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Chitosan is a promising natural biomaterial for biological application; however, the weak mechanical performance of pristine
chitosan limits its further utilization in hard tissue (such as cartilage) engineering. In this study, a chitosan-based 3D printing
bioink with suitable mechanical properties was developed as 3D bioprinting ink for chondrocyte support. Chitosan was first
modified by ethylenediaminetetraacetic acid (EDTA) to provide more carboxyl groups followed by physical crosslinking with
calcium to increase the hydrogel strength. Dynamic mechanical analysis was carried out to evaluate viscoelastic properties with
the addition of modified chitosan. A bioink with a combination of modified and pristine chitosan was formulated for scaffold
fabrication via 3D bioprinting technique. Furthermore, cell viability, cell proliferation, and expression of chondrogenic markers
were evaluated in vitro in chondrocytes loaded on the bioink. The novel bioink exhibited a favorable mechanical property and
promoted cell attachment and chondrogenic gene expression in chondrocytes. Based on these results, we can conclude that the
presented bioink could qualify for use in 3D bioprinting in cartilage tissue engineering.

1. Introduction

Tissue engineering is currently an attractive and fast-
developing research field focusing on restoration and regen-
eration of damaged tissues and organs. Researchers often
consider cells, scaffolds, and growth factors as the main com-
ponents in tissue engineering. A controlled 3D structure
loaded with cells allows for specific distribution of cells and
therefore results in improved cell proliferation and tissue
regeneration. To this end, 3D printing, also known as addi-
tive manufacturing, has been used to construct 3D structures
mimicking the nature of tissue [1, 2], and it is now one of the
most attractive research topics in biomedical and tissue engi-
neering fields [3, 4]. The importance of bioprinting arises
from providing biomedical end users the ability to print scaf-
folds in required size and configurations with manipulated

physical and chemical properties. Despite that numerous
promising formulas have been revealed to date, printable
inks with board source, facile manufacture process, and tun-
able mechanical properties for a variety of biomedical utiliza-
tions have continued to be a challenge [1, 5]. It has been
demonstrated previously that cell behavior and tissue gener-
ation are affected by material properties such as stiffness and
degradation [6–8]. Therefore, developing new tunable 3D
printable inks can lead to significant advances in scaffold
configuration for tissue engineering [9, 10]. Similar to bulk
hydrogel synthesis, chemical crosslinking and physical cross-
linking are also adapted to 3D bioprinting.

Although chemical crosslinking after extrusion has been
widely employed, many of the chemical crosslinking agents
are toxic and result in adverse reactions in the hydrogel [11].
For instance, glutaraldehyde, formaldehyde, and carbodiimide
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are recognized for their cytotoxicity in gelatin-based hydro-
gels [12, 13]. By contrast, physical crosslinking constitutes
a preferred alternative due to facile process and low cyto-
toxicity. Nevertheless, the intrinsic property of pristine
materials should be considered for the enhancement of
biomedical application; for instance, it has been shown that
alginate-nanofibrillated cellulose (NFC) can be used as a
cell-compatible bioink combining fast gelation properties
of alginate and good shear thinning properties of NFC [14].
However, alginate hydrogels require complementary side
groups to improve cell adhesion [15]. Chitosan, a nature-
derived polysaccharide, has gained increased attention as a
biomaterial during the past decade, which is attributable to
its excellent biocompatibility and biodegradability [15]. Car-
tilage is an avascular tissue consisting of a small number of
chondrocytes (10–15%) with limited self-regenerative prop-
erties [16, 17], and there is a critical need for tissue engineer-
ing to generate a scaffold to serve as a matrix for new cartilage
formation. The characteristics of chitosan are similar to those
of hyaluronic acid and glycosaminoglycans which are distrib-
uted extensively in native cartilage, and the degraded prod-
ucts of chitosan are involved in chondrification [18, 19].
However, the weak mechanical property of pristine chitosan
limited its further utilization in cartilage regeneration, and
the poor water solubility hinders the large-scale use. There-
fore, the development of 3D printable chitosan ink with
enhanced mechanical properties that could be used to print
3D hydrogel templates for chondrocyte culture and cartilage
engineering was investigated in this study. Herein, carboxy-
methyl chitosan, which is water soluble at neutral pH values,
was employed due to the physiological status of cells. More-
over, the stability and mechanical properties of chitosan
hydrogels were enhanced by complementation with carboxyl
groups, through the addition of ethylenediaminetetraacetic
acid (EDTA), and physical crosslinking via calcium solution.
The physical crosslinking administered in this work also
eliminated concerns over cytotoxicity associated with chem-
ical crosslinking. Mechanical performance and 3D printabil-
ity of the bioink were investigated, and the in vitro
proliferation and chondrogenesis of chondrocytes loaded
on 3D printed chitosan hydrogel were determined.

2. Materials and Methods

2.1. Materials. Carboxymethyl chitosan, ultrapure grade
EDTA free acid (292.25 g/mol), and 1-ethyl-3-(3-dimethy-
laminopropyl)carbodiimide hydrochloride (EDC-HCl,
191.7 g/mol) were purchased from Clearsynth, Amresco,
and ProteoChem, respectively. The 3D bioprinter used in
this study was from Hkable 3D.

2.2. Mechanical Characterization and Swelling Ratio
Measurement. The Discovery HR-1 hybrid rheometer (TA
Instruments) with a Peltier plate (20mm) was used to evalu-
ate the rheological properties of the bioink. Shear rate was
swept from 0.1 to 100 s-1 for shear viscosity measurement,
and frequency was swept from 0.1 to 200 rad·s-1 for storage
and loss modulus evaluation. The Instron 5965 Dual Column
Tabletop Testing System was used to evaluate the compres-

sive strength of the hydrogel. All measurements were per-
formed at 22°C. Fourier transform infrared spectroscopy
(FTIR) characterization was conducted with the iS10 FTIR
spectrophotometer (Thermo Fisher Scientific Inc., MA,
USA). Samples of unmodified carboxymethyl chitosan, mod-
ified chitosan (CE), and hydrogel were lyophilized and ana-
lyzed at wavelength ranging from 4000 to 400 cm-1. 1H
NMR experiment was carried out by the Bruker Avance
300MHz NMR spectrometer with relaxation delay setting
at 2 s to reveal the chemical structure. The related samples
were lyophilized and dissolved in D2O at 10mg/ml.

Swelling ratio in bioink samples crosslinked with four
concentrations of calcium solution ranging from 0.1M to
2M was measured. Hydrogels were weighed (W1) before
immersion in distilled water and weighed (W2) multiple
times over a period of 22 days. The mass swelling ratio were
calculated using the following equation: swelling ratio =
ðW2 −W1Þ/W1 × 100%.

2.3. Hydrogel Preparation. Carboxymethyl chitosan (200mg)
was dissolved in 10ml of double-distilled water, and 240mg
of EDTA free acid was added to the solution. Furthermore,
160mg of EDC-HCl was added as a carboxyl activating agent
to form amine bonds in the solution, and the reaction mix-
ture was incubated at 25°C under constant stirring overnight.
The solution was later purified using dialysis tubing for 2
days, and the resulting solution was freeze-dried for 72 h.
The final puffy powder produced, referred to as CE (chito-
san-EDTA), was used as the primary precursor for printing
ink. To prepare the printable hydrogel precursor, the CE
solution was supplemented with additional chitosan to
increase the ink viscosity and the ratio of chitosan added to
the CE powder (chitosan :CE) in the final step before print-
ing was slightly changed to tune the mechanical properties
of the hydrogel (Table 1). The mixture was under constant
stirring for 2 h to produce the final printable precursor which
was centrifuged at 3000 rpm for 5min to remove the bubbles.
After printing, calcium chloride solutions with concentra-
tions ranging from 0.1M to 2Mwere used as the crosslinking
agent. A schematic presentation of the hydrogel preparation
is depicted in Figures 1(a) and 1(b).

2.4. Printing Method. The method used for printing the
bioink developed in the present work is a combination of
pneumatic and piston-driven methods (Hkable 3D). The
bioink goes through an extrusion process in order to print
3D constructs through layer-by-layer deposition of biomate-
rial. The thickness and the width of each layer can be tuned
by tuning printing speed, extruder needle size, and air pres-
sure applied to the piston. The printed structure may be

Table 1: Composition of the studied formulations.

Chitosan : CE ratio Chitosan (%w/v) CE (%w/v)
C9CE1.6 9 1.6

C10.6CE1.6 10.6 1.6

C13.4CE1.6 13.4 1.6

C21CE1.6 21 1.6
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composed of as many layers as needed. In order to maintain
the continuity of printed hydrogel line and prevent clogging
at the extruder, the diameter of the needle used for 3D print-
ing in this work was 0.5mm, the air pressure was controlled
by an affiliated precise regulator and set at 110 psi, and the
travel speed of the extruder was set to 300mm/min.

2.5. Isolation and Cell Seeding of Rabbit Chondrocytes. Rabbit
chondrocytes were used to investigate the effects of the chito-
san scaffold on cell viability, proliferation, and differentia-
tion. To obtain primary chondrocytes, macroscopically
intact rabbit cartilage was harvested, minced, and soaked
for 1 h with 2mg/ml protease, followed by overnight incuba-
tion with 1.5mg/ml type II collagenase (Catalog number:
17101015, Thermo Fisher Scientific, USA) in a 37°C incuba-
tor. After centrifugation and filtration, primary chondrocytes
were harvested.

For cell seeding, prepared chitosan hydrogel scaffolds
were placed in a 12-well cell culture cluster. After that, 1ml
of complete media containing the cells (1 × 105) was directly
pipetted onto each scaffold and cultured at 37°C in 5% CO2 in
a humidified atmosphere. Cells cultured in wells without
hydrogel scaffolds served as the control.

2.6. Assessment of Cell Viability. Cell viability was assessed by
the LIVE/DEADViability/Cytotoxicity Kit (Catalog number:
L3224, Invitrogen, UK) and quantified by flow cytometry
measurement. After 36 h incubation on chitosan scaffold,
cells were collected and stained with dyed with propidium
iodide/Annexin V-FITC Apoptosis Detection Kit (Thermo
Fisher Scientific Inc., MA, USA) to evaluate the percentage
of live cells.

2.7. Proliferation Assay. After seeding the cells on the scaf-
folds for 36h, cellular proliferation was measured using the
Cell-Light EdU Apollo 567 in vitro Imaging Kit (RiboBio,
Guangzhou, China) according to the manufacturer’s instruc-
tions. 4′,6-Diamidino-2-phenylindole (DAPI) was used to
stain the cellular nuclei. Proliferation indicator 5-ethynyl-
2′-deoxyuridine (EdU) incorporated into the nucleus of
chondrocytes was detected by fluorescence microscopy
(Nikon Corp.). The chondrocyte proliferation rate was
assessed by counting the percentage of EdU-labeled cells in
DAPI-labeled cells in five fields of each scaffold.

2.8. Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR) Analysis. RNA was isolated from seeded
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Figure 1: Schematic diagram of hydrogel preparation and printing. (a) First step: chitosan reacting with EDTA, unreacted carboxyl groups
(green) take part in the next step. (b) Second step: additional chitosan is added to the solution and crosslinked with CaCl2 solution after
printing to form hydrogel. (c) Hydrogel printing method.
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chondrocytes at different time points using TRIzol Reagent
(Invitrogen Life Technologies, Carlsbad, California) accord-
ing to the manufacturer’s protocol, followed by reverse
transcription. RT-qPCR was carried out according to the
TaqMan method with previously designed primers (Thermo
Fisher Scientific) and was used for gene expression analysis.
Relative expressions were calculated by cycle threshold
method using ACTB as an endogenous reference gene. The
primers used to amplify messenger RNA sequences are listed
in Table 2.

2.9. Statistical Analysis. Data are expressed as mean ± SEM
and analyzed using IBM SPSS Version 21.0 software (IBM
Corp., Armonk, NY). Repeated-measures analysis of vari-
ance was used to analyze the results. Furthermore, an inde-
pendent t-test was used to compare two groups at a single
time point. Meanwhile, one-way analysis of variance was
used to compare groups at all the time points. A p value <
0.05 indicated statistical significance.

3. Results and Discussion

3.1. Characterization of Chitosan-Chemical Structures (FTIR
and NMR Analysis). FTIR spectra of carboxymethyl chitosan
in Figure 2(b) show strong absorption peaks around
3426 cm-1 which are attributed to the presence of OH stretch-
ing vibrations. The peak around 2924 cm-1 is due to the pres-
ence of C-H stretching vibrations; two peaks around 1657
and 1567 cm-1 can be attributed to N-H bending vibration
and C=O groups of anionic carboxylates, respectively. The
second spectrum of CE shows the appearance of a peak
around 1723 cm-1 which is characteristic of C=O vibration
of carboxylic acid and a strong peak at 1652 cm-1 which is
attributed to the carbonyl stretching of amide vibrations.
These bands suggest a successful coupling between EDTA
and carboxymethyl of chitosan. The third spectrum shows
the disappearance of a peak at 1710 cm-1 and the appearance
of a band at 1633 cm-1. These observations confirm the che-
lation of calcium to EDTA via O-H of the carboxylic acid
functionality. The appearance of a band at 1633 cm-1 is in
fact the shift of a peak at 1652 cm-1, suggesting the presence
of calcium in the form of metal complex with chitosan-
EDTA. In addition, the three spectra showing the peak at
1410 cm-1 are assigned to the bending vibrations of the
methylene protons of the CH2COOH groups. The peaks in
the range 1156 to 1068 cm-1 are attributed to C-O-C of the
ring and the C-O stretching vibrations, respectively. The
FTIR spectra confirm the successful coupling between car-
boxymethyl chitosan and EDTA as well as the formation
of calcium complex with CE.

The 1H NMR spectrum at 300MHz was carried out in
D2O. The results (Figure 2(c)) show that the resonance pro-
ton at 7.90 ppm belongs to the amide proton. The proton H1
appeared at 4.65 ppm, and the proton resonance H3 to H6
appeared at 3.6–3.9 ppm. The presence of the proton Ha at
2.3 ppm and the proton Hb at 3.40 ppm suggests the success-
ful coupling of EDTA with the carboxymethyl chitosan. The
1H NMR confirms the coupling between EDTA and CMC.

3.2. Specification of the Bioinks. In the present study, print-
able ink consists of two main components, CE and subse-
quently added chitosan. Additional chitosan provides more
polymer chains to adjust the viscosity of the bioink for extru-
sion bioprinting. The carboxyl groups on different chains
form insufficient ionic bonding with calcium as well as with
certain carboxyl groups left unreacted from the CE powder.
Therefore, the amounts of the two main components were
modified to find the proper viscosity and concentration for
a successful printing and gelation of the precursor. As the
amount of these two components were varied, the bioink
printability and gelation quality were affected. A few pictures
of samples printed with different mixture ratios and the final
printed sample with high printing precision are shown in
Figure 3(a) to illustrate this step. It is important to note that
because the focus of this work was to develop a bioink suit-
able for 3D bioprinting, the bioink ratio found to be accu-
rately printable (90 : 10) was evaluated specifically in all plots.

Another essential factor to be considered is the ability to
print multiple layers in order to construct complex struc-
tures. Figure 3(b) displays the optical microscope images of
printed multilayered structures showing the ability of the
present bioink to print complex structures consisting of mul-
tilayer straight and arced printed filaments.

Rheology, which is the study of flow of matter under
external forces, is notably important in bioprinting and bio-
fabrication [1]. Various rheological parameters, such as vis-
cosity and shear thinning, influence the biofabrication
process and therefore need to be investigated. To begin with,
viscosity, the resistance of a hydrogel precursor under exter-
nal forces, is determined primarily by the solution concentra-
tion and the molecular weight of the polymers. Higher
concentrations generally mean higher viscosity and denser
polymer networks that could potentially hinder favorable cell
proliferation and tissue formation [20]. However, low con-
centrations negatively affect shape fidelity after deposition
of hydrogel and the printed strands spread out on the print-
ing substrate.

To investigate the change in properties due to altered
composition, four bioinks were formulated and investigated
with regard to rheological and mechanical properties. Four
chitosan :CE ratios (namely, 93 : 07, 90 : 10, 87 : 13, and
85 : 15) were studied and compared.

In these samples, the weight of the CE powder in the solu-
tion was kept constant, whereas the weight of the additional
chitosan was slightly changed. As depicted in Figure 4(a),
higher proportions of CE in the solution resulted in higher
storage and loss modulus. Similar to a previous study involv-
ing the use of nanofibrillated cellulose [14], CE was the main

Table 2: The primers of collagen II and Sox 9.

