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with rapid production of patient-spe-
cifi c grafts, allowing precise control over 
internal and external architecture and cus-
tomized mechanical properties. These tech-
niques can be used for printing biological 
materials together with living cells, hence 
the term “bioprinting.” 3D bioprinting 
offers researchers a unique way of depos-
iting cell-laden biocompatible materials, the 
so-called bioinks, in high-resolution struc-
tures with a line thickness on the order of 
hundreds of microns. Due to the promise 
of such a technology, several commercial 
bioprinters have entered the market and 
bioinks are the subject of intense investiga-
tion. [ 1–3 ]  Bioink formulation is often con-
sidered one of the most critical aspects of 
high-resolution cellular bioprinting. 

 Cellular printing requires a bioink with 
two key properties, namely printability and 
cytocompatible crosslinking. The identi-
fi cation of printable polymeric systems is 
mainly done through rheological evalua-
tion of a material’s shear thinning behavior 
and shear recovery. Shear thinning cor-
relates directly with a bioink’s ability to 
be extruded at low pressure (<3 bar), 

something which ensures high postprinting cell viability. [ 4 ]  
Shear recovery, on the other hand, relates to the ink’s resistance 
to fl ow after printing, which ensures high fi delity of the printed 
structure. The presence of cells, however, greatly restricts the 
crosslinking options as physiologic temperature and pH need to 
be maintained and harsh chemicals avoided. Hydrogel bioinks 
can be crosslinked via covalent or physical interactions or a 
combination thereof. Ultraviolet light initiated crosslinking of 
(meth)acrylated polymers has been used most often in bioinks, 
but the presence of potentially toxic monomers and photo-
initiators may complicate clinical translation. [ 5–8 ]  Physically 
crosslinked gelation based on temperature, hydrophobic/hydro-
philic or ionic interactions has been utilized for precrosslinking 
of several bioink materials including poly( N -isopropylacryla-
mide) conjugated hyaluronan (HA-pNIPAAm), [ 9 ]  gelatin, [ 10,11 ]  
alginate, [ 12 ]  and gellan. [ 13 ]  Precrosslinking before printing or 
directly during deposition to stabilize the printed lines is gener-
ally followed by a fi nal crosslinking which further increases the 
mechanical properties and stabilizes the whole structure. 

 For cartilage engineering applications, natural polymers from 
animal or plant sources including alginate, collagen, gelatin, 
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  1.     Introduction 

 One goal of bioprinting is the fabrication of living tissues and 
complete organs for use in regenerative medicine. Traditional 
manufacturing methods such as mold casting produce grafts 
with relatively low resolution and require a new mold for each 
new design. Additive manufacturing techniques are compatible 
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gellan, and hyaluronan have been all intensively studied as 
possible bioink materials. [ 14–17 ]  Limitations associated with the 
use of single-component hydrogel systems, coupled with the 
need for a mechanically strong biocompatible material that can 
withstand the physical demands of the joint, have prompted 
researchers to consider extracellular matrix (ECM) itself as a 
scaffold material for tissue engineering. [ 18–20 ]  Furthermore, the 
combined effect of ECM particles with transforming growth 
factor beta (TGF-β) has been shown to signifi cantly increase 
the chondrogenic potential of primary chondrocytes. [ 14 ]  Com-
mercially-available allograft cartilage fragments including 
BioCartilage (Arthrex) are already used in clinical treatment of 
articular lesions. BioCartilage is a decellularized and dehydrated 
off-the-shelf product which is used in conjunction with marrow 
stimulation where autologous blood, platelet rich plasma, and 
fi brin glue are utilized to treat cartilage defects. [ 21 ]  With a par-
ticle size ranging from a few micrometers to hundreds of micro-
meters, it can be used in extrusion bioinks directly after sieving. 

 We developed a cartilage-specifi c bioink for bioprinting 
applications based on a blend of gellan and alginate (Bioink) 
which can be precrosslinked with cations and mixed with 
commercially available BioCartilage particles. All three com-
ponents of the bioink are already in medical use, [ 22–25 ]  thus 
avoiding the extensive regulatory hurdles faced by many 
other bioinks. The bioink was characterized with BioCarti-
lage (Bioink+BioCartilage) and with hydroxyapatite particles 
(Bioink+HA) to demonstrate printability independent of par-
ticle type. To evaluate printability, three bioink compositions 
(Bioink, Bioink+BioCartilage and Bioink+HA) were character-
ized with rheology. Clinically relevant, full-sized grafts were 
printed using either computer tomography (CT) data or generic 
3D models created for this study. Printed structures were 
imaged using magnetic resonance imaging (MRI) to compare 
the 3D shape with the original model and to evaluate the poten-
tial of MRI to detect changes in water relaxation times related 

to ECM production in tissue engineered grafts. [ 26,27 ]  To evaluate 
cartilage formation, cell-laden Bioink and Bioink+BioCartilage 
disks were cultured for 8 weeks in vitro with and without 
TGF-β3 supplementation.  

