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1 | INTRODUCTION
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Abstract

Despite recent advances in extrusion bioprinting of cell-laden hydrogels, using nat-
urally derived bioinks to biofabricate complex elastic tissues with both satisfying
biological functionalities and superior mechanical properties is hitherto an unmet
challenge. Here, we address this challenge with precisely designed biological tough
hydrogel bioinks featuring a double-network structure. The tough hydrogels con-
sisted of energy-dissipative dynamically crosslinked glycosaminoglycan hyaluronic
acid (o-nitrobenzyl-grafted hyaluronic acid) and elastin through Schiff’s base reac-
tion, and free-radically polymerized gelatin methacryloyl. The incorporation of
elastin further improved the elasticity, stretchability (~170% strain), and tough-
ness (~45 kJ m™3) of the hydrogels due to the random coiling structure. We used
this novel class of hydrogel bioinks to bioprint several complex elastic tissues with
good shape retention. Furthermore, in vitro and in vivo experiments also demon-
strated that the existence of elastin in the biocompatible bioinks facilitated improved
cell behaviors and biological functions of bioprinted tissues, such as cell spreading
and phenotype maintenance as well as tissue regeneration. The results confirmed
the potential of the elastin-containing tough hydrogel bioinks for bioprinting of 3D
complex elastic tissues with biological functionalities, which may find widespread
applications in elastic tissue regeneration.
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alternative strategy, which evolved rapidly during the past
decades.l®! Among all tissue engineering-oriented biofab-

Elastic tissues, including the heart, lung, auricle, trachea, and
blood vessel, are abundant of fine elastic fibers.!!! Damages
to such tissues by traumatic injuries or diseases have a signif-
icant impact on human health and life quality. For instance,
microtia manifested mainly as partial or complete absence
of elastic cartilage tissue of the external auricle. Compared
to other congenital malformations, it has a relatively high
incidence of 0.83—17.4 per 10,000 births worldwide.!’] To
overcome the limitations and complications of autografts
and allografts, tissue engineering emerged as a potential
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rication approaches, three-dimensional (3D) bioprinting
showed distinct advantages that allow the recreation of living
constructs with complex structures by precisely positioning
cells, biomaterials, and possibly biologic signaling molecules
to mimic their anatomical characteristics and facilitate tissue
regeneration.[*! Development of cell-laden 3D matrices,
often termed bioinks, achieved rapid advancements in the
past years.’] Hydrogels are uniquely suited for acting as
bioinks with the incorporation of cells in that they possess
broadly tunable physical and chemical properties, provide
structural support during fabrication, and can be customized
to recreate the native extracellular matrix for relevant
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applications.!®! Biological polymers play crucial roles in

cell-based bioprinting due to their intrinsic biocompatibility
and minimal inflammatory responses in vivo.l°?] However,
the use of single-component natural hydrogels have been
limited by their insufficient mechanical performances, low
printability, and poor biomimicry.!”! Most cell-laden natural
hydrogels are brittle, having fracture energy on the order
of 10 J m™2; hence, it is a major challenge to use them to
bioprint load-bearing structures.'®! For instance, extracellular
matrix-, gelatin-, or alginate-based hydrogel systems were
applied in bioprinting 3D tissues with superior biofunctional-
ities at the expanse of satisfied mechanical properties.’*°1 As
a result of the lack of suitable biological materials to formu-
late the bioinks, 3D bioprinting using natural hydrogels has
faced difficulty building constructs that reproduce both the
structural complexity and biological functionality of native
tissues.[%) To this end, the development of natural hydrogel
systems with satisfying toughness for 3D bioprinting of
certain desired tissues remains to be investigated.

The biological tough hydrogel designs offer an option for
bioprinting cartilage, skin, and cardiovascular tissues for rel-
evant tissue repair and regeneration given their enhanced
mechanical properties compared to conventional hydrogels.
Such designs require the introduction of dissipation mecha-
nisms into the polymer networks, which allow the hydrogels
to absorb the applied energy, deform without fracturing, and
maintain elasticity during deformation.'! Among all, the
double-network (DN) design is one of the most popular
strategies in forming tough hydrogels. After the DN hydro-
gel concept was initially introduced, tremendous research
efforts have been made to take advantage of this concept to
toughen the hydrogel systems.!'! Hydrogels created from
DN polymers are interpenetrating networks that consist of
two different polymers synthesized and intertwined together,
carrying significantly higher toughness values than traditional
hydrogels.l'?! With increasing strain, a molecule chain net-
work breaks at the isolated spot, while another chain network
transmits stress effectively to toughen the hydrogel.!'?]

However, increasing toughness of cell-laden hydro-
gels without compromising the cellular behaviors is
challenging.'%14] Recently, biological tough hydrogel sys-
tems based on DN design were developed to fill gaps
in realizing both mechanical and functional regeneration
simultaneously.['”] Nonetheless, few study concerns elas-
ticity rehabilitation. In addition to providing the robust
structural support, rehabilitating elasticity of bioprinted con-
structs to realizing biomimetic mechanical properties are of
great importance as well, especially for complex elastic tis-
sue regeneration. In mammals, elastin is the unique protein
that serves this function.!'l Elastic fibers in elastic tissues
can bear billions of cycles of extension and recoiling without
mechanical failure, and therefore contribute to the elastic-
ity and characteristic resilience of elastic tissues.!'®! The
random-chain model of elastin suggests that it behaves like a
classical rubber, in which the polymer chains are kinetically
free.!!”] For this point, elastin-containing biomacromolecules
have been applied to enhance the biomechanical properties
of biomaterials.[!’"!8] Besides, as an important regulator of
cell behavior, elastin was reported as a potent mitogenic fac-
tor and facilitates the cells’ proliferation and migratory.!'"]
Elastin-rich matrices were proved to be strongly chemotactic
that provide cell binding motifs and support cell recruit-

ment and migration.[zm For instance, recombinant elastin
was incorporated in the fabrication of scaffolds of engi-
neered vascular conduits and cardiac and dermal tissues. In
this way, elastin scaffolds successfully helped to recreate the
elastic properties and biological functions of native arter-
ies, myocardium, and skins.[?!1 However, naturally derived
elastin was rarely reported used in biofabrication.

Herein, we present a stretchable -elastin-containing
double-network (eDN) tough hydrogel bioink system for
extrusion bioprinting of engineered tissues with supe-
rior elasticity, stretchability (~170% strain), and toughness
(~45 kJ m™3) compared to typical cell-laden hydrogels.
The naturally derived bioactive prepolymer, composed of
elastin, o-nitrobenzyl (NB)-grafted hyaluronic acid (HA-
NB), and gelatin methacryloyl (GelMA), was crosslinked
under ultraviolet (UV) light through phototriggered Schiff’s
base reaction and free-radical polymerization, respectively
(Figure 1A). The strategy in this design to toughen the hydro-
gels was to utilize the well-established dissipation-induced
toughening theory, which relies on associations between
polymer chains to dissipate energy during deformation.!>?!
The system also exhibited good printability where the printed
constructs had high resolution and biocompatibility with
encapsulated cells. Finally, this bioactive hydrogel facili-
tated cellular activities, such as cell spreading and phenotype
maintenance, as well as tissue regeneration.

2 | RESULTS AND DISCUSSION

2.1 | Design and physical characterization of
biological eDN tough hydrogels

To regenerate engineered tissues with good mechanical per-
formances and biological functionalities, we developed a
cytocompatible bioink suitable for extrusion bioprinting.
The natural polymer-based hydrogel significantly improved
the toughness based on the dynamic sacrificial bonds
in the DN. As reported, tough DN hydrogels are only
obtained when the first network is tightly crosslinked, and
the second network is sparsely crosslinked.[”*! Here, in
our hydrogel system, named GHE (G: GelMA, H: HA-
NB, E: elastin), GelMA was relatively tightly crosslinked
through free-radical polymerization to form the first net-
work, while the sparse second network was generated
between elastin and HA-NB through the dynamic Schiff’s
base reaction both triggered by UV light. GeIMA was
chosen for its biocompatibility, temperature-sensitive prop-
erties, tunable rheological properties, and printability.!>*]
Converted by o-nitrobenzene upon UV light illumination,
the phototriggered-imine-crosslinking reaction in which o-
nitrosobenzaldehyde groups quickly crosslink with amino
groups distributed in elastin biomolecules occurs.!>>! Addi-
tionally, after rapid photocrosslinking internally, GeIMA had
some additional amino groups available to further react with
aldehyde groups of HA-NB. In this way, dual-crosslinking
between the first and second networks was eventually formed
to enhance the hydrogel mechanical performances. ¢!
Hydrogel composed of GelMA and HA-NB (GH) and
GelMA alone (G) were used as control groups in the study.
As shown in Figure S1, all groups rapidly gelled in less
than 5 s when exposed to UV (405nm, 30 mW cm~2). In
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Design and physical properties of hydrogels. (A) Schematics showing the elastin-containing double-network (eDN) hydrogels containing

permanently crosslinked gelatin methacryloyl (GelMA) through free-radical polymerization as the first network as well as reversibly crosslinked elastin and
glycosaminoglycan hyaluronic acid (HA-NB) through Schiff’s base reaction. (B) Schematics showing the superior properties of the eDN hydrogels. (C) Visual
inspection of different bioinks before and after crosslinking (G [GelMA alone], GH [G: GeIMA, H: HA-NB], and GHE [G: GeIMA, H: HA-NB, E: elastin]).
(D) Scanning electron microscopy (SEM) images of different crosslinked hydrogels. Scale bars, 100 um. (E) Pore size distributions of different crosslinked
hydrogels. (F) Physical appearances of different crosslinked hydrogels at 24 h after swelling. Scale bars, 1 cm. (G) Average mass ratios of different crosslinked

hydrogels at 24 h after swelling. *p < 0.1 and ****p < 0.0001 (n = 3).

the sol phase, all precursors are presented as transparent lig-
uid (Figure 1C, i—iii). After crosslinking, the G group kept
its high transparency, which may be attributed to the lack
of obvious light-scattering domains (Figure 1C, iv). GeIMA
hydrogels without these domains lack energy-dissipation
mechanisms, making them soft and brittle. With the addition
of HA-NB and elastin, cured hydrogels became inhomo-
geneous and turned opaque (Figure 1C, v and vi). Phase
separation was supposed to be formed, which may further
enhance the mechanical properties of hydrogels. However,
this hypothesis needs to be proven in the future research.
Figure 1D (i—vi) shows scanning electron microscopy
images of different hydrogels. The average pore size of pure
GelMA hydrogel was 56.67 + 11.39 um, which was smaller
than that of hybrid hydrogels (155.99 + 36.18 um in GH
and 196.51 + 72.56 um in GHE) (Figure S2). The pore size
distributions of hydrogels are demonstrated in Figure 1E. In
hybrid hydrogels, the existence of crosslinking from Schiff’s
bases reaction and additional polymers could likely decrease
the crosslinking degree of GeIMA due to high network hin-
drance, which increases, likely, the pore size of crosslinked
hydrogels.[?’] Hydrogel microstructure, especially pore size,

is an important factor for cell attachment and growth.!”8! As
reported, increasing the interconnective pore size of matrices,
especially within the range of 80—120 um, contributing to bet-
ter growth of chondrocytes and extracellular matrix (ECM)
synthesis, resulting from diffusion of cells, nutrients, and
waste products throughout macroporous scaffolds.!””! With a
disperse pore size distribution of 80-300 um, GHE hydrogels
are able to benefit cell behaviors due to enlarged space than
pure GelMA. Additionally, culturing in Dulbecco’s modified
eagle medium (DMEM) for 24 h, hybrid hydrogels better
maintained their morphologies as a swelling ratio of 1.16
(GH) and 1.08 (GHE) (Figure 1F,G), while that of pure
GelMA was 1.43. Swelling ratios are also essential param-
eters of bioinks since they affect fidelity, resolution, and the
cellular environment of bioprinted constructs.[*] With a rela-
tively lower swelling ratio, constructs made of hybrid bioinks
enjoyed less deformation after being cultured under liquid
conditions for several days after bioprinting. The in vitro
degradation profile of different hydrogels is demonstrated
in Figure S3. Compared with G and GH hydrogels, GHE
hydrogels were more resistant to degradation, which could
be attributed to the increased crosslinks.
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FIGURE 2 Mechanical properties of hydrogels. (A) Schematics showing how the molecular chains of elastin-containing double-network (eDN) hydro-
gels response to tensile and compressive stress. (B) Photographs of tensile tests for the eDN tough hydrogel films. (C) Tensile stress—strain curves of different
hydrogel films. (D) Cyclic tensile tests of different hydrogel films (10 cycles with an applied strain of 70%). (E) Successive loading—unloading stress—strain
curves of different hydrogel films with different maximum applied strains (from 10% to 150% for GHE [G: GelMA, H: HA-NB, E: elastin] and from 10% to
70% for GH [G: GeIMA, H: HA-NB] and G [GeIMA alone]). (F) Photographs of compressive tests for eDN tough hydrogels discs. (G) Compressive stress—
strain curves of different hydrogel discs. (H) Cyclic compressive tests of different hydrogel discs (10 cycles with an applied strain of 70%). (I) Successive
loading—unloading stress—strain curves of different hydrogel films with different maximum applied strains (from 10% to 70% for all groups). (J-L) Stress
relaxation curves of different hydrogel discs. (M) Anti-fatigue curves of different hydrogel discs. GeIMA, gelatin methacryloyl; HA-NB, o-nitrobenzyl-grafted
hyaluronic acid.