Genes Primers

Collagen II
Forward: AGCGGTGACTACTGGATAGA

Reverse: CTGCTCCACCAGTTCTTCTT

Sox 9
Forward: CCACCTCTCTTACCTCTCTCAT

Reverse: GGACAGCTTACAAGGGTTTCT
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Figure 2: (a) Schematic diagram of chemical synthesis of modified chitosan. (b) FTIR spectra: top image: carboxymethyl chitosan without
any modification, middle image: modified chitosan, and bottom image: freeze-dried hydrogel (after gelation by adding 1M calcium
solution). (c) 1H NMR spectrum of the EDTA-modified chitosan hydrogel network at 300MHz. The chitosan/CE conjugate ratio of the
samples tested is 90 : 10.
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(a) (b)

Figure 3: (a) Printed samples with different chitosan :modified chitosan (CE) ratios. Images on the left, from top to bottom, show highly
viscous bioink resulting in a discontinuous print, highly viscous bioink printed using a large diameter needle resulting in an inaccurate
print, and low-viscous bioink incapable of holding its shape after printing. Image on the right shows an accurate printed structure with a
chitosan : CE ratio of 90 : 10. (b) Micrographs of a printed five-layer hydrogel from various angles, showing the bonding of the layers. The
chitosan/CE conjugate ratio of the sample shown is 90 : 10. The mesh size is 25 × 25mm, and the diameter of the printing needle is
0.5mm. Scale bar = 1 cm.
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Figure 4: (a) Storage and (b) loss modulus of chitosan/CE hydrogel. Four Chitosan/CE conjugate ratios tested. (c) Storage modulus (G′) and
loss modulus (G″) of the bioink as a function of crosslinking time. Solid lines represent 45min of crosslinking, and dashed lines represent
30min of crosslinking. CaCl2 (1M) solution is used as the crosslinking agent.
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component for strength enhancement in this formulation,
and the average storage modulus increased from around
69.5 kPa to 112.3 kPa with increased CE. This could be
ascribed to more carboxyl groups present in CE after modi-
fication, which clearly induced higher crosslinking density
with calcium than pristine chitosan. In addition, the effect
of crosslinking time on storage and loss modulus is illus-
trated in Figure 4(c). As expected, longer crosslinking time
resulted in tighter polymer networks and higher storage
and loss modulus.

Furthermore, crosslinking effect was investigated by
measuring the shrinkage of the gels caused by crosslinking.
To this end, four concentrations of calcium ranging from
0.1 to 2Mwere considered. As the concentration of the cross-
linking agent increased, a reduction in the diameter of the
hydrogel disc (from 12mm to 9.1mm) was observed
(Figure 5). In addition, gelation patterns on the hydrogel
appear to be smoother with higher concentrations of calcium
due to fast gelation.

To further study the effect of the crosslinker concentra-
tion, the compressive strength of hydrogels crosslinked with
four concentrations of calcium solution was determined.
The stress-strain curves and Young’s modulus of the four
groups were determined and presented in Figures 6(a) and
6(b). Higher crosslinking concentrations led to higher stiff-
ness and lower elasticity which could be attributed to more
restricted polymer networks and the shifting of the peak
stresses to the right to yield higher strain. In addition, a six-
fold increase in the peak stress was observed as calcium con-
centration was increased from 0.1 to 2M. It can also be

concluded from Figure 6(a) that the stiffness of the present
bioink is tunable to provide the proper support. Further-
more, the effect of crosslinking concentration was studied
by testing all the four samples for storage and loss modulus
(Figure 6(c)). This figure also shows the tunability of visco-
elastic properties of the hydrogel achieved by adjusting the
crosslinking concentration. As expected, higher crosslinking
concentration led to stronger polymer networks which in
turn increased the storage and loss modulus.

Shear thinning, the reduction of viscosity by increased
shear rate, is observed in Figure 6(d), and this verifies the
non-Newtonian behavior of the hydrogel precursor. This
phenomenon is often observed in solutions containing high
molecular weight polymers. We observed that for higher con-
centrations, relative viscosity reduction was greater. The sig-
nificant change in the shear thinning plots indicates the
significance of the proportions of CE and chitosan as well
as the implication of concentration changes.

3.3. Swelling Ratio. Due to high water content, hydrogels are
considered biodegradable soft materials being able to mimic
soft tissue. Due to their biodegradability and biocompatibil-
ity, hydrogels have found important applications in wound
dressing [21], biomedical implants [22], cell studies, etc. To
find out the suitability of any specific hydrogel for these types
of applications, it is required to study the amount of water
they can absorb over time. Swelling behavior of the hydrogel
crosslinked by various crosslinker concentrations is studied
and presented in Figure 6(e). Hydrogels were weighed before
immersion in double-distilled water and weighed multiple
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times over a period of 22 days. As evident in the figure,
hydrogels crosslinked with 1M and 2M calcium solution
had a slightly decreased weight in the first day and start to
absorb water from the second day. The small deswelling
observed in higher concentrations could be attributed to
pH or ionic strength change. The overall swelling trend
reached a stable state which fell in the range of 14 to 24 per-
cent of weight increase.

3.4. Evaluation of Chondrocyte Viability. The potential effects
of the hydrogel mesh on cell viability were investigated
(Figure 7). The samples used for all cell studies were prepared
with a chitosan :CE ratio of 90 : 10 and crosslinked with 0.5M
calcium chloride solution. Chondrocyte viability was evalu-
ated with the LIVE/DEAD Viability/Cytotoxicity Kit after
36 h of seeding on the hydrogel mesh. Live cells emitted green
fluorescence in the cytoplasm, whereas nuclei of dead cells
emitted red fluorescence. Only a small amount of apoptotic
cells could be seen under fluorescence microscopy, indicating
low cytotoxicity of the hydrogel. The cell viability was further
evaluated by flow cytometry. The result demonstrated a sim-
ilar live cell percentage in the hydrogel mesh group
(95:9 ± 1:3%) and the control group (96:1 ± 2:1%), indicating
that the hydrogel mesh did not affect the cell viability.

3.5. Evaluation of Chondrocyte Proliferation.After seeding on
the scaffold for 36 h, chondrocyte proliferation status was
assessed by EdU staining (Figure 8(a)). EdU-positive chon-
drocytes were detected in both groups, which indicate the
proliferation of chondrocytes. Quantification of the chondro-
cyte proliferation status revealed a similar proliferation rate
between the hydrogel mesh group (9:9 ± 0:7%) and the con-

trol (8:2 ± 1:4%) (Figure 8(b)), indicating that the hydrogel
scaffold did not impair the proliferation of chondrocytes.

3.6. Expression of Chondrogenic Markers. The expression of
chondrogenic markers was evaluated at different time points,
including the ECM marker, collagen II (Figure 9(a)), and the
chondrogenic transcription factor, Sox 9 (Figure 9(b)). As
extracellular matrix protein of cartilage, collagen II expres-
sion reached its peak at day 6 in the mesh group and was
higher than that in the control group between day 6 and
day 12. The expression of the chondrogenic gene, Sox 9,
reached its peak at day 6, and the relative expression of Sox
9 was higher in the hydrogel mesh group than in the control
during the same period.

4. Conclusion

This study presents novel chitosan-based bioink mainly com-
posed of chitosan-EDTA with physical crosslinking by cal-
cium solution. Multilayer 3D mesh structures were 3D
printed showing stability and high printing fidelity. Based
on the presented results, the newly developed bioink exhibits
suitable stability and mechanical properties as well as fast
gelation and high printing precision. According to the rheol-
ogy and mechanical testing results, the bioink viscoelastic
properties and mechanical strength are tunable by adjust-
ment of the proportions of the components which provides
a platform to expand the application of the bioink in tissue
engineering. Furthermore, cell studies with chondrocytes
show that the bioink is biocompatible, and it supports cell
proliferation as well as helps cells to retain their chondro-
genic phenotype. Our results illustrate that the developed
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Figure 7: (a) Live/dead staining of chondrocytes. (b) Flow cytometry result of cell viability in the control group. (c) Flow cytometry result of
cell viability in the hydrogel mesh group. (d) Quantification of cell viability in both groups. Scale bar = 100 μm.
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bioink has the potential to be adopted for 3D bioprinting of
scaffolds for tissue engineering.
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