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ARTICLE INFO ABSTRACT
Keywords: The ready-to-use, structure-supporting hydrogel bioink can shorten the time for ink preparation, ensure cell
Time-sharing structure-supporting dispersion, and maintain the preset shape/microstructure without additional assistance during printing. Mean-

High permeability

Bioink

Homogeneous cell growth
Tissue-like constructs

while, ink with high permeability might facilitate uniform cell growth in biological constructs, which is bene-
ficial to homogeneous tissue repair. Unfortunately, current bioinks are hard to meet these requirements
simultaneously in a simple way. Here, based on the fast dynamic crosslinking of aldehyde hyaluronic acid
(AHA)/N-carboxymethyl chitosan (CMC) and the slow stable crosslinking of gelatin (GEL)/4-arm poly(ethylene
glycol) succinimidyl glutarate (PEG-SG), we present a time-sharing structure-supporting (TSHSP) hydrogel
bioink with high permeability, containing 1% AHA, 0.75% CMC, 1% GEL and 0.5% PEG-SG. The TSHSP hydrogel
can facilitate printing with proper viscoelastic property and self-healing behavior. By crosslinking with 4% PEG-
SG for only 3 min, the integrity of the cell-laden construct can last for 21 days due to the stable internal and
external GEL/PEG-SG networks, and cells manifested long-term viability and spreading morphology. Nerve-like,
muscle-like, and cartilage-like in vitro constructs exhibited homogeneous cell growth and remarkable biological
specificities. This work provides not only a convenient and practical bioink for tissue engineering, targeted cell
therapy, but also a new direction for hydrogel bioink development.

1. Introduction clinical simulation studies [1]. In the most common and affordable
microextrusion 3D bioprinting, numbers of hydrogel bioinks have been

Three-dimensional (3D) bioprinting can fabricate biomimetic living reported with nontoxicity, biocompatibility, shape retention, and
tissues, organs, and their functional units in vitro through convenient microstructure preservation [1-3]. However, the ready-to-use sol-phase
and effective integration of specific cells and biomaterials for a variety of bioinks can cause cell sedimentation, as well as inhomogeneous cell
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distribution in printed constructs [4]. Moreover, extra assistance (low
temperature, auxiliary crosslinking, or sacrificial supporting materials)
is usually needed to stabilize the structure during printing [5-7]. Among
existing bioinks, shear-thinning and/or self-healing gel-phase bioinks
are preferred because they are beneficial for maintaining the preset
shape during printing while ensuring acceptable cell dispersion [3,8].
These inks, such as nanoengineered kappa-carrageenan, protein-engi-
neered alginate, and p-cyclodextrins/adamantanes functionalized
guest-host hyaluronic acid (HA), are mainly dynamically crosslinked
[8-10]. Nevertheless, the shape maintenance during printing still relies
on temperature control or other assistance since these gel-phase bioinks
lack strength for structure-supporting [8-10], while improper temper-
ature control and auxiliary crosslinking are detrimental to cell survival
and shape retention [11-13]. Although some structure-supporting
hydrogel bioinks reported have overcome the above dilemma, there
are some imperfections such as time-consuming preparation process and
unsatisfactory printing effect [14,15]. Therefore, it is significant to
develop a new ready-to-use and structure-supporting hydrogel bioink.

Printability is a characteristic of hydrogel bioink for microextrusion
3D bioprinting similar to injectability [3,16]. The strength of proper
injectable hydrogels based on Schiff base linkages usually spans 3 orders
of magnitude [3,17,18], which is sufficient for a variety of
structure-supporting options [17,19]. The handiest Schiff base hydrogel
is composed of aldehyde hyaluronic acid (AHA) and water-soluble chi-
tosan (such as N-carboxymethyl chitosan, CMC), which owns both
biocompatibility and fast gelation capacity (within minutes at room
temperature) [17-19]. However, for bioprinted constructs, the
structure-supporting property of hydrogels should not only meet the
requirements for general shape retention but also microstructure
retention. Therefore, how to balance self-healing behavior based on
dynamic imide bonds to avoid microstructure fusion is still a challenge
(scheme 1A) [20]. Moreover, since Schiff base linkage is easy to hy-
drolyze in aqueous conditions, most related researches on AHA/CMC
system were limited to the fabrication of bulk hydrogels [17-19].