tensile modulus and strength, leading to a high toughness of
45.39 kJ m~3 for the GHE DN hydrogel (Figures 2C and
S4). The GH hydrogel was reported to be considered a type
of DN hydrogel as well, as amino groups of GeIMA would

2.2 | Mechanical properties of eDN tough
hydrogels

The mechanical properties of the hydrogels were studied by

tensile and compressive tests. As shown in Figure 2A,B,
the GHE hydrogel sheets were stretched to large magnitudes
under uniaxial tensile strains. They achieved an average fail-
ure strain of 167.93%, which was considerably more than
that of G (89.29%) and GH (103.79%) (Figure S4). There
were also notable differences among the three groups on both

react directly with aldehyde groups of HA-NB.[?>%] The DN
design undoubtedly improved the mechanical performance of
the GH hydrogel than that of the pure GeIMA hydrogel.l'”]
However, in comparison, the GHE hydrogel had further pro-
foundly enhanced its toughness, stiffness, ultimate strength,
and extensibility. This is mainly due to the reversibility of its
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independent second network, formed by the reaction between
elastin and HA-NB, which positively contributed to energy
dissipation in the hydrogel.

Additionally, the elastin protein also played a crucial role
in reinforcing the hydrogel system. In this hydrogel system,
the random coiling of elastin based on weak hydropho-
bic interactions made the molecular chains of the GHE
hydrogel much more stretchable than that of G and GH
groups.[*!1 With the coiling chains, elastin can be classified
as a semiflexible biopolymer that assemble into filaments to
produce fibrous hydrogels with a strain-stiffening response
(Figure 2C).[3?] Tt exhibits a nearly linear regime for mod-
erate extensions and a sharp stiffening effect at large strain,
where the acute realignment of fibers happens.!**! Moreover,
the long and entangled chains of the animal-derived elastin
may also contribute to the improved stiffness and tough-
ness as the “mobile” chain entanglements allow mechanical
energy to be dissipated in many chains and over long
lengths.[34]

To further characterize the elasticity and energy-dissipation
ability of the hydrogels, we performed cyclic tensile tests.
We first stretched the hydrogel sheets to a strain of 70% at
a strain rate of 50% min~! for 10 cycles to clearly show
their resilience. The 70% strain was chosen to stay within the
stretch limit of the weakest group (G), as determined from the
uniaxial tensile tests. Figure 2D shows the loading—unloading
stress—strain curves of the three different hydrogels. Cyclic
tests suggested that both GHE and GH hydrogels had neg-
ligible hysteresis (Figure S5), which means that in the first
70% of tensile deformation, they could recover to their origi-
nal shapes. Due to lack of reversible bonds and highly coiled
structure, the G group presented a slightly visible (but not
obvious) hysteresis when it was stretched to 70% strain and
the chains began to rupture (Figure S5). This phenomenon
might also result from the not highly crosslinked GeIMA net-
work (with a concentration of 5%, w/v) that the chains were
not fully stretched to break enough bongs. We then conducted
successive loading—unloading tests using increasing applied
maximum strains of 10%-70% for G and GH, and 10%—
150% for GHE (Figures 2E and S6). The results revealed
that the GHE hydrogels began to have an obvious hysteresis
loop at a strain of 110% (Figure S6). To investigate how the
DN tough hydrogels would behave in large strains, we subse-
quently stretched the GHE hydrogels to a strain of 150% for
10 cycles (Figure S7). A higher hysteresis was observed in the
first cycle as knotted and entangled polymer chains unraveled
and crosslinked GelMA chains ruptured, causing permanent
damage. The hydrogel’s stress softening during the first few
cycles was suggestive of permanent structural changes that
tapered off with repeated deformation. However, no obvi-
ous hysteresis loop could be found beyond the first cycle,
which was likely due to the restructuring of chains result-
ing from repeated coiling and uncoiling of elastin protein
and dynamic covalent crosslinking of the second network.!*”]
Before stretching, elastin existed in a high entropic state
and an unfolding of the chain would decrease the polymer’s
entropy.l 74321 Stretching orientated the chains and limited
the overall entropy of the system, which saved the restor-
ing force for recoiling.[*®! Moreover, during stretching, the
elastin chains were deformed to expose the hydrophobic side
domains, increasing system energy, which was then released
through recoiling.!*”! These results manifested that although
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the first network (GelMA) could be damaged during deforma-
tion, the stretchy second network would maintain the material
integrity.

Compression tests also indicated the same tendency in
certain quantitative characterizations (Figures 2A,F,G and
S8). The GHE hydrogel bulks returned to the initial sta-
tus after the relief of a high compressive strain of 70%
(Figure 2F). Among the three groups, the GHE hydrogels
had the highest compressive modulus (19.85 kPa), strength
(204.78 kPa), and toughness (24.58 kJ m~—>). The GHE
hydrogel discs not only had significantly improved stiffness,
they also could bear ~80% compressive deformation without
rupture. To investigate the hydrogels’ resilience under com-
pression conditions, we conducted cyclic compressive tests
on them (Figure 2H). We compressed the hydrogel discs to
a strain of 70% at a strain rate of 50% min~! for 10 cycles.
Notably, the results seemed different from tests under tensile
conditions. Compared to the other two types of hydrogels,
the GHE hydrogels had obvious hysteresis loops through-
out the 10 cycles. However, they did not show visible signs
of plastic deformation. Instead, the compressed GHE discs
entirely returned to the resting length and back to their origi-
nal shape instantly (Figure 2H). Re-compression stress curve
almost matched the previous extending curve, reflecting no
(or very few) loss of stiffness. As such, the GHE hydro-
gels owned the largest hysteresis loop and highest ultimate
stress, demonstrating that much energy had been stored in
hydrogels during loading—unloading. With the 10 cycles of
loading—unloading, the ultimate stress only had a slightly
decreasing trend. While in the G and GH groups, after the
first compression cycle, the hydrogels became weaker (stress
softening) if the following tests were applied immediately.
As shown in Figure 21, successive loading—unloading com-
pression tests using increasing applied maximum strains of
10%—70% for all groups were conducted. Each loading curve
of GHE exactly matched and covered the previous loading
curve and went back to the original points. We hypothe-
sized that in the limited compression strain, the coiling of
elastin had no space to deform, while dynamic covalent bonds
dominated energy dissipation in our DN hydrogels. After the
removal of stress, the elastic network of the GHE hydrogels
helped to drive fast recovery.

To study the viscoelasticity of the hydrogels, we in addi-
tion conducted stress relaxation experiments with a constant
compressive strain of 50%. Besides energy dissipation, stress
relaxation is a main feature that indicates the viscoelastic
response of the material.[*®! Fast viscoelastic stress relax-
ation pronouncedly promotes many biological behaviors of
cells encapsulated in hydrogels, including cell prolifera-
tion, spreading, and differentiation.[’’*°1 As demonstrated
in Figures 2J-L. and S9, the GHE discs had the highest
relaxation modulus of 96.36 kPa, exceeding those of GH
at 56.96 kPa and G at 26.7 kPa. Benefitting from the DN
hydrogel design and the incorporation of elastin, the GHE
hydrogels enjoy a striking increase in the rate of stress
relaxation.

We next explored the anti-fatigue performance of the
hydrogels by a creep model using constant loading stress of
20 kPa for 100 uninterrupted cycles. The loading stress was
determined by the weakest hydrogel and kept constant among
all groups. As shown in Figure 2M, the GHE discs could eas-
ily recover to their original shapes even after repeating 100
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cycles of mechanical loading. However, irreversible shape
changes were observed in both other two hydrogel types in
that the compressive stress decreased by applied cycle num-
ber counted. The observations suggested that the GHE DN
hydrogels owned favorable anti-fatigue properties.

The mechanical performance characterizations demon-
strated that the biological GHE DN tough hydrogels had
significantly improved stiffness, stretchability, toughness,
elasticity, anti-fatigue property, and viscoelasticity, and could
be used for elastic tissue regeneration.

2.3 | Bioprinting of 3D elastic complex
constructs using eDN tough hydrogels

To test the printability and set printing parameters, the
rheological properties of three precursors as bioinks
were measured. All hydrogels were found to exhibit
temperature-dependent viscoelastic properties due to the
thermoresponsive GelMA component (Figure 3A). An
increase of temperature from 4°C to 40°C resulted in a
gradual decrease of the G’ and crossover with G” at a critical
gelation temperature, indicating a gel-sol transition.!*"]
Among all, the GHE precursor had the highest transition
temperature of approximately 24°C. The complex viscosity
of the GHE precursor decreased two orders of magnitude
beginning at around 18°C. At low temperatures, such as
10°C, the viscosity dramatically increased and much higher
pressure was needed to extrude the bioink, which could
harm the viability of encapsulated cells. For the bioink to
be successful at printing, it must possess sufficient viscosity,
and shear-thinning property which allows smooth flow of the
bioink during extrusion. Here in the study, shear-thinning
behavior was observed rheologically using steady shear flow
sweeps from low to high shear rates (Figure 3B). At the shear
rate of 0.1 s~!, GHE had a high apparent viscosity (47,770.1
mPa s), which was about five times higher than that of GH
(9686.7 mPa s) and over 400 times higher than that of G
(111.8 mPa s). In all groups tested, the viscosity decreased
approximately two orders of magnitude with increasing shear
rates. The result indicates that the hydrogel can flow under
high shear rates present in the print nozzle, but then undergo
time-dependent recovery of their initial properties. The
shear-thinning and cell-benign thermoresponsive properties
ensured that the GHE bioinks could be used for extrusion
bioprinting.

After several attempts of printing, we fixed most of the
printing parameters. An inner diameter of 23 G blunt nee-
dle was chosen as the extrusion nozzle. Based on rheology
test results, the temperature of the bioink carrier was reduced
and maintained at 20°C, and the temperature of the receiv-
ing platform was set as 18°C. Extrusion pressure (0.6—1 bar)
and print head moving speed (13—15 mm s~!) were adjusted
according to the condition of extruded microfibers. Then,
we compared the printability of bioinks of G and GHE by
evaluations of extruded filament status on the nozzle tip
and integrity of the first two layers of the printed construct
(Figure 3C). When the bioink of pure 5% (w/v) GeIMA was
printed under 20°C and 0.7 bar of pressure, it would demon-
strate the droplet morphology at the nozzle tip. Extruded
filaments of both first and second layers fused to form a
square (Figure 3C, i—iii). This was consistent with reported

results that GelMA precursors with insufficient viscosities
formed blobs at the needle tip resulting in the final struc-
ture sagging on the substrate.l*!! Equipping the bioink of
5% GelMA and a 23 G needle with an inner diameter of
0.34 mm, the bioprinter extruded a filament of 2.3 mm
under 0.6 bar of pressure under a nozzle moving speed of
14 mm s~!. The pressure gradually increased from 0.7 to
1.0 bar, and the diameter of the filaments increased from
2.7 to 5.7 mm accordingly, which was far from the desired
resolution (Figure 3C, iv). We then tried to use lower tem-
peratures and good results were achieved only when the
bioink of GeIMA was cooled down below 8°C. However,
extruded fibers in a square construct fused on some intersect-
ing sites or collapsed on uncross sites, making it unfeasible
to manufacture an integral 3D construct (Figure S10). When
it turned to bioink of GHE, smooth and uniform filaments
were continuously extruded, resulting in a standard grid con-
struct with clearly distinguishable layers (Figure 3C, v—vii).
Figure 3C (viii) shows diameters variation (0.4—1.2 mm) with
changes of pressure (0.6—1.0 bar) under the same movement
speed and size of a nozzle (23 G).

In addition to viscosity, bioink should possess adequate
viscoelasticity to support layer deposition, especially for
complex constructs. It is a bottleneck for most soft hydro-
gels that bioinks with insufficient storage moduli would
collapse after printing as they are unable to hold their own
weights.[®] Benefiting from the excellent mechanical prop-
erties of GHE hydrogels, all bioprinted constructs exhibited
superior appearances. Using the GHE bioinks, we attempted
to print three different complex organ analogs and quan-
tified the maintenance of 3D morphologies of the printed
constructs by 3D deviation comparisons. As the human nose
looks like a conical structure, it was the arguably sim-
plest object to be printed in that almost no overhanging
part needed to be considered during printing. Figure 3D
presents the different views of a printed 34-layer nose and
different layers of the construct. Extruded microfibers were
neatly arranged layer by layer and an integral construct was
smoothly printed without collapse or deficiency. A devia-
tion chromatogram displayed the morphological similarity,
with a 93.87% deviation within 2 mm (Figure 3F), indicating
that nose morphology was largely reconstructed. Compared
to printing “small-on-large” layers of the nose, the existence
of cranioauricular angle makes printing detailed units of a
human ear to be a harder task.[*’! In layer-on-layer print-
ing approaches, support structures are usually needed to help
temporarily provide mechanical support and hold the print
up during the printing process overhanging constructs.[**] As
shown in Figure 3G, 23 layers of a human auricle with a cran-
ioauricular angle of 120° were printed. No support structure
was built. Extruded microfibers were exposed to UV light
for ~3 s in each layer, and crosslinked hydrogels held their
position till post-radiation of UV light after printing was fin-
ished. The deviation of printed auricle within +2 mm reached
94.75% (Figure 3H.,I). Made up of thyroid cartilage, cricoid
cartilage, and tracheal cartilage, the shape of the human tra-
chea is not a regular tubular structure.l**! We then tried to
print an integrated cricoid and tracheal cartilage construct
with 40 layers using GHE bioinks (Figure 3J). Although sim-
ilar problems were faced as we printed human ear, satisfying
constructs were finally achieved with a +2 mm deviation of
96.50% (Figure 3K,L).
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Printability of elastin-containing double-network (eDN) hydrogel bioinks. (A) Storage moduli (solid marks) and loss moduli (open marks) as

a function of temperature for different hydrogel bioinks. (B) Apparent viscosities as a function of shear rate for different hydrogels at 37°C. (C) Photographs of
extruded filaments and printed mesh constructs using different bioinks. Scale bars, 1 cm. (D) Photographs of general views and different layer views of printed
human nose constructs using eDN bioinks. Scale bars, 1 cm. (E) Three-dimensional reconstruction of the printed human nose. (F) Morphological deviation
comparison of the printed human nose. (G) Photographs of general views and different layer views of printed human auricle constructs using eDN bioinks.
Scale bars, 1 cm. (H) Three-dimensional reconstruction of the printed human auricle. (I) Morphological deviation comparison of the printed human auricle.
(J) Photographs of general views and different layer views of printed human tracheal constructs using eDN bioinks. Scale bars, 1 cm. (K) Three-dimensional

reconstruction of the printed human tracheal. (L) Morphological deviation comparison of the printed human tracheal.

2.4 | Biological characterizations of
chondrocytes embedded in eDN tough
hydrogels

Concerning the structural complexity and the outstand-
ing toughness, we bioprinted and regenerated the auricular
cartilage in the following sections as a demonstration. Elas-
tic cartilage, which contains elastic fiber networks, mainly
presents in the auricle, larynx, and eustachian tube. Typically,
the tissue does not bear high mechanical loads but provides
support with moderate elasticity and flexibility.[*>! Due to
the lack of blood supply, elastic cartilage has a very lim-
ited capacity to regenerate or be repaired compared to other
connective tissues.!*¢!

To characterize the biological functionalities and tissue
regeneration abilities of the bioprinted constructs by elastin-
containing DN tough hydrogels, auricular chondrocytes were
harvested from Bama miniature pigs. To direct bioprint
cell-laden constructs for cell staining characterizations,
bioinks stock solution was mixed with 5 x 10° mL™! of
chondrocyte suspension, followed by loading into a 20°C
carrier and extruded as droplets to form a bulk hydrogel
(Figure 4A). The cell-benign hydrogel protected cells during
bioprinting, reducing shear stresses and subsequent cell
membrane damage, increasing cell viability in the bioprinted
constructs.[%] Bulk hydrogels were first used to test bioinks’
cytocompatibility. Live/dead staining indicated that no sig-
nificant difference can be observed among three types of
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FIGURE 4 Biological characterizations of chondrocytes encapsulated in different hydrogels. (A) Schematics showing the process of staining cells

embedded in printed hydrogel discs. (B) Fluorescence microscopic images of live/dead staining for chondrocytes encapsulated in different hydrogels at indi-
cated time points. (C) Quantified viability of chondrocytes at indicated time points. Scale bars, 200 um. ns, no significant difference. (D) Fluorescence
microscopic images of F-actin staining for chondrocytes encapsulated in different hydrogels on day 1. Scale bars, 200 um. (E) Fluorescence microscopic
images of F-actin staining for chondrocytes encapsulated in different hydrogels on day 7. Scale bars, 200 um. (F) Fluorescence microscopic images of collagen
type II (COL II) staining for chondrocytes encapsulated in different hydrogels on day 1. Scale bars, 200 um. (G) Fluorescence microscopic images of COL II
staining for chondrocytes encapsulated in different hydrogels on day 7. Scale bars, 200 um. (H) Fluorescence intensity curves of expressed COL II on day 7 in

different hydrogels.

hydrogels in days 1 and 7 cell viabilities, which exceeded
85% and 89%, respectively (Figure 4B,C). Although extrud-
ing tough hydrogel required higher shear force, it did not
damage cells encapsulated in the GHE bioinks during
bioprinting, which is accordance with other reports.*’!
Live/dead staining also manifested that the GHE bioinks had
good cytocompatibility.

Chondrocyte volume and morphology profoundly influ-
ence the stability of the chondrocyte phenotype.[**] Cellu-
lar shape, cytoskeletal configuration, and regulation were
confirmed to play important roles in the process of
chondrogenesis.!*’! Cellular proliferation, morphology, and
cytoskeleton organization in the hydrogels were visual-

ized by performing immunofluorescence staining of F-actin.
The results showed that most chondrocytes in the G and
GH hydrogels maintained spherical morphologies without
spreading during culture on day 1, however, cells in the
GHE hydrogels started to spread out at the same time point
(Figure 4D). On day 7, the chondrocytes in all hydrogels
exhibited observable spreading (Figure 4E). Among them,
the GHE hydrogel displayed the largest cell volume and
tendency of cell aggregation. It is well established that cel-
lular activities are exquisitely sensitive to the stiffness of the
cell-encapsulating matrix as it has been proven to regulate
cell spreading, migration, proliferation, gene expression, and
differentiation.!>"!
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GelMA-based bioinks, with a respective concentration
higher than 7% (w/v), have been limited to use due to the
high Young’s modulus and the high degree of crosslink-
ing would inhibit cell spreading and migration and resulted
in weak F-actin filament network formation.>!! Notably,
although the GHE hydrogels had a much higher modulus
than the 5% (w/v) GelMA, chondrocytes extensively spread
in them. The enlarged pore size in GHE hydrogels might
be one reason, which offered the cells more space to elon-
gate and set them free from intense crosslinking as in other
stiff hydrogels, such as 10% (w/v) GeIMA, which has a sim-
ilar modulus of ~20 kPa.[>?] Beyond stiffness, it has been
reported that viscoelastic properties can also have a pro-
found effect on cellular behaviors and good spreading was
observed in physiological extracellular matrices with quick
stress relaxation.[?”7*] Compared to the other groups, GHE
exhibited the highest relaxation modulus (Figure S9). As
a result, faster stress relaxation of the GHE bioinks might
increase cell spreading and proliferation.

Chondrocyte phenotypic stability is essential as the chon-
drogenic type normally synthesizes a matrix principally
comprised of collagen type II (COL II) and aggrecan.!*®]
After 1 week of in vitro chondrogenic culture, the major-
ity of cells in the three groups showed COL II expression
(Figure 4F,G). Immunofluorescence labeling of COL II
appeared most intense in the GHE group compared to the
other samples at the same cell seeding density and cap-
ture parameters of the microscope (Figures 4H). It was
hypothesized that elastin protein in the bioprinted constructs
interacts immediately with chondrocytes and provided an
improved environment for cell attachment, proliferation, and
differentiation and thus promoted ECM production. This phe-
nomenon was reported in a published study,”*! in which
the authors used hydrogels containing the x-elastin with a
low concentration for the bioengineering of elastic carti-
lage. They figured out that the chondrocytes suspended in
hydrogels with x-elastin produced more extracellular matrix
than those embedded in hydrogels without x-elastin. These
results further revealed that biological elastin-containing DN
tough hydrogels facilitate the maintenance of chondrocyte
phenotypic stability and the process of chondrogenesis.