  2.     Results 

  2.1.     Bioink Crosslinking 

 The bioink described here is a blend of gellan and alginate 
mixed with human micronized BioCartilage or HA parti-
cles (≤40 µm size). Gellan is a linear anionic polysaccharide 
composed of tetrasaccharide repeating units (1,3-β- D -glucose, 
1,4-β- D -glucuronic acid, 1,4-β- D -glucose, 1,4-α- L -rhamnose). 
The carboxyl side group on the glucuronic acid is respon-
sible for the gelation behavior of the molecule. Upon cooling, 
the coiled polymer forms double-helices (coil–helix transi-
tion). Upon addition of mono-, di- or trivalent cations, gela-
tion (sol–gel transition) occurs as the helices aggregate into 
junction zones which are linked into a three dimensional net-
work via the coiled part of the molecule. [ 28–31 ]  This gel forma-
tion differs greatly from that of alginate, where the divalent 
cations bind guluronic acids blocks (G-blocks) and form egg-
box structures between chains. [ 32–34 ]  The gelling behavior of 
the blended bioink is illustrated using the bioprinted auricular 
cartilage as an example ( Figure    1  ). The printing process was 
divided into three stages. To start, the bioink was loaded in 
the syringe (opaque) and the support polymer into a second 
syringe (transparent). At this stage, a small amount of cations 
were present in the bioink to increase viscosity and enhance 
printing properties (Figure  1 a). During co-extrusion of the 
support, cations diffused to the periphery of the printed 
auricle where they initiated crosslinking (Figure  1 b). After 
the fi nal structure was completed, the support was eluted in 
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 Figure 1.    Schematic of the macroscopic and molecular crosslinking process. a) Support material (transparent) and the bioink (opaque) were loaded 
into the printing cartridges. b) During and after printing the cations diffuse from the support to the periphery of the bioink graft initiating the 
crosslinking. c) After 4 °C elution and fi nal crosslinking, the graft is self-supporting. On a molecular level, the gellan helices and alginate chains are 
increasingly crosslinked at each stage of the process.
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4 °C cation-supplemented medium (Figure  1 c). The molec-
ular representation of the bioink during crosslinking is illus-
trated schematically, where the formation of junction zones 
of gellan and binding of cations within the inter-penetrating 
hydrogel network around the cells and particles can be seen 
(Figure  1 b,c). Immersing the printed constructs into 4 °C 
medium is a cell friendly crosslinking process that has been 
previously shown to have no effect on chondrocyte viability 
after printing. [ 9,12 ]  

     2.2.     Rheological Analysis 

 Rheological properties of the Bioink, Bioink+HA, and 
Bioink+Cartilage Particles were measured to determine the 
shear behavior and shear recovery, two of the most important 
predictors of bioink printability. All of the bioink compositions 
showed shear thinning behavior which is critical for extrusion 
bioprinting ( Figure    2  a). Furthermore, all the compositions had 
a yield point (weak gel formation) prior to extrusion which is 
important in preventing particle and cell sedimentation in the 
syringe ( Table    1  ). The shear recovery curves (Figure  2 b) illustrate 
initial interaction between the measuring probe and the mate-

rial before the fi rst shear sequence is applied and the polymer 
chains begin to align. Shear recovery after the second shear 
sequence was 98% in Bioink+Cartilage Particles and 90% in 
Bioink+HA after ten seconds. At the same time the Bioink alone 
recovered to only 21% of the original modulus. Figure  2 c illus-
trates the storage modulus G′ after cation-induced crosslinking 
of Bioink alone where effect of cation concentration and type 
were investigated. By varying these parameters, properties 
ranging from a few kilopascals to hundreds of kilopascals could 
be attained. Based on the maximum G′ and the ratio between 
storage and loss moduli (G′/G″), an indicator of the elasticity 
of the material, crosslinking with 20 × 10 −3   M  SrCl 2  was chosen 
for the rest of the studies. Figure  2 d illustrates the fi nal storage 
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 Figure 2.    Rheological characterization of the bioink compositions with and without particles. a) Shear thinning was measured in rotation, b) shear 
recovery in oscillation after shear of 1 s (100 −s  shear rate) for two cycles, c) bioink alone was ionically crosslinked with several cation conditions, and 
d) maximum storage modulus G′ of the samples crosslinked for 30 min with 20 × 10 −3   M  SrCl 2 . Error bars represent standard deviation.

  Table 1.  Summary of the rheological measurements. The yield points 
were calculated using the Herschel/Bulkley equation  ( 1)  .    

 Bioink Bioink+HA Bioink+Cartilage Particles

Yield point 15.6 ± 0.7 Pa 17.7 ± 6.5 Pa 122 ± 22 Pa

Cessation in 10 s a) 21% 90% 98%

Maximum G′ 152 ± 3.0 kPa 110 ± 2.0 kPa 96 ± 1.0 kPa

    a) Shear recovery at 10 s after the second shear sequence.   
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modulus for the three bioink compositions. The Bioink alone 
had the highest fi nal storage modulus (152 ± 3 kPa) compared 
to Bioink+Cartilage Particles (96 ± 1 kPa) and Bioink+HA 
(110 ± 2 kPa), suggesting that crosslinking is somewhat hin-
dered by the particles irrespective of their source. 

     2.3.     Mechanical Properties and Swelling Behavior 

 Mechanical properties of the bioprinted cartilage grafts were 
assessed in tension. Tensile dumbbell specimens were printed 
using Bioink+HA particles with or without cells and kept 
in cell culture medium in a CO 2  incubator for 48 h. HA par-
ticles were used to avoid potential confounding interactions 
between cells and particles. The nozzle path (printing direction) 
in the gage section of the specimen was chosen to be parallel 
to the direction of tension ( Figure    3  a). Young’s modulus was 
signifi cantly higher in acellular constructs ( E  = 230 ± 7.0 kPa) 
compared to cellular ones ( E  = 116 ± 6.8 kPa) ( P  < 0.001), sug-
gesting that the cells increase the compliance of the construct 
and/or inhibit the crosslinking. On the other hand, there was 

no difference in failure strain between the acellular (37% ± 
6.4%) and cellular (34% ± 2.1%) ( P  = 0.54) constructs. 