The noncytotoxic succinimidyl active ester functionalized poly
(ethylene glycol) (PEG) can react with amino groups of common protein-
based materials (such as gelatin, GEL) to form hydrogels through
aqueous-stable covalent bonds [21-23], which can make up for the
over-fusion of Schiff base hydrogels. For this hydrogel alone, due to the
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lack of self-healing capacity in stable amide bonds, it could only be
lightly crosslinked while used for printing [23]. Meanwhile, it usually
takes several hours for this hydrogel to reach the required gelation de-
gree for printing [23], which will reduce the printing efficiency (scheme
1B). Therefore, the fast gelling AHA/CMC hydrogels might make up for
this deficiency in return. Additionally, low-permeability hydrogels can
cause apoptosis or heterogeneous proliferation of the encapsulated cells
due to low matter exchange efficiency (scheme 1E). For the AHA/CMC
system, its excellent water absorption and water retention make the
hydrogel highly permeable, ensuring the growth of deep cells to facili-
tate homogeneous tissue repair [17,19].

According to the gelation time difference between the AHA/CMC
and GEL/poly(ethylene glycol) succinimidyl glutarate (PEG-SG)
hydrogels, we propose a time-sharing (TSH) strategy and present a time-
sharing structure-supporting (TSHSP) ink formulation through simple
mixing. The fast gelling AHA/CMC hydrogel can make the bioink ready-
to-use, and a slow continuous gelling system, GEL/PEG-SG used in our
study can maintain the construct stability during printing (scheme 1C).
We optimized the formulation and verified the crosslinking effect of
each gelation system in this composite hydrogel, which possessed
balanced viscoelastic behavior, self-healing behavior, and high perme-
ability. Then we tested the printability of the hydrogel and the aqueous
durability of printed constructs. Cell viability and proliferation in prin-
ted constructs were evaluated during 21 days of culture. Nerve-like,
muscle-like, and cartilage-like in vitro constructs were successfully
printed where different cells manifested a homogeneous growth, as well
as the biological specificities (scheme 1D). We envision that this TSHSP
bioink with high permeability can provide a convenient and practical
solution not only for tissue engineering but also for targeted cell therapy.

2. Experimental section

2.1. Oxidation of HA

AHA was obtained by oxidating HA (Mn 1000-1500 kDa,
1604073, Freda, China) with sodium periodate. In brief, 1% (w/v%)
aqueous HA solutions in ultrapure water were prepared at 60 °C and
cooled down to room temperature. According to different theoretical
oxidation percentages, the corresponding volume of 0.5 M sodium
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Scheme 1. (A) Microstructure fusion of constructs printed with fast gelling AHA/CMC hydrogel due to dynamic covalent imine bonds. (B) Time-consuming pre-
printing preparation of slow gelling GEL/PEG-SG hydrogel based on stable covalent amide bonds. (C) The TSHSP hydrogel realized by the complementarity of AHA/
CMC and GEL/PEG-SG. (D) The uniform proliferation pattern of cells in tissue-like constructs printed with TSHSP formulation varies with cell types. (E) The pro-

liferation pattern of cells in low permeating constructs.
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periodate aqueous solutions were used to react with HA in the dark for
24 h. Ethylene glycol with a volume of 1/10 of the added sodium
periodate solutions was used to inactivate the residual sodium periodate
for 2 h. Then the solutions were dialyzed (MD34, MWCO 14000) against
ultrapure water for 3 days at room temperature with the water refreshed
every 8 h. Solid AHA was obtained by lyophilizing the solutions and
stored at 4 °C.

2.2. Aldehyde assay

The oxidization percentage of AHA was quantified by measuring the
content of aldehyde groups with tert-butyl carbazate (t-BC). Similar to
the manner of hydrazone formation, carbazates can react with alde-
hydes to form stable carbozones [24]. After excess carbazates reacted
with AHA, excess aqueous 2,4,6-trinitrobenzene sulfonic acid (TNBS)
solutions were added to form a colored complex (trinitrophenyl deriv-
ative) with the residual carbazates, the absorbance of the colored
complex was then measured to determine the residual carbazates. The
carbazates consumed by AHA was calculated from the residual carba-
zates and then used to quantify the aldehyde content in the sample.
Briefly, equal volumes of 5% (w/v%) aqueous AHA solutions and 30 mM
t-BC solutions in 1% trichloroacetic acid were mixed and reacted at
room temperature for 24 h. Then the mixture and 6 mM TNBS solutions
in 0.1 mM borate buffer (pH 8.0) were mixed at a volume ratio of 1:10
and reacted for 1 h. The colored complex formed by the reaction was
then diluted 2 times by 0.5 M aqueous hydrochloric acid, and the
absorbance was measured at 334 nm (Epoch 2, Biotek). The blank was
prepared by mixing trichloroacetic acid without t-BC and the remaining
components in the same manner. Gradient concentrations of aqueous
t-BC solutions were used as standards to obtain a calibration curve for
quantifying the residual carbazates. The oxidation percentages of AHA
were calculated based on the number of glucuronates.

2.3. Bioink preparation

All stock solutions of different concentrations (w/v%) were prepared
with phosphate buffer saline (PBS) (Gibco). Four-arm PEG-SG (Mn =
10000, 06020702909, SINOPEG, China) solutions were prepared just
before use. Other solutions were prepared in advance and stored at 4 °C.
In brief, the AHA stock solutions (3%, 4%, and 5%) were prepared at
4 °C overnight. The PEG-SG stock solutions (0.5%, 1%, 2% and 3%) were
prepared at room temperature. CMC (Mn = 100000-200000, carboxyl-
ation degree: 83.42%, C832672, MACKLIN, China) stock solutions (2%,
3%, 4%, and 5%) and GEL stock solutions (3%, 4%, and 5%) were
prepared at 37 °C. Both AHA and PEG-SG stock solutions were sterilized
by filtration at 0.22 pm. The CMC and GEL stock solutions were
pasteurized for sterilization (maintain at 70 °C and 4 °C for 30 min
respectively as a cycle, 3 cycles in total). The optimal concentration of
each solution was determined by rheological testing. The bioink was
prepared by mixing each solution in equal volumes (1:1:1:1) at room
temperature as follows: CMC and GEL stock solutions were mixed to
prepare the CMC-GEL solutions, AHA and PEG solutions were mixed to
prepare the AHA-PEG-SG solutions to resuspend cells, the CMC-GEL
solutions and the cell-containing AHA-PEG-SG solutions were finally
mixed with two syringes to form the AHA/CMC-GEL/PEG-SG hydrogel
bioink, which is the TSHSP bioink.

2.4. Rheological analysis

A Haake RheoStress 1 rheometer (Thermo science, Germany) with a
cone-plate fixture (C35/2°Ti L) was used for rheological examination to
characterize the gelation time, mechanical properties, and recovery
behavior of hydrogels. The gap size was 1 mm and the temperature
during the test was 25 °C. The stock solutions returned to room tem-
perature were loaded onto the plate and mixed with a pipette for 3 s. To
test the gelation time, an oscillation time sweep (CS, 3 Pa, 0.5 Hz) was
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performed to observe the changes of the storage (G’) and loss modulus
(G") over time. Then an oscillation frequency sweep (CD-AS, 0.01-1 Hz,
1% strain) or an oscillation amplitude sweep (CD-AS, 0.1%-10000%
strain, 0.5 Hz) was followed to show the frequency dependence of G’ and
G”, and failure strain of hydrogels, separately. To test the instantaneous
recovery ability of hydrogels, a 5-cycle deformation test was performed
in the form of oscillation time sweeps under alternating strain (CD-AS,
800% and 1% strain, 0.5 Hz, 200 s per cycle) after 30 min of the initial
gelation time test.

2.5. Macroscopic gelation

Each stock solution was transferred into a 5 mL centrifuge tube and
the tubes were vibrated for 5 s and left for 15 min. Then the tubes were
inverted to observe whether the ink exhibited a gel-phase. Every one or
two stock solutions were excluded to clarify which components were
mainly involved in sol-gel transition at a given concentration. If the
mixture flowed down the wall of the tube, it was considered to be a sol-
phase even if a crosslinking did occur, since this was not enough to make
hydrogel structure-supporting.

2.6. Fourier-transform infrared spectroscopy (FT-IR) measurements

To perform the FT-IR analysis, all solutions were prepared with ul-
trapure water. Hydrogels were formulated and lyophilized. The FT-IR
spectra of lyophilized AHA/CMC, GEL/PEG-SG, and the TSHSP hydro-
gels were measured in the range of 4000-400 cm ™! using a PLATINUM
Diamond ATR accessory VERTEX 70 spectrometer (Bruker Daltonics,
Germany). Moreover, the spectra of HA, AHA, CMC, PEG-SG, and GEL
were also measured.

2.7. Macroscopic self-healing and permeating assay

In addition to rheological deformation-recovery tests in the manner
of oscillation time sweeps under alternating strain as described above,
the macroscopic self-healing properties of TSHSP hydrogels were also
observed. The AHA-PEG-SG solutions dyed with red or blue food dyes
were mixed with the CMC-GEL solutions and left for 10 min. The formed
hydrogels were cut into small pieces with a size of 5 mm x 5 mm x 5
mm. Small pieces of different colors were placed next to each other
without any external stimulus. The healing effect was confirmed by
lifting the hