuracy
A mm A mm

A mm
i%

| |
*[ ] = − [ ] − [ ]

[ ]








1 100

where Ai is the measurement of a printed construct, and A 
is the measurement of a 3D model. 

2.5. Culture of NHAC
Normal human knee articular chondrocytes (NHAC-
kn, Lonza) were cultured in the recommended CGM™ 
Chondrocyte Growth Medium (Lonza) for expansion 
of chondrocytes, with supplementation at standard 
conditions (37°C, 5% CO2, and 95% relative humidity). Cell 
passaging was performed with TrypLE™ Express Enzyme 
(Gibco) when the cells reached 80%–90% confluence. 
Chondrocytes up to the sixth passage were used for 3D 
bioprinting.

2.6. Bioink preparation for 3D bioprinting
The bioink prepared as described above was further mixed 
by using two syringes clipped with the female/female luer 
lock adapter. The prepared bioink was mixed with 1 × 
107 cells·mL−1 of bioink in the same way. Specifically, the 
cells were suspended in 100 µL of chondrocyte medium 
and transferred to a syringe, while 1 mL of bioink was 
transferred to another syringe; then, the syringes were 
clipped with a female/female luer lock adapter prior to 
mixing the content. Before bioprinting, the bioink with 
cells was placed in a cartridge and held in a 25°C water 
bath to induce gelatin gelation.

Table 1. Bioink formulations for rheological analysis 

Concentrations (w/v)

Gelatin Alginate CCNC

Bioink A 3.0% 0.5% 1.4%

Bioink B 4.0% 0.5% 1.4%

Bioink C 5.0% 0.5% 1.4%

Bioink D 4.0% 0.75% 1.4%

Bioink E 4.0% 1.0% 1.4%

Bioink F 4.0% 0.75% 1.0%

Bioink G 4.0% 0.75% 2.0%

Abbreviation: CCNC, carboxymethylated cellulose nanocrystal.
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2.7. 3D bioprinting
The 3D bioprinting proceeded with the same parameters 
as those in the printing accuracy analysis; the only 
difference was the printing nozzle, which was 25 G. After 
bioprinting, the constructs were crosslinked with sterile 
200 mM calcium chloride (CaCl2) (Sigma-Aldrich) 
dissolved in 4.6% (w/v) D-mannitol for 10 minutes at 
room temperature. Then, the constructs were cultured in 
supplemented CGM™ Chondrocyte Growth Medium with 
5 mM CaCl2 in standard conditions. 

2.8. Live/dead assay
After 24 h, 7 days, 14 days, and 28 days, three bioprinted 
constructs were divided for viability and gene expression 
analyses. The live/dead assay was performed according to 
the product manual (LIVE/DEAD® Viability/Cytotoxicity 
Kit, Invitrogen), with the utilization of confocal microscopy 
(IX83, Olympus). Scans for viability assessment were 
taken from the approximate midpoint of three different 
constructs at each time point. From each of these scans, two 
middle slices were selected for live and dead cell counting. 
These images were analyzed with the ImageJ software.

2.9. Gene expression analysis
Three constructs from each time point were dissolved in 
100 mM sodium citrate, containing 0.08 U·μL−1 Proteinase 
K and 1.0 U·μL−1 RNAse Inhibitor (A&A Biotechnology), 
while shaking for 5 minutes at 37°C, followed by 
ribonucleic acid (RNA) isolation with TriReagent (Sigma-
Aldrich). Chloroform was then added, and the probes 
were centrifuged at 12,000 RCF for 15 minutes at 4°C. The 
supernatant was collected and mixed with a 1:1 volume of 
cold 99% ethanol. The solution was then transferred to the 
columns from RNeasy Mini Kit. The isolation steps were 
performed according to the RNeasy Mini Kit manual. 
The RNA concentration was measured using the Qubit 4 
Fluorometer. For reverse transcription polymerase chain 
reaction (RT-PCR), TranScriba Kit (A&A Biotechnology) 
was used with random hexamer primers and 300 ng 
of total RNA. The following genes for real-time PCR 
were selected: COL1A1, COL2A1, COL10A1, SOX9, and 
RUNX2, with GAPDH as the housekeeping gene. The 

designed starters are shown in Table 2. The QuantStudio 
6k Flex Real-Time PCR System (Applied Biosystems) with 
1 μL of complementary deoxyribonucleic acid (cDNA) and 
Maxima SYBR Green/ROX qPCR Master Mix (Thermo 
Scientific) was used to evaluate the expression of these 
genes. Primers were used at a final concentration of 0.5 
μM. The gene expression results were tested with the two-
way analysis of variance (ANOVA).

2.10. Data analysis
GraphPad Prism 8.0.1 was used for statistical computing 
and graph preparation.

3. Results
3.1. Rheology 
The temperature sweep test compared the storage modulus 
(G’), the loss modulus (G’’), and the cross-over temperature 
(G’ = G’’) between bioink A, B, and C (Figure  1). G’/G’’ 
cross-over indicates the temperature at which the bioink 
changes its state. If G’ is above G’’, the elastic part dominates 
in the viscoelastic spectrum, and the bioink is solid. 
Conversely, if G’’ is above G’, the viscous part dominates, 

Table 2. Primer sequences used for gene expression analysis

Gene name Forward/
Reverse

Sequence

COL1A1 F 5’-ACGTCCTGGTGAAGTTGGTC-3’

R 5’-ACGTCCTGGTGAAGTTGGTC-3’

COL2A1 F 5’-CTGGAAAAGATGGTCCCAAAG-3’

R 5’-CAGGGAATCCTCTCTCACCAC-3’

COL10A1 F 5’-TTACGCTGAACGATACCAAATG-3’

R 5’-GACTTCCGTAGCCTGGTTTTC-3’

SOX9 F 5’-GACTCGCCACACTCCTCCT-3’

R 5’-AGGTCTCGATGTTGGAGATGAC-3’

RUNX2 F 5’-ACCAGATGGGACTGTGGTTACT-3’ 

R 5’-TGTGAAGACGGTTATGGTCAAG-3’

GAPDH F 5’-TGACATCAAGAAGGTGGTGAAG-3’ 

R 5’-TTCGTTGTCATACCAGGAAATG-3’

Figure 1. The temperature-dependent functions of storage modulus G’ and loss modulus G’’ of bioinks A, B, and C.
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and the bioink is liquid. Bioink A reached its lowest 
G’/G’’ at 32.3°C. Bioinks B and C obtained similar G’/G’’ 
values at 33.1°C and 33.3°C, respectively. These bioinks 
also had higher values of both, storage and loss modulus, 
particularly in the temperature range of 20°C to 35°C. 

Bioink flow analysis with gelatin content from 3.0% to 
5.0% enables the estimation of printability (Figure 2). All 
bioinks exhibited a shear-thinning behavior, in which shear 
rate (γ) increases and shear stress (τ) decreases viscosity 
(η). In the conducted research, the viscosity range for all 
bioinks was similar. It was 2863–0.08 Pa·s for bioink A, 
4630–0.02 Pa·s for bioink B, and 5210–0.05 Pa·s for bioink 
C at a shear rate range of 0.01–200.00 s−1.

In the amplitude sweep test, bioinks with varying 
concentrations of each component were tested, beginning 
with bioinks with different gelatin content (3.0%, 4.0%, 
and 5.0%) (Figure 3). All bioinks displayed a solid-like 

behavior (G’ > G’’) until G’/G’’ cross over. Expectedly, a 
lower gelatin content corresponded to the cross-over at 
lower strain rates, while higher gelatin content resulted 
in higher values of G’. Hydrogels with 3.0% and 5.0% of 
gelatin showed a slight increase in the storage modulus 
followed by a steep downward slope. From the above 
results, the gelatin content was set at 4.0%.

Subsequently, amplitude sweep tests were performed on 
bioinks with varying alginate content (0.5%, 0.75%, and 1.0 
%) (Figure 4). Bioink B revealed the highest constancy in G’ 
values resulting in a broad linear viscoelastic (LVE) region. 
Interestingly, bioinks D and E with higher alginate content 
revealed a similar spike in G’ as observed for bioinks A and 
C. Bioinks B, D, and E reached G’/G’’ crossover at 239%, 
340%, and 396% strain, respectively. The 0.75% alginate 
content was selected for further analysis. 

The next step involved testing bioinks with fixed gelatin 
(4.0%) and alginate (0.75%) contents but varying CCNC 
concentrations (bioink D, 1.4%; bioink F, 1.0%; and bioink 
G, 2.0%) using the amplitude sweep test (Figure 5). There 
was a significant increase in G’ with increasing CCNC 
concentration, but the increase in G’’ was less noticeable. 
This could be explained by the hydrophilic properties 
of CCNC that contribute to an overall increase in the 
solid component of the bioinks, resulting in elevated G’. 
Bioinks F, D, and G reached the G’/G’’ crossover at 366%, 
340%, and 256% strain, respectively, demonstrating 
the improvement of shear-thinning properties with the 
addition of CCNC. 

Figure 2. Flow curves of bioinks A, B, and C.

Figure 3. The results of amplitude sweeps of bioinks A, B, and C (increasing gelatin content: 1.0%, 1.4%, 2.0%).

Figure 4. The results of amplitude sweeps of bioinks B, D, and E (increasing alginate content: 0.5%, 0.75%, 1.0%).
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The bioink with 4.0% gelatin, 0.75% alginate, and 1.4% 
CCNC (Bioink D) was selected for further analysis. 

3.2. Printing accuracy
The printing accuracy of constructs developed with bioink 
D was compared to the CAD model (Figure 6A and B). The 
best accuracy was obtained with a 25 G nozzle that operates 
at 40–55 kPa with a speed of 22–30 mm·s−1. We observed 

a steady flow of bioink through the 25 G nozzle, contrary 
to the clogged 27 G nozzle. The measurements outside 
(dimensions 1 and 2, Figure 6A) were approximately 96.0% 
accurate (Figure 6C). Inside the walls, a similarly high level 
of accuracy (between 92.5% and 97.1%) was obtained 
(dimensions from 9 to 12, Figure 6A and C). The lowest 
accuracy with the highest deviations was observed for 
measurements inside the holes (dimensions from 3 to 8, 

Figure 5. The results of amplitude sweeps of bioinks F, D, and G (increasing CCNC content: 1.0%, 1.4%, 2.0%).

Figure 6. The accuracy of 3D printing with 0.75% alginate_4.0% gelatin_1.4% CCNC bioink without cells. (A) Measured dimensions for calculating the 
accuracy of 3D printing. (B) A representative image of the printed construct used for calculating the accuracy of 3D printing. (C) The accuracy of 3D 
printing. The colors of columns correspond to the colors in A; consequently, yellow indicates the measurements outside, green indicates the measurements 
inside the holes, and blue indicates the measurements within the walls. (D) A bioprinted meniscus-like shape model.



International Journal of Bioprinting Biocompatible materials and Multi Jet Fusion

https://doi.org/10.18063/ijb.v9i1.6217Volume 9 Issue 1 (2023)

Figure 6A and C). The meniscus-like shape model was also 
bioprinted (Figure 6D).

3.3. Cell viability
The cell viabilities at all time points were above 98% 
(Figure 7A); however, there was a significant drop in cell 
count after one week (Figure 7B). Figure 7C represents 
the 3D confocal scans from the constructs. Since each 
scan has a different layer number, it could be mistakenly 
deduced that the cell quantity is the same. We also noticed 
cell release from the construct under optical microscopy. 
The homogenous cell distribution inside the construct 
indicates a successful mixing process.

3.4. Gene expression
The RNA isolation resulted in a low nucleic acid yield; 
therefore, only five chondrogenesis marker genes were 
selected from previous research[5]. Figure 8 shows the 
changes in gene expressions. There were no significant 
alterations to the expressions of COL1A1 and COL10A1 
during the investigated time. On the other hand, the 
expression of COL2A1 increased during culture in the 
bioprinted construct, with a significant change after four 
weeks. It resulted in a high COL2A1/COL1A1 ratio. In 
terms of transcription factor genes, SOX9 and RUNX2 
expressions were higher after bioprinting but decreased 

Figure 7. Viability of normal human knee articular chondrocytes (1 × 107 cells∙mL−1) bioprinted with 0.75% alginate_4.0% gelatin_1.4% CCNC bioink 
assessed by LIVE/DEAD assay (Invitrogen). (A) Viability at different time points. (B) Changes in cell count during culture. Note: *P value ≤ 0.05; **P value 
≤ 0.02. (C) Representative 3D confocal scans from the constructs.
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during culture in the construct; nonetheless, the change 
was statistically insignificant. 

4. Discussion 
This work focused on the formulation of a bioink 
composed of alginate, gelatin, and CCNC for meniscal 3D 
bioprinting. Rheological analysis enabled us to determine 
the optimal concentration of components. 

Firstly, the temperature sweep test was performed to 
establish an optimal gelatin content, since gelatin contributes 
the most to the temperature-dependent rheological 
properties of bioinks[37,39]. The onset of a significant decrease 
in G’ was observed for all bioinks at 28°C, which is closely 
related to the sol-gel transition temperature of gelatin[40,41]. 
Overall, gelatin is suitable for bioprinting at temperatures 
below 28°C[41,42]. These results imply that the bioink should 
be cooled to at least 25°C before bioprinting. 

The shear-thinning behavior is another essential 
property of bioinks, which allows for precise and stable 
prints[43,44]. Bioink viscosities in the range of 30 mPa·s−1 
to over 6·107 mPa·s−1 are considered compatible for 3D 
extrusion bioprinting, and the viscosities of bioinks 
A, B, and C were within this range[45,46]. An increased 
concentration of gelatin stiffens the bioinks within the 
tested temperature range and ensures better printability and 
stability of bioprinted constructs. However, an excessive 
gelatin content may negatively affect the printing process 
due to nozzle clogging or non-uniform bioink flow. Higher 
viscosity also causes cellular damage; hence, bioinks with 

low viscosity provide a cell-friendly environment for longer 
culturing periods although their printability is usually 
poor[47,48]. The amplitude sweep test proved that a lower 
gelatin content corresponded with the occurrence of cross-
over at lower strain rates. Concomitantly, higher G’ values 
were observed for bioinks with a higher gelatin content, 
which improves material strength but may result in poor 
printability[49]. Taking into account the entire viscosity 
range and the temperature sweep test, the composition of 
bioink B with a gelatin content of 4.0% has the most suitable 
rheological properties for 3D bioprinting and was chosen 
for further analysis. More precisely, the pivotal impact on 
this selection includes the broad LVE region, the reasonably 
high G’ values, and the cross-over occurrence after a non-
rapid decrease of the storage modulus of bioink B.

The amplitude sweep tests of bioinks with different 
alginate concentrations (bioinks B, D, and E) revealed the 
complexity of their viscoelastic properties and the inability 
to predict their properties solely from the concentrations 
of their constituents. The optimization of the alginate 
concentration is not only crucial for the printability and 
mechanical properties of the construct, but also for cell 
viability and proliferation[41,50]. Based on the rheological 
tests and the biological properties of alginate, the 0.75% 
alginate concentration was selected for further studies. 

Lastly, the rheological dissimilarities between bioinks 
with different CCNC concentrations (bioinks D, F, and G) 
were assessed. This component has a significant impact 
on bioink reinforcement and the improvement of shear-

Figure 8. Gene expression analysis. There are only two biological replicates in 28-day group, while the number of replicates of other groups is indicated in 
Materials and methods. Note: ****P < 0.0001.
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thinning behavior[51,52]. The CCNC concentration of 1.4% is 
optimal for preventing tears and clogs with higher values of 
the storage modulus and maintaining print integrity. From 
the rheological analysis, the selected bioink formulation is 
4.0% gelatin, 0.75% alginate, and 1.4% CCNC. 

We have formulated a printable bioink with the lowest 
shear stress and the highest printing accuracy by selecting 
the lowest possible concentration of components. The best 
printing accuracy was obtained with a 25 G nozzle for 
pressure below 55 kPa. This pressure is applicable for 3D 
bioprinting since higher pressures might increase shear 
stress in the nozzle and damage the cell membrane[53]. The 
shear forces exerted on cells may elicit alterations in the gene 
expression profile. Excess mechanical stress downregulates 
collagen type I and II expressions and upregulates matrix 
metallopeptidase (MMP) 1 and 13[24,54]. The MMPs 
encode collagenases that are involved in endochondral 
ossification or osteoarthritis through the degradation 
of ECM proteins, such as collagen type II and aggrecan. 
This situation is highly undesirable for cartilage tissue 
engineering. An attempt was made to perform a dynamic 
mechanical analysis (DMA 242 D, Netzsch) to compare 
the mechanical strength of the constructs; however, the 
scaffolds were too soft for the analyzer’s detector (results 
not shown). We intended to repeat a dynamic mechanical 
analysis following the production of ECM proteins by cells. 
It is a feasible step since our bioprinted constructs were 
stable in culture medium for more than six months (results 
not shown). Another possibility is to enhance mechanical 
properties by introducing other materials, like PCL, as 
mentioned in the introduction[10,11,14].

Various crosslinking strategies may also be used to 
control the mechanical stress and bioprinting parameters. 
Gelatin with chemical modification can be subjected to 
enzymatic crosslinking to enable 3D bioprinting[55]. Besides, 
gelatin can be crosslinked with a chemical crosslinker, such 
as glutaraldehyde, which was used with a hydrogel composed 
of alginate, gelatin, and nanocellulose and compared with 
the Ca2+ alginate crosslinking[56]. Based on mechanical and 
structural differences, the divalent cation crosslinking of 
alginate was considered most suitable for 3D bioprinting. 
The selection of divalent ions and their concentration also 
influences the mechanical properties of alginate hydrogel; 
for example, strontium ions create more durable constructs 
than calcium ions[57]. Moreover, the proper use of cations 
can direct cell differentiation. Cobalt ions (Co2+) mimic 
hypoxic conditions by inhibiting hypoxia-inducible 
factors[58]. Research performed on human mesenchymal 
stem cells encapsulated in alginate beads crosslinked with 
Co2+ revealed significant changes in cartilage-specific gene 
expression[59]. Live/dead assay and real-time PCR were 
performed to assess the biocompatibility of bioink. The high 

cell viability within the bioprinted construct was observed 
at all time points. However, the decrease in cell count 
indicates that chondrocytes do not proliferate inside the 
construct, which is contrary to other research conducted 
on bioink composed of alginate and nanofibrillated 
cellulose[60]. In the future, the identification of proliferation 
markers, like Ki-67, should be carried out to prove the 
presence of proliferating cells[61]. The transcriptional 
control of the avascular meniscus phenotype is regulated 
by transcription factors SOX-9 and SOX-8 that upregulate 
COL2α1, COL11α2, and ACAN expressions[62]. Products of 
these genes, namely collagen type II, type XI, and aggrecan, 
are the main structural proteins of the cartilaginous ECM. 
Endochondral ossification is a process in which bones 
replace the hyaline cartilage; hence, it is important to 
observe the expression of osteogenesis marker genes[63]. 
RUNX family transcription factor 2 (RUNX2) is the main 
transcription factor associated with osteogenesis. The 
change in SOX9 and RUNX2 expressions reduces COL2α1 
expression and initiates collagen type X synthesis, followed 
by increased collagen type I synthesis. Due to low yields 
of RNA extractions, only five genes’ expressions were 
measured (Table 2). A significant change was observed 
only in the expression of COL2A1, which increased during 
the culture. The high accumulation of type II collagen 
is characteristic of the inner (white-white) and middle 
(white-red) zones of the meniscus[64]. However, collagen 
type I is still the most prevalent in the native meniscus. 
There were no observable significant changes in the rest 
of the analyzed genes. Perhaps, longer culture periods may 
allow for the observation of more significant changes. 

The present study has several limitations. A good 
practice in bioink research is to conduct disintegration 
studies and pore size evaluation with the diffusion of 
nutrients[23]. The absence of these tests is due to the 
limited number of constructs, ensuing from the cells’ low 
proliferative capacity and the high cell count required for 
3D bioprinting, which is a challenge often underscored in 
the tissue engineering community[5,65,66]. Our team is also 
working on this issue (including 3D scaffold-free cultures 
and mesenchymal stem cell application). 

Bioink with higher component concentrations (1.25% 
alginate, 20% gelatin, and 0.25% of cellulose nanofiber) 
was also proven succesful for meniscal bioprinting[7]. The 
viability of fibrochondorocytes was equally high (> 95 %). 
The most relevant differences were bioprinting with a wider 
nozzle (22 G) in comparison to the results presented in this 
study (25 G). The other bioink composed of 4% alginate, 
35% gelatine, and 2% carboxymethyl cellulose was also 
succesfully used for extrusion into the negative mould[67]. 
Encapsulated MG-63 osteosarcoma cells proliferated and 
produced collagen inside the construct.
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Finally, bioinks based on alginate, gelatine, and 
nanocellulose have also been extensively investigated for 
bone tissue engineering. Besides enhancing printability, 
cellulose also increases the expression of the osteogenic 
marker gene[22,68]. Dutta et al. observed notable gene 
expression changes; however, the mesenchymal stem cells 
were seeded on the construct composed of 3% alginate, 
4% gelatin, and 1% cellulose nanocrystals rather than 
being encapsulated inside the bioink[68]. Nevertheless, 
only osteogenic-specific genes were studied. Finally, a 
comparable bioink formulation of 2.0% alginate, 3.3% 
gelatin, and 0.93% diethylaminoethyl cellulose was used 
for skin bioprinting, yielding promising results[69,70]. These 
studies suggest that the proposed bioink could be used for 
other 3D bioprinting applications.

5. Conclusion
This study presents the formulation and evaluation of 
a bioink dedicated to extrusion-based 3D bioprinting 
of meniscal tissue. The rheological analysis included 
the amplitude sweep test, temperature sweep test, and 
rotation. The selected bioink was used for bioprinting with 
normal human knee articular chondrocytes. Subsequently, 
the encapsulated cell viability and the gene expression of 
chondrogenic markers were investigated. In the course 
of rheological and biological analyses, we established an 
optimal bioink composition and proved that the bioink 
is printable, stable in cell culture, biocompatible, and able 
to maintain the native phenotype of chondrocytes. We 
intend to investigate the chondrogenic potential of bioink 
with human adipose-derived mesenchymal stem cells. In 
our ongoing research, the formulated bioink is used as 
a basis to promote the chondrogenesis of encapsulated 
cells through supplementation with hyaluronic acid, 
carbon nanotubes, or collagen and alterations in alginate 
crosslinking. 
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