  Swelling of the bioink with and without particles was quanti-
fi ed to assess the total water retention and the water retention 
after gel crosslinking (Figure  3 c,d). All calculations were done 
after the high density particle weight was subtracted from the 
measured weights to compare the true percentual infl uence of 
the particles on swelling. Swelling at 37 °C up to 48 h increased 
the hydrogel weight between 2000% and 3800% of the dry 
weight of the sample which is typical of hydrogels and between 
26% and 54% of the crosslinking weight of the hydrogels. All 
the bioink compositions were fully hydrated after 24 h and 
more specifi cally Bioink and Bioink+BioCartilage were fully 
hydrated after 5 h suggesting faster swelling kinetics. Com-
parison between swelling ratios of the Bioink alone and the 
particle containing compositions after 48 h suggested depend-
ency on the particle type. The Bioink+HA had statistically sig-
nifi cantly lower ( P  < 0.001) equilibrium swelling ratio than 
Bioink+BioCartilage and Bioink alone which were similar at 
48 h. These results suggest higher water retention in the pres-
ence of the BioCartilage compared to HA particles.  
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 Figure 3.    Tensile and swelling properties of the printed constructs. a) Tensile testing was performed on printed dumbbell specimens where the 
nozzle path is shown by the black lines and the printed structure is shown after swelling. b) Representative stress–strain curves where failure 
occurred in the central region of the specimen. Swelling behavior of the bioink compositions based on Equations  ( 2)   and  ( 3)   to evaluate c) total 
water retention and d) water retention after crosslinking, respectively. The smallest divisions on the ruler are 1 mm and error bars represent 
standard deviation.
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  2.4.     Bioprinted Structures 

 Personalized medicine applications will require high-resolu-
tion patient-specifi c data to create high-resolution models for 
bioprinting. As illustration, an auricular cartilage model was 
created from a CT scan showing the feasibility of 3D printing 
directly from clinical image data ( Figure    4  a–c). The printed 
auricular grafts required co-extrusion of support material due 
to the overhanging helix up to 116°. The co-extrusion of the 
support material was shown to preserve horizontal bioink lines 
without sagging and the printed shape accurately after elution 
of the support (Figure  4 d–f). 

  Cartilaginous grafts including meniscus (Figure  4 g–j), 
intervertebral disks (Figure  4 k), and nose (Figure  4 l,m) were 
printed based on generic models. Cartilage samples were 
fl exible in handling and could be sutured (Figure  4 h–j). 
Two-component intervertebral disk grafts were printed with 
Bioink+Cartilage particles stained red with food color to localize 
the nucleus pulposus and with Bioink+HA to localize periph-
eral structures corresponding to the annulus fi brosus. All of 
the structures preserved high shape fi delity and were printed 
in actual size. The printed structures matched the dimensions 
of the computer models and were stable in long-term culture. 
For example, nose models were 3.1 cm in length, 2.6 cm in 
width, and 1.5 cm in height to represent a young adult size. [ 35 ]  
Internal nasal cavities were left hollow and represented ≈31% 

of the total volume (Figure  4 l,m). These structures were printed 
without support structure due to small increments in over-
hanging structures. 

  2.5.     Bioink Biocompatibility 

 Cellular bioprinting process was investigated with Bioink+HA 
to exclude all the interactions and proliferation cues between 
particles and cells. One layer thick disks were printed to assess 
the cell viability after printing ( Figure    5  a) compared to initial 
viability of the cells prior to their being mixed into the bioink 
composite. To investigate cell viability in large structures, a 
young adult sized nose (3.1, 2.6, and 1.5 cm) was printed and 
kept in static culture until the cell viability in the middle of 
the construct was evaluated from a central slice (minimum 
diffusion distance of 5 mm). Bioprinting with the particles 
showed an 80% viability 3 h after printing, however, after 4 d 
the cell viability recovered to 97% where it remained until the 
end of the experiment. The young adult sized nose graft had 
decreased viability in the center of the scaffold (60% viable 
cells at day 7) compared to 96% viability in the periphery 
(Figure  5 b). This suggests the need for incorporating 
internal porosity or channels to enhance nutrition transport. 
Such nutrition channels [ 10 ]  or engineered porosity [ 36 ]  could be 
incorporated into the bioprinted structures by extruding the 
support polymer within the grafts, which could later be cleared 
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 Figure 4.    Conversion of image data into 3D cartilage structures. CT scan was thresholded and converted into a) a .STL fi le, which was used to create b) 
a printing tool path (red = bioink and pink = support) and c) external ear graft. d–f) The fl exible structure was stable after removing the support and 116° 
overhanging structures were preserved. Cartilaginous meniscus grafts g) were fl exible in manipulation and h,i) were stable upon suturing to j) a bovine 
meniscus. Cartilaginous grafts such as k) intervertebral disks and l,m) noses were printed. Intervertebral disk graft was printed with Bioink+Cartilage 
particles stained red (nucleus pulposus) and with Bioink+HA (annulus fi brosus). Scale bars = 5 mm, and the smallest divisions on the ruler are 1 mm.
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in subsequent washing/crosslinking steps. With this tech-
nique a complex 3D interconnected porous network could be 
created that could be used to perfuse the grafts with nutrient-
rich medium. To further enhance mass transport of nutrients, 
grafts could also be preconditioned in dynamic bioreactors. 

  The effect of BioCartilage and TGF-β3 supplementation 
on cell proliferation was evaluated in casted gels cultured for 
21 d. The Bioink alone did not stimulate cell proliferation; in 
fact there was a loss in DNA at day 7 which slowly recovered. 
Bioink+BioCartilage, on the other hand, stimulated prolifera-
tion and caused a statistically signifi cant increase ( P  < 0.001) 
in DNA over 21 d. With TGF-β3 supplementation, there was a 
statistically signifi cant increase in DNA in the BioCartilage con-
taining samples at day 7 ( P  < 0.001). By day 21, both bioinks 
showed increases in DNA, which were not statistically signifi -
cantly from each other. Initial amount of DNA was the same for 
all four groups, showing that BioCartilage itself did not contain 
signifi cant amounts of DNA residues.  