2.5 | Invivo elastic cartilage regeneration of
cell-laden constructs

The regenerative potential of the GHE hydrogels laden with
auricular chondrocytes was evaluated in nude mice. Cell-
laden discs made from three types of hydrogels were casted
using polydimethylsiloxane (PDMS) models. The hydrogel
discs were implanted beneath the skin and explanted after
2 months to compare the formation of cartilage among the
three groups. As a demonstration in Figure 5A, discs made
of pure GeIMA were too soft to withstand the skin ten-
sion that they aggregated and lost the original round shape
immediately after implantation. In the next 2 months of in
vivo, the GelMA discs degraded without chondrogenesis.
Although the GH discs maintained their basic shape, they
lost ~24% of the initial weight with unsatisfied cartilage-
like tissue formation (Figures 5B and S11A). In contrast, no
significant weight changes were observed in the GHE group
(Figure S11B). Apparently, porcelain white tissue generated
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in the GHE hydrogels, was considered as the formation of
milky white cartilage-like tissue. Hematoxylin—eosin (H&E)
and safranine O staining showed that cells in the GHE
hydrogel formed classical chondrocyte lacunae structure with
cartilage-specific ECM deposition, but the fewer can be
observed in the GH group (Figure 5C).

Finally, as shown in Figure 5D, we bioprinted human
ear-shaped constructs (~2 cm in length) with fine fidelity
using cell-laden GHE hydrogels and transferred them into
nude mice (n = 5). Less satisfied ear-shaped constructs were
also bioprinted using GH hydrogels as the control group
(n = 3). By 3 months of culturing in vivo, the gross appear-
ance of most implanted GHE constructs flattened slightly.
Their deformation might be attributed to insufficient stiff-
ness (~20 kPa) and long-term pressure from skin tension.
However, they still maintained integrity and the basic auric-
ular shape, which was to credit of superior toughness of
GHE hydrogels. The whole explanted constructs presented
as milky white cartilage-like tissue. In contrast, the GH engi-
neered ears turned to 2D constructs and completely missed
their original shapes. A GH implant even broke during cul-
turing due to insufficient toughness of GH hydrogels. By 3
months in vivo, the mass of the engineered ear using GHE
hydrogels still did not change significantly, mainly due to
the balance of new cartilage tissue regeneration and degra-
dation of the naturally derived biomaterials (Figure SE, i).
While, the GH engineered ears lost ~55% initial weights
in that most of the hydrogels degraded but the new carti-
lage tissue did not regenerate well (Figure 5E, ii). Histology
staining revealed that preliminarily mature cartilage-like tis-
sue was formed throughout GHE auricular constructs, and
positive staining of elastic fibers by Victoria blue further
confirmed their elastic cartilage characterization (Figure 5F).
In contrast, GH auricular constructs failed to form elas-
tic cartilage-like tissue (Figures S12-S14). Even osteogenic
differentiation was observed in a GH auricular construct.
Segregated areas of cells and hydrogels were observed on his-
tology staining images. This phenomenon could be a result
of the inhomogeneous mixing of cell suspensions and the
bioinks of the slightly high viscosity. We then performed
immunohistochemical staining of COL II and elastin to ver-
ify the formation of elastic cartilage-like tissue, and results
showed high expression of both elastic cartilage-specific pro-
teins (Figure 5G). As shown in Figure 5H, collagen content of
bioprinted auricle-shaped constructs explanted at the end of
third month reached ~80% of native cartilage, which appar-
ently rose and was higher than that of cell-laden GHE discs
cultured in vivo for 2 months. In comparison, the cell-laden
GH discs showed obviously low-level expression of collagen
when explanted after 2 months. Glycosaminoglycan (GAG)
content also exhibited the same trend. Although GAG content
of bioprinted auricle-shaped constructs did not reach the level
of native cartilage, it doubled that 2 months GHE discs after
cultured for 1 more month in vivo. The quantitative analysis
revealed that, compared to GH hydrogels, GHE significantly
facilitate secretion and deposition of ECM of chondrocytes.

3 | CONCLUSIONS

In summary, we developed DN tough hydrogel bioactive
bioinks consisting of GelMA, HA-NB, and animal-derived
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FIGURE 5 In vivo elastic cartilage regeneration. (A) Gross view of cell-laden casted hydrogel discs implanted in nude mice for 60 days. Scale bars,
1 cm. (B) Gross view of explanted hydrogel discs. Scale bars, 1 cm. (C) Histology staining of explanted hydrogel discs. Scale bars, 100 um. (D) Implantation
and explantation of bioprinted cell-laden GHE (G: GeIMA, H: HA-NB, E: elastin) tissue engineered auricular cartilage. Scale bars, 1 cm. (E) Wet weight
comparison of bioprinted auricular cartilage before implantation and after explantation. ns, no significant difference. (F) Histology staining of bioprinted GHE
auricular cartilage. Scale bars, | mm. (G) Immunohistochemical staining of bioprinted GHE auricular cartilage. Scale bars, 1 mm. (H) Quantitative of total
collagen and glycosaminoglycan (GAG) content of native cartilage and explanted engineered tissues. ***p < 0.001 and ****p < 0.0001 (n = 3). COL II,
collagen type II; GeIMA, gelatin methacryloyl; HA-NB, o-nitrobenzyl-grafted hyaluronic acid; H&E, hematoxylin—eosin.
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elastin with suitable rheological properties and cell-benign
crosslinking for extrusion bioprinting of engineered com-
plex elastic tissues. The GHE hydrogels exhibited superior
and mechanical properties, including toughness, stretchabil-
ity, elasticity, anti-fatigue ability, viscoelasticity, and high
resilience in responding to deformation. Using GHE hydro-
gels as bioinks, we bioprinted complex elastic tissues with
satisfied fidelity, and they maintained long-term integrity and
general shape in vivo. Additionally, the bioactive bioinks
were proven to facilitate cell behaviors and biological func-
tions of bioprinted tissues. Specifically, they were beneficial
to cell spreading and phenotype maintenance, and as an
illustration, promoted elastic cartilage-specific ECM depo-
sition and elastic cartilage-like tissue formation. However,
our bioink is not without limitations. For example, despite
enhanced high toughness and elasticity, the bioprinted con-
struct cannot bear skin tension as expected due to their
insufficient stiffness. Additional efforts are being devised
to further improve the bioink formulations. Besides, we
should use more cell types to verify some phenomenon. Our
further studies are focusing on developing cell-benign high-
stiffness bioinks without limiting cell spreading, migration,
or proliferation.

4 | EXPERIMENTAL

4.1 | Materials and animals

The study did not generate new unique reagents. Live/dead
viability/cytotoxicity kit, dialysis membrane (molecular
weight cutoff: 12,000-14,000 Da), bovine serum albumin,
Dulbecco’s phosphate-buffered saline (DPBS), DMEM,
penicillin—streptomycin—neomycin (PSN) antibiotic,
trypsin—ethylenediaminetetraacetic acid, 4',6-diamidino-
2-phenylindole (DAPI), and antibiotic—antimycotic solution
stabilized were purchased from Thermo Fisher Scientific.
Mouse anti-elastin antibody, rabbit anti-COL II antibody,
goat polyclonal secondary antibody against mouse IgG-H&L
(Alexa Fluor 488), and DAB detection THC kit were pur-
chased from Abcam. Safranine-O and Victoria blue staining
kit were purchased from Beijing Solarbio Science & Tech-
nology Co., Ltd. TRITC-Phalloidin kit was purchased from
Yongginquan Intelligent Equipment Co., Ltd. Unless oth-
erwise mentioned, all other materials were purchased from
Sigma—Aldrich. Bama miniature pigs (female, 6 months
old) and nude mice (male and female, 6 weeks old) were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. Animal experiments were approved
by the Animal Care and Experiment Committee of Plastic
Surgery Hospital (Institute), Chinese Academy of Medical
Sciences, and Peking Union Medical College.

4.2 | Synthesis of GeIMA and HA-NB

GelMA was synthesized following the previously described
protocol we introduced.!'>! Briefly, 10.0 g of type-A gelatin
from the porcine skin was added into 100 mL of DPBS and
dissolved at 50°C under a magnetic stirrer for 30 min. Then,
5.0 mL of methacrylic anhydride was added dropwise to the
gelatin solution and kept stirring at 50°C for 3 h. The reaction
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was quenched by 100 mL of warm DPBS (40°C). Next, the
reaction product was dialyzed against distilled water at 40°C
for 5 days using a dialysis membrane. Last, the solution was
filtered by a 0.2-um filter and lyophilized to yield a white
porous foam, which was stored at —20°C for further use.

HA-NB was synthesized according to publications.[ %]
Briefly, HA was dissolved in 100 mL, 0.1 M 2-
morpholinoethanesulfonic acid solution, and 0.4 g 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)—4-methyl morpholinium chlo-
ride was added inside. An amount of 60 mg NB was dissolved
in dimethyl sulfoxide, added into the above solution, and
stirred for 24 h in the dark at room temperature. Then, the
solution was dialyzed against deionized water for 4 days fol-
lowed by lyophilization to yield a slightly yellow solid foam,
which was stored at —20°C for further use.

4.3 | Extraction of elastin

Elastin was extracted from porcine aorta by oxalic acid
extraction, according to a report.[>>] Harvested porcine aorta
was defatted, boiled, dried, and broken up. NaCl was added
to remove impurities. Then, samples were dried at 60°C
and broken up again. After digestion with oxalic acid in a
steam bath at 100°C, the filtrate was cooled to room temper-
ature, centrifuged, and filtered through a 0.2-um membrane.
After dialyzing through a dialysis membrane, elastin was
collected by lyophilization and stored at —20°C. The elastin
digested by oxalic acid has the molecular weight distribu-
tion above 130 kDa; the viscosity of 1% (w/v) elastin was
4.8 mPas.

4.4 | Hydrogel films and discs fabrication

The biopolymers were all dissolved in DPBS or culture
medium at 37°C overnight to prepare the hydrogel precur-
sors. Three different hydrogels were prepared as followings:
G, 5% (w/v) GeIMA; GH, 5% (w/v) GeIMA and 1% (w/v)
HA-NB; GHE, 5% (w/v) GelMA, 1% (w/v) HA-NB, and 1%
(w/v) elastin. Liquid-form hydrogel precursors were sand-
wiched between two glasses by 0.4-mm plastic spacers,
followed by curing under UV light for 1 min. The obtained
hydrogel films were cut for further experiments. To cast
hydrogel discs, precursors were poured in cylinder PDMS
molds and cured under UV light for 1 min.

4.5 | Morphology characterization, swelling
tests, and degradation analysis of hydrogels

The morphology of the fracture surface of the hydrogel con-
structs was observed using scanning electron microscope
(Philips XL-30) at an accelerating voltage of 15 kV after
lyophilization. The pore size and the porosity of the hydro-
gel constructs were analyzed by ImagelJ software (n = 3 per
group).

The casted hydrogel discs (diameter = 8§ mm and
height = 3 mm) were recorded as the initial wet weight (Wj)).
The hydrogels were fully immersed in culture medium for
24 h till swelling equilibrium (n = 4), and the final wet
weight was recorded as W,. The swelling ratio was calculated
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according to the following formula:

W,
Swelling ratio (%) = Wf x 100%
0

The casted hydrogel discs were further used in degrada-
tion analysis. Lyophilized hydrogel discs were weighed (W)
and incubated in phosphate-buffered saline (PBS). All sam-
ples were kept in the shaker incubator (120 rpm) for 1, 2, 3, 4,
5, and 6 weeks at 37°C. The liquid was replaced every week.
At determined time points, hydrogel discs were picked out
for lyophilization (24 h) and weighed (W,). The degradation
rate was calculated according to the following formula:

Wy — W,
Degradation ratio (%) = % X 100%
0

4.6 | Mechanical tests

The tensile and compressive tests for film and disc samples
were performed on a universal tensile machine (Instron-5967,
Canton) with a load cell capacity of 100 N. Rectangular
samples with ~0.4 mm in thickness, ~12 mm in length,
and ~4 mm in width were cut from the film samples for
tensile tests. The constant stretching rate was fixed at 50%
min~!. In tensile loading-unloading test, the film samples
were first loaded to 70% strain and unloaded using the
same stretching rate. Successive loading—unloading test was
also conducted using increasing applied maximum tensile
strains (10%-30%-50%-70% for G, GH, and GHE, while
50%-70%-90%—-110%—-130%—-150% for GHE alone). For
compressive tests, hydrogel discs with a diameter of 8§ mm
and height of 3 mm were employed. A fixed strain rate of 50%
min~! for uniaxial compressive tests was applied until fail-
ure. In compressive loading—unloading test, the disc samples
were first loaded to 70% strain and unloaded using the same
stretching rate. Successive loading—unloading test was also
conducted using increasing applied maximum compressive
strains (10%—-30%-50%—-70% for all groups). For relaxation
tests, hydrogel discs were compressed until the strain reached
50%, and samples were allowed to relax for 10 min while
maintaining the strain. For anti-fatigue tests, the disc sam-
ples were exposed to 100 cycles of ramp force loading and
unloading with a constant compressive stress of 20 kPa. The
loading and unloading rates were 50% min~'. The nomi-
nal stress was defined as the applied force divided by the
cross-sectional area in the undeformed state. The strain was
defined as the elongated sample length divided by the ini-
tial length. The modulus was determined by the slope of the
stress—strain curve within the 10%—-20% strain. The tough-
ness was calculated as integral area of the stress—strain curve.
Stress relaxation modulus was measured from the linear slope
of the stress relaxation curve over the last 100 s. Elastic recov-
ery was calculated as the ratio between energy of relaxation
and the energy of extension.

4.7 | Rheology tests

Rheology experiments were performed on HAAKE MARS
Rotational Rheometer with a parallel-plate (P20 TiL, 20 mm

diameter). Apparent viscosities as a function of shear rate
(0.1-100 s~') were measured via steady-state flow sweep
at a constant temperature of 25°C. Oscillation temperature
sweeps were performed over the range from 5°C to 40°C with
a heating rate of 2°C min~! using an oscillatory frequency
of 1 Hz and a shear strain of 1%. Dynamic rheology exper-
iments were exposed to blue light (405 nm, 30 mW cm?).
Time sweep oscillatory test was performed at a 10% strain
(CD mode), 1 Hz frequency, and a 0.5 mm gap for 120 s.
The gel point was determined as the time when the storage
modulus (G’) surpassed the loss modulus (G”).

4.8 | Printability tests and morphological
analysis of printed constructs

Printability of hydrogels were tested by printing both sim-
ple and complex constructs. Printability tests were performed
with the 3D-Bioplotter printer (Envision-Tec). For printing
simple constructs, all parameters were fixed between groups
to compare the printability of different hydrogels, while for
printing complex constructs using GHE hydrogel, parameters
were adjusted timely to achieve satisfied outcomes.
Morphological analysis was performed according to a
published method.[°°! Briefly, printed complex constructs
were collected and scanned by the Quantum GX Micro-
Computed Tomography Imaging System (PerkinElmer) to
obtain DICOM files, which were then imported into Mimics
Medical software (version 21.0, Materialise) for 3D recon-
struction to generate standard template library data. Both
3D reconstructed model data and initial digital template data
were input into Geomagic Control software (version 2015).
The initial digital template data were set as a reference, while
the 3D reconstructed model data were set as the test. After
fitting and alignment, the morphological similarity of the
two models was analyzed by 3D deviation comparison and
displayed in the form of a deviation chromatogram.

4.9 | Isolation and cultivation of auricular
chondrocytes

Auricular cartilage was obtained from Bama miniature pigs
and minced into 1 mm?® pieces. The cartilage pieces were
washed with DPBS and digested with 0.2% COL IV to isolate
chondrocytes under gentle agitation at 37°C overnight. Then,
the chondrocytes were collected, cultured, and expanded in
high glucose DMEM containing 10% fetal bovine serum and
1% PSN at 37°C with 95% humidity and 5% CO,. Chon-
drocytes in the second passage were harvested for further
experiments.

4.10 | Cell viability assay, F-actin staining,
and immunostaining of COL II

Cell viability was assessed by the live/dead viabil-
ity/cytotoxicity kit according to the manufacturers’ instruc-
tions. Briefly, the extruded hydrogel bulks were washed with
DPBS, followed by the addition of live/dead staining solu-
tion containing 4 mM of calcein acetoxymethyl and 2 mM
of ethidium homodimer-1 in DPBS. After incubation at 37°C
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for 30 min, the samples were washed and observed under a
confocal microscope (Leica TCS SP8 CARS). Percentages
of viable cells were determined using the Imagel] software
(National Institutes of Health).

For morphological analyses, TRITC-Phalloidin kit was
used for 15 min according to the instruction. Briefly, the
extruded hydrogel bulks were washed and fixed with 4%
(v/v) paraformaldehyde for 30 min. After gentle washing
three times, the samples were permeabilized with 0.5% (v/v)
Triton X-100 for 5 min at room temperature. Then, TRITC-
Phalloidin solution was added to cover samples and incubated
for 30 min at room temperature. The samples were washed
again and then stained with the DAPI (1:1000 [v/v] in DPBS)
for 10 min at room. Finally, the samples were washed and
observed under a confocal microscope.

The biofunctionalities of chondrocytes encapsulated
hydrogel bulks were further confirmed by immunostaining of
the ECM for Col II marker. Briefly, the extruded hydrogel
bulks were washed and fixed with 4% (v/v) paraformalde-
hyde for 30 min. After gentle washing three times, the
samples were permeabilized with 0.5% (v/v) Triton X-100
for 5 min and blocked with 5% (v/v) goat serum in PBS
for 2 h at room temperature. The samples were then incu-
bated with the desired primary antibody (1:200) overnight at
4°C. The samples were washed and incubated overnight at
4°C with the relevant secondary antibody (Alexa Fluor 488)
at 1:200 dilution in blocking buffer. Last, the nuclei were
counterstained with DAPI after washing and examined under
a confocal microscope. To semi-quantify the expression of
Col Il marker, fluorescence-based intensity profiles across the
central portion were characterized using ImageJ according to
the method published.[*]

4.11 | Bioprinting and regeneration of elastic
cartilage in vivo

The cell-laden hydrogel discs and bioprinted auricle-shaped
constructs were implanted hypodermically into mices. The
animals were anaesthetized with ketamine and xylazine
(35-40 mg kg~!, 0.2 mg kg™!). All the layers of skin were
cut and some pockets were formed through blunt dissection
between the dorsal fascia and the panniculus muscle to pro-
vide space for the implants. Then, the implants were carefully
placed in the space. The incisions were closed layer by layer
with 5-0 non-absorbable suture lines. After the operations,
analgesics and antibiotics were treated to the experimen-
tal animals. The animals were raised until 2 or 3 months
later. Then both the animals were sacrificed to explant the
samples.

4.12 | Histological, immunohistochemical,
and biochemical analysis of explanted tissue

The whole engineering auricular cartilage was used for
histological analysis to evaluate the histological structure,
proteoglycans, and elastic cartilage-specific ECM deposi-
tion in the regenerated tissue. Harvested specimens were
fixed in 4% paraformaldehyde overnight at 4°C, embedded
in paraffin, and sectioned into 5 um intervals. The sec-
tions were stained based on standard protocols with H&E,
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Safranin O, and Victoria blue staining. The expression of
COL 1II and elastin of engineered cartilage was detected by
rabbit anti-COL II polyclonal antibody, mouse anti-elastin
monoclonal antibody (1:200), and horseradish peroxidase-
conjugated anti-mouse antibody (1:200) followed by color
development with DAB detection IHC kit.

Specimens (n = 3) were collected and minced to conduct
cartilage related biochemical evaluations for GAG content
and total collagen content. GAG content was determined
using the dimethylmethylene blue assay (GenMed Scientifics
Inc.), and the total collagen content was detected using the
hydroxyproline assay kit (Nanjing Jiancheng Bioengineering
Institute). The experiments were conducted according to the
manufacturers’ instructions.

4.13 | Statistical analysis

Quantitative data were collected from at least three repeated
tests and presented as the means + standard deviation. Fol-
lowing confirmation of a normal distribution of the data,
Student’s #-test or one-way analysis of variance was used to
determine the statistical significance using GraphPad Prism

9.3.1 software, and a value of p < 0.05 was considered
statistically significant.
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