  2.6.     ECM Production and Cartilage Formation 

 Cartilage ECM production was evaluated with histology 
and immunostaining after 3 (Figure S1, Supporting Infor-
mation) and 8 weeks ( Figure    6  ) in culture. Histological evalu-
ation after 3 weeks revealed a clear increase in cell number, 

vsglycosaminoglycan (GAG) synthesis and collagen II produc-
tion in both bioink compositions supplemented with TGF-β3. 
Furthermore, Bioink+BioCartilage without added growth fac-
tors stimulated cell proliferation above Bioink alone which 
was clearly visible with 3 and 8 week H&E staining. At both 
time points the Bioink+BioCartilage showed a slight increase 
in Alcian blue staining and at the 8 week time point a slight 
collagen II staining was observed suggesting the need for 
additional growth factor stimulation. Cells were often seen 
proliferating around the particles without the growth factor 
supplementation which suggests that cell-particle adhesion 
and/or growth factors in the particles are important. How-
ever, because in the Bioink+BioCartilage with TGF-β3 sam-
ples, no site-specifi c proliferation was observed, the results 
suggest rather the particles are a source of mitogenic growth 
factors and not specifi c cell-matrix adhesive cues. After 
8 weeks, the gross appearance of the scaffolds (same order 
as histology) prior to fi xing and paraffi n embedding sug-
gested growth factor stimulation had a clear effect on car-
tilage matrix production as seen in the size and opaque 
appearance of TGF-β3 supplemented samples (Figure  6 ). At 
8 weeks, both supplemented bioink compositions showed a 
signifi cant increase in cartilage ECM components and had 
areas which began to resemble the cell density and GAG 
content of native cartilage. Furthermore, collagen II depo-
sition was strong throughout the graft in the growth factor 
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 Figure 5.    Cell viability of printed constructs and the cell proliferation assay. Viability after printing one layer thick disks was evaluated with a) live dead 
staining where 80% viability was observed 3 h after printing, which recovered to 97% by day 4. To assess viability in a large structure, a young adult 
size nose was printed and the viability was evaluated from a central slice (diffusion distance ≈5 mm) evaluated by live dead staining. A cell viability of 
60% was observed. Scale bar 5 mm (left) and 50 µm (right). Additionally, cell number in casted disks was evaluated with c) DNA quantifi cation where 
a statistically signifi cant increase in DNA from day 1 to day 21 was observed with Bioink+BioCartilage and both TGF-β3 supplemented compositions. 
Error bars represent standard deviation and level of signifi cance was ( P  < 0.05).
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supplemented conditions while only pericellular staining 
was seen in the samples cultured without TGF-β3. Collagen 
type I and alizarin red staining were performed to determine 
the fi brocartilage production and calcifi cation. Collagen I 
was found in Bioink+BioCartilage and in both TGF-β3 sup-
plemented conditions suggesting some fi brocartilage pro-
duction, perhaps due to the passaging of the cells. In all the 
conditions calcifi cation was absent suggesting the cartilage 
phenotype of the chondrocytes was stable. 

     2.7.     Magnetic Resonance Imaging 

 To assess the shape retention of the printed structures several 
MRI techniques were evaluated. The printed nose was kept in 

phosphate buffered saline (PBS) for 2 weeks to assure com-
plete swelling prior T2-weighted MRI. These images were 
thresholded and converted into a .STL fi le ( Figure    7  c) and com-
pared to the original model used for printing (Figure  7 a) and to 
the cartilaginous graft immediately after printing (Figure  7 b). 
Comparison of the original model and the printed graft illus-
trates precise material extrusion and detailed structures. How-
ever, slightly thicker nostril walls were observed in comparison 
to the original model (white arrows). Furthermore, when com-
paring the printed structure to the MRI model after 2 weeks, 
no sign of degradation or deterioration of the shape was 
detected. 

  To investigate cell-seeded graft stability between day 1 and 
8 week, Bioink+BioCartilage samples with and without 
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 Figure 6.    Macroscopic appearance, histology, and immunohistochemical stainings after 8 weeks of culture. Bioink alone was not able to stimulate cell 
proliferation; however, good biocompatibility was observed and collagen II positive pericellular staining was observed (enlargement, scale bar 25 µm). 
Bioink+BioCartilage enhanced cell proliferation and had a positive effect on GAG production and collagen II deposition. Signifi cant increase in cartilage 
ECM synthesis was observed in bioink compositions supplemented with TGF-β3. No clear difference between Bioink alone and Bioink+BioCartilage 
was observed. Collagen I was synthesized in the presence of cartilage particles and in TGF-β3 supplemented samples. However, no calcifi cation was 
observed in any condition suggesting a stabile cartilage phenotype. Immunostaining controls were stained without the primary antibody. Scale bars 
100 µm.
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TGF-β3 supplementation were measured with MRI. The 
apparent diffusion coeffi cient (ADC) and water relaxation 
times (T1) and (T2) were performed and compared to bovine 
hyaline cartilage. Diffusion imaging is increasingly applied 
for non-invasive tissue monitoring and ADC values provide 
quantitative information on passive water diffusion restric-
tion and collagen structure. Furthermore, T1 and T2 have 
been shown to correlate with mechanical properties of native 
and engineered tissues. [ 26,37,38 ]  T1, T2, and ADC values were 
acquired from the samples illustrated in Figure  7 d–f and 
there was no signifi cant change in any of these parameters 
over the culture period suggesting that the graft was stable. 
All of the values for the engineered tissue samples where 
higher than for native articular cartilage (Table S1, Supporting 
Information).  

  3.     Discussion 

 Bioprinting is a manufacturing method where cell-laden 
bioinks are deposited with high precision based on computa-
tional 3D models. To explore translational possibilities of this 
technique, clinical sized cartilage structures were bioprinted 
based on either patient-derived CT or generic 3D models. Previ-
ously the external ear shape has been acquired using techniques 
such as photogrammetry, [ 39 ]  MRI, [ 40 ]  and CT [ 41 ]  to obtain the 3D 
models for negative mold fabrication. Nimeskern et al. used 
MRI to manually segment the cartilaginous structure from sur-
rounding tissues. [ 42 ]  Our bioink printing process combined with 
one of these imaging techniques could provide a more advanced 
approach to clinical craniofacial cartilage reconstruction where 
patient-specifi c cartilaginous shape is of interest. 
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 Figure 7.    MRI for monitoring printed grafts. Nose graft preserved its external dimensions to a good extent after swelling for 2 weeks in PBS. 
c) 3D shape and volume were acquired from the printed nose after two weeks of swelling compared to a) the original 3D model used in the printing 
and b) the nose immediately after printing. The comparison between the original 3D model and the acquired MRI model illustrates slight thickening 
of the nostril walls (white arrows). Bioink+BioCartilage samples after 8 weeks in vitro with and without TGF-β3 were imaged prior histology to evaluate 
the MRI capability to detect ECM production. Engineered tissue grafts were compared to the initial grafts (day 1) and to bovine hyaline cartilage. 
d) T1, e) T2, and f) ADC values were measured and no signifi cant difference between the engineered samples over the culture period was observed. 
The smallest divisions on the ruler are 1 mm. Error bars represent standard deviation and level of signifi cance was  P  < 0.05.
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 The present study introduces a newly developed cartilage 
bioink composite. Both base polymer components of the bioink 
are already in medical use, thus the clinical translation is likely 
to be more straightforward than for other bioinks. Gellan has 
been extensively used in drug delivery, [ 22 ]  whereas alginate has 
been clinically used for decades especially in drug delivery and 
wound healing applications. [ 23,24 ]  The unique feature of this 
bioink, however, was the incorporation of cartilage matrix parti-
cles to make the printed structures a better biological mimic of 
native cartilage. Commercial BioCartilage particles have shown 
potential in treating articular cartilage lesions and were therefore 
investigated for their effect on proliferation and chondrogenesis 
in the presence and absence of TGF-β3 supplementation. [ 21,25,43 ]  
Other “micronized” particles can also be incorporated into the 
bioink formulation to make tissue-specifi c inks. In this paper, 
we also demonstrated the excellent printability of HA-containing 
bioinks, suggesting that tissue particles from any source do 
not greatly affect the rheological and printing properties of the 
bioink. Clinically translated and well established decellularized 
skin, [ 44,45 ]  and placenta/amnion, [ 46 ]  have been recently micro-
nized to increase applicability in clinical soft tissue reconstruc-
tion as injectables, [ 47 ]  (Cymetra, Graftjacket Xpress, AmnioFix) 
while clinical particles from bone (DMB inject, Allomatrix) and 
experimental particles from spinal cord, [ 48 ]  and small intes-
tinal mucosa [ 49 ]  among others, have been explored primarily 
as injectables for regenerative medicine, but could easily be 
translated to bioprinting approaches. 

 Rheological characterization showed that all bioink composi-
tions underwent shear thinning which is important for bioink 
extrusion (Figure  2 a). During shear thinning, the coiled polymer 
chains align and disentangle at higher shear rates requiring 
less extrusion force to deposit the bioink, which is benefi cial for 
cell survival. Billiet et al. recently performed a parametric study 
investigating the correlation of pressure to cell viability and 
found increasing pressure ( P  > 2 bar) to have a negative effect on 
the cell viability. [ 16 ]  Aguado et al. suggested initial post-printing 
cell death was due to mechanical cell membrane disruption from 
high shear stress in the printing nozzle. [ 4 ]  As shown in Figure  5  
the viability in our bioink was 80% 3 h after printing, however, it 
recovered to 97% 4 d after printing and remained high until the 
end of the experiment. The initial drop in cell viability might be 
due to partial disruption of the cell membrane as the cells are 
mixed into the bioink and/or during extrusion itself. 

 Another important rheological characteristic of bioinks is 
the fast shear recovery which predicts rapid cessation of fl ow 
after extrusion. This property was pronounced in bioinks with 
particles compared to the Bioink alone. Ten seconds into shear 
recovery, Bioink+BioCartilage and Bioink+HA had recovered 
98% and 90% respectively of the original modulus, while Bioink 
alone had only recovered 21%. In fact the Bioink required 
25 s to recover 50% of the fi nal modulus which is substantially 
longer time compared to particles containing bioinks. Nearly 
instantaneous cessation of the particle-containing bioinks can 
be due to the particles hindering the tight packing of gellan 
tight junctions and preventing their cationic interactions which 
lead to faster recovery after shear. Furthermore, after shear the 
particles induce drag forces acting in opposition to the relative 
motion of the polymers leading to faster cessation. Several 

cation concentrations and combinations were investigated 
based on previous knowledge about cation interactions with the 
biopolymers. [ 50,51 ]  Interestingly, barium was found to hinder 
the crosslinking of pure gellan leading to phase separation with 
the highly crosslinked alginate. The best crosslinking condi-
tions were achieved with 20 × 10 −3   M  strontium chloride solu-
tion, where the storage modulus of Bioink (152 ± 3 kPa) was 
higher than Bioink+BioCartilage (96 ± 1 kPa) and Bioink+HA 
(110 ± 2 kPa). Interestingly for cartilage applications, strontium 
chloride and strontium renalate have been found to induce pro-
teoglycan synthesis in human chondrocytes. [ 52,53 ]  In fact, Urban 
et al. suggested that in osteoarthritis, proteoglycan synthesis 
could decrease due to below physiological ionic strength envi-
ronment and that additional cation administration could have 
benefi cial effects on chondrocyte metabolism. [ 54,55 ]  Strontium-
based crosslinking of engineered cartilage constructs might 
therefore have an added benefi t of promoting proteoglycan syn-
thesis, thought this remains to be tested. 

 One concern with bioprinted structures are structural micro-
defects which effect material properties of the crosslinked 
grafts. [ 56 ]  These defects include layer-layer and thread-thread 
adhesion depending on the crosslinking kinetics and in this 
case crack nucleation sites due to the presence of the parti-
cles and cells. We found the tensile modulus of Bioink+HA 
decreased when cells were added to the ink (from 230 ± 7.0 kPa 
to 116 ± 6.8 kPa), but there was no difference in failure strain 
between the acellular (37% ± 6.4%) and cellular (34% ± 2.1%) 
constructs. The difference in tensile modulus was signifi cant 
and might be partly due to the tensile measurement itself, 
where each of the constituent components effects the fi nal mod-
ulus. [ 56 ]  In this case, the cells increase the volume fraction of 
the soft components and might hinder the network formation. 
Furthermore, the stress-strain curve with rigid HA particles has 
a clear yield point whereas the cell-containing material has a 
prolonged yield area and a more linear stress–strain response. 
In comparison to the tensile modulus of native superfi cial zone 
articular cartilage ( E  = 4.98 ± 1.66 MPa), [ 57 ]  the tensile modulus 
of the printed grafts is an order of magnitude lower; however, 
the linear regions of the stress–strain curves imply native car-
tilage-like elasticity, [ 58 ]  where cyclic loading within 10%–15% 
of strain would fully recover. Mechanical test data suggest that 
while the particle embedded grafts are still mechanically infe-
rior compared to the native cartilage, it may be appropriate as 
a temporary structure for tissue formation especially in non-
weight-bearing craniofacial applications. The mechanical prop-
erties of the printed structures could be enhanced by several 
means including longer crosslinking times, the use of rein-
forcement scaffolds and longer preculture to allow newly syn-
thesized ECM proteins to be deposited within the structure. 

 To investigate water retention after crosslinking and its 
effect on shape retention, swelling studies and MRI were per-
formed. The water retention of the bioink with and without 
particles was investigated and some particle-specifi c interac-
tions were observed. Bioink had a water uptake of 3000% com-
pared to a dry polymer weight which corresponds to literature 
values for low acylated gellan gels. [ 59 ]  The total water retention 
after 48 h was signifi cantly different in Bioink+HA (2000%) 
and Bioink+BioCartilage (3800%) compared to the Bioink 
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alone. Similarly, the equilibrium swelling after the hydrogel 
crosslinking illustrated similar behavior where the weight of 
the Bioink+HA, Bioink+BioCartilage, and Bioink increased 
26%, 52%, and 54%, respectively. Increased water retention was 
observed in the presence of BioCartilage particles which con-
tain negatively charged GAGs known to attract water molecules 
whereas HA particles are electrostatically neutral and decreased 
the overall sample swelling due to decreased volume fraction of 
the bioink. Furthermore, MRI was performed to assess shape 
and size changes of the nose grafts. When the original model 
was compared to the printed cartilaginous graft, slight swelling 
was observed (Figure  7 ). Methods to overcome this would be to 
reduce the geometry of the graft in anticipation of the swelling 
process or to increase the crosslinking density of the grafts. 

 Cell-laden Bioink and Bioink+BioCartilage were cultured for 
8 weeks in vitro to evaluate their potential for supporting chon-
drocyte proliferation and cartilage formation. Histologic evalua-
tion of the tissue engineered samples (Figure  6 ) illustrates car-
tilage matrix production where the gross appearance was clearly 
different in both TGF-β3 supplemented groups. The increase 
in size and opaqueness suggests ECM synthesis and formation 
of cartilaginous matrix. Further histological evaluation revealed 
cell proliferation in Bioink+BioCartilage and to a higher extent 
in both TGF-β3 supplemented groups. MRI measurements 
performed prior to the histologic evaluation of the same sam-
ples however showed that while T1, T2, and ADC values could 
detect differences between native and engineered cartilage, they 
could not detect changes in matrix deposition over the 8 week 
culture period. Recently, Chuck et al. performed similar studies 
using MRI to monitor changes during muscle formation in vivo. 
The injected stem cells formed cell clusters that decreased in 
T1, T2, and ADC nearly to the levels of native muscle tissue in 
28 d. [ 26 ]  This difference in MRI sensitivity might be related to the 
inherently higher water content of the bioink (Figure  3 c,d) due 
to its softer and extensively hydrated polymeric network com-
pared to the dense cellular structures. Furthermore, the dense 
highly crosslinked network of type II collagen and GAGs seen 
in articular cartilage, leading to lower water diffusion and relaxa-
tion times, may have not yet developed in the engineered grafts.  

  4.     Conclusions 

 In summary, high-resolution and viable cartilage grafts were 
successfully bioprinted with the bioink composite. We show 
with this bioink that ECM particles can be reconstituted into 
de novo bioprinted cartilaginous structures. This technique is 
extendable to all sorts of tissue particles and their combinations 
and is a promising, simple, and clinically compatible approach 
to extend the bioactivity of bioinks towards that of native tis-
sues. The material properties of the structures can be further 
tuned by the chosen cations, concentration, and duration of the 
ionic crosslinking.  

  5.     Experimental Section 
  Materials : Gellan (Gelrite) was purchased from the Sigma-Aldrich 

(Buchs, Switzerland) and further purifi ed to remove residual cations. 

Ultrapure, high G content alginate (ProNova UP-LVG) was purchased 
from NovaMatrix (Sandvika, Norway). Pluronic F127 and  D -glucose 
was purchased from Sigma-Aldrich (Buchs, Switzerland). Dulbecco’s 
modifi ed Eagle’s media (DMEM), PBS, fetal bovine serum (FBS), 
penicillin-streptomycin (PS), and trypsin were all purchased from Life 
Technologies (Zug, Switzerland). Dialysis membranes were purchased 
from SpectrumLabs (Breda, Netherlands). All concentrations are given 
in percentages weight/volume (% w/v) unless indicated otherwise. 

  Bioink Preparation : Gellan was purifi ed from residual cations by 
dialyzing against ethylenediaminetetraacetic acid (0.001%) in ultrapure 
water to decrease the temperature of solubility and sol–gel transition. 
Purifi ed gellan was added to  D -glucose (300 × 10 −3   M ) in ultrapure 
water at 90 °C to achieve a 6% solution. The boiling fl ask was kept at 
90 °C with agitation until the solution was homogeneous. 4% alginate 
solution was dissolved in  D -glucose supplemented ultrapure water. A 
50:50 ratio of both polymer solutions were mixed to obtain a 3% gellan 
and 2% alginate blend. The temperature was reduced to 38–40 °C before 
adding the particles of choice in 40% w/w (particle/total polymer) 
concentration. When printed with cells (6 × 10 6  cells mL −1 ) or without 
cells, DMEM solution was added to the solution in 1:10 volume ratio to 
precrosslink the bioink. Mixing was continued until the solution reached 
room temperature and the printing syringes were loaded. Support 
material was prepared by dissolving 30% pluronic in sodium chloride 
(150 × 10 −3   M ) and strontium chloride (20 × 10 −3   M ) solution at 4 °C. 
Support material was loaded into the printing syringes and brought to 
room temperature prior use. 

 Printing syringes of both the bioink and the support polymer were 
mounted onto the extrusion printer Biofactory (RegenHu, Switzerland) 
and the parameters were set for a 410 micron nozzle diameter. Two 
pneumatic extrusion heads with adjustable extrusion pressure up to 
6 bar were used in parallel. A pressure of 0.2 bar and fl ow rate of 
v800 mm min −1  were used with Bioink and Bioink+HA. 
Bioink+BioCartilage required increased pressure of 1 bar for precise 
extrusion at the same printing speed. Support ink was co-extruded 
using 1.5 bar pressure and 800 mm min −1  fl ow rate. All 3D designs 
from clinical CT scans (kind gift of Phonak) and other 3D models were 
made with Cinema 4D software (Maxon, Germany) and converted into.
STL fi les for the bioprinter. Extrusion printing was initiated with support 
polymer layer followed by bioink to initiate crosslinking immediately 
upon contact between the two materials. Immediately following the 
printing, the grafts were transferred into sterile petri dishes containing 
20 × 10 −3   M  SrCl 2  supplemented DMEM at 4 °C and crosslinked for 
15–30 min. Following the crosslinking, specimens were washed twice 
in DMEM containing 10% FBS, 1% penicillin/streptomycin, and 
 L -ascorbic acid (50 µg mL −1 ) and then cultured under normoxic (21% 
O 2 ) conditions until analysis. 

  Rheology : All liquid state measurements were performed in rotation 
with a plate–plate geometry (20 mm diameter, MCR 301, Anton Paar, 
Zofi ngen, Switzerland) saturating the measuring chamber with water 
vapor to prevent drying. Shear thinning experiments were performed 
by measuring viscosity  η  at a frequency of 1 rad s −1  with logarithmic 
increase of shear rate. Yield points were calculated using the Herschel/
Bulkley equation 

     τ τ γ= + ⋅c p
HB �

  (1) 

 where  τ  is shear rate,  τ  HB  is the Herschel/Bulkley yield point,  c  is the fl ow 
coeffi cient, γ�  p  is shear stress with exponent  p , where  p  is the Herschel/
Bulkley index (p < 1 for shear thinning and p > 1 for shear thickening). 

 Shear recovery, also known as structural recovery, was performed 
by measuring storage modulus G′ and loss modulus G″ at a frequency 
of 1 rad s −1  and 1% strain which was determined to be within 
the linear viscoelastic range, then shearing the sample for 1 s at 
100 s −1  simulating the printing induced shear before returning to the 
oscillatory measurement. This shear cycle was repeated twice. Gel state 
crosslinking experiments were measured in oscillation with plate-plate 
geometry (10 mm diameter) for cation determination to ensure cation 
diffusion to the core and with (20 mm diameter) for fi nal gel storage 
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modulus G′ to minimize sample slipping. The samples were crosslinked 
in corresponding cation solutions for 30 min before the measurements 
were recorded. Since the amount of human BioCartilage was limited, 
rheology experiments were performed using cryomilled and lyophilized 
cartilage particles (≤40 µm in diameter) harvested from calves femoral 
condyles (Bioink+Cartilage Particles). All the rheological measurements 
were measured in triplicates except the fi nal storage modulus (Figure  2 d) 
where samples were measured in duplicates. 

  Mechanical Testing : Tension testing was performed (TA.XTplus, 
Stable Micro Systems, UK) using printed dumbbell-shaped specimens 
and Bioink+HA to avoid cell and particle interactions during the 48 h 
swelling period at 37 °C in medium. Tensile specimens were 0.9 mm 
in thickness comprising two printed layers. Samples were subjected to 
a controlled tensile displacement of 0.03 mm s −1  until failure. Young’s 
modulus was calculated from the linear region of the stress-strain curve, 
which was until 10% strain for all the tension samples. 

  Swelling : For the swelling experiments, bioink gels with and without 
particles were casted in 40 µL disks ( n  = 5). Gels were weighted for 
initial casting weight ( m  Casting ) after 15 min in crosslinking solution. Gels 
were then immersed in 1 mL of PBS at 37 °C and incubated for 0.5, 1, 4, 
24, and 48 h. After all incubation periods, PBS was removed and the gels 
were weighed ( m  Swollen ). The gels were then snap-frozen and lyophilized 
before dry weighting ( m  Dry ). The swelling ratio  Q  was then calculated as 

     
=

−
Q

m m
m

Swollen Dry

Dry   
(2)

 

 where  Q  represents total water retention in the gels. 
 To calculate the hydrogel swelling ratio after gel crosslinking, 

equilibrium swelling was calculated as 

    
=

−
Q

m m
mE

Swollen Casting

Casting   
(3)

 

 where the  Q  E  represents the additional water retention after the 
hydrogels were casted. 

 All the calculations were done after the high-density particle weight 
was subtracted from the measured weights to compare the true 
percentual infl uence of the particles on swelling. Particle weight of 
1.6 mg was reduced from both particle containing compositions due to 
the 40 µL gel volume and 40% w/w particle content. 

  MRI Scanning and Imaging Protocol : MRI was performed in a 
7.0 T Biospec MR Scanner (Bruker, Ettlingen, Germany) with gradient 
amplitude of 200 mT m −1  and a maximal slew rate of 640 T m −1  s −1  
using a linear polarized mouse whole-body 1H transmit-receive mouse 
coil (1H 075/040 QSN, Bruker). All measurements were performed at 
room temperature (20.5–20.6 °C). After positioning the sample, the 
coil was adjusted by manual wobbling. After a gradient-echo localizer in 
three spatial directions, the morphological integrity was assessed by a 
T2w Rapid Acquisition with Relaxation Enhancement sequence (TR/TE 
1800 ms/42 ms; echo train length 16; matrix 128 × 256; FoV 17.5 × 35; 
slice thickness 0.273 mm, averages 1). Material properties were further 
characterized by the T1- and T2-relaxation times and water diffusion. 
T1-longitudinal and T2-transverse relaxation times were evaluated by a 
fast spin-echo sequence with varying echo time and repetition time (six 
different TRs: 200, 400, 800, 1500, 3000, and 5500 ms and fi ve different 
TEs: 8, 25, 42, 59, and 76 ms, echo train length 2; matrix 192 × 256; FoV 
24 × 24 mm; slice thickness 1.0 mm, averages 1), whereas diffusion 
properties were determined by a diffusion-weighted spin-echo sequence 
with four different  b -values ( b  = 0, 150, 350, 470 s mm −2 , TR/TE 2500 
ms/22 ms; echo train length 1; matrix 128 × 128; FoV 24 × 24 mm; slice 
thickness 1.0 mm, averages 1). 

  MRI Data Analysis : Custom made in-house postprocessing routines 
using the programming language Matlab (The Mathworks, Inc, Natick, 
MA, USA) were used for data analysis. Polygonal region of interest 
(RoI) were drawn in triplicate for each ex vivo cartilage sample in order 
to assess representatively the respective tissue. The T1-, T2-relaxation 
times and ADC values were inferred by RoI analysis. In brief, the T1- and 

T2-relaxation times could be retrieved by means of monoexponential 
fi tting of the signal intensities over the repetition times for T1 
determination, respectively the echo times for T2 determination using 
a Levenberg–Marquardt nonlinear least-squares algorithm. ADC 
was calculated by a monoexponential fi tting of the signal intensities 
against at the four  b  values. Mean values and standard deviations were 
calculated from the computed T1, T2, and ADC values. 

  Cell Isolation and In Vitro Culture :   Bovine chondrocytes were harvested 
from full thickness articular cartilage of the lateral and medial femoral 
condyles of four ≈6 month old calves obtained from the slaughter house. 
Cartilage slices were minced and digested for 6 h with 0.03% collagenase 
in DMEM supplemented with 1% PS under gentle stirring. The digest 
was then fi ltered through a 100 µm cell strainer and subsequently 
through a 40 µm cell strainer before the cells were pooled. Passage 
0 cells were seeded at 10 000 cells cm −2  in DMEM containing 10% FBS, 
50 µg mL −1  L -ascorbic acid, and 1% PS. This media formulation was used 
in all further experiments. At ≈80% confl uency, cells were trypsinized and 
washed several times with culture media and added to the bioink. Bioink 
solutions with and without particles were prepared and mixed with 
passage one (P1) chondrocytes at a density of 6 × 10 6  cells mL −1 . Gels 
of 40 µL in volume were crosslinked for 15 min with 20 × 10 −3   M  SrCl 2  
in DMEM. Cultures with and without supplementation of 10 ng mL −1  
TGF-β3 were carried out for 8 weeks in normoxic (21% O 2 ) conditions. 

  Cell Viability and Proliferation Assessment : Cell viability after printing 
was imaged using 2 × 10 −6   M  calcein AM and 10 × 10 −6   M  propidium 
iodide staining solution in PBS (Zeiss Axio Observer, Zeiss, Switzerland). 
Total amount of DNA was assessed with a Picogreen (Life technologies, 
Zug, Switzerland) kit. 

  Histology and Immunohistochemistry : Hematoxylin and eosin 
(H&E) and Alcian blue stainings were performed after 3 and 8 weeks. 
Immunohistochemical staining of collagen types I and II were performed 
using primary antibodies (Abcam, ab34710) and (Rockland, BioConcept, 
600-401-104S), respectively. The secondary antibody labeled with Alexa 
fl uor 488 (LifeTechnologies, Zug, Switzerland) was used and the samples 
were counterstained with Hoechst. Samples after 8 weeks in vitro were 
stained with alizarin red and compared to calcifi ed bone samples. 
Samples were imaged (Zeiss Axio Observer, Zeiss, Switzerland) and 
evaluated with Image J software. 

  Statistical Analysis : Data from the assays were expressed as mean ± 
standard deviation. Statistical analysis of the data was performed using 
a one-way ANOVA and Bonferroni post hoc testing (OriginPro 8G, 
OriginLab) and the level of signifi cance was determined at  P  < 0.05.  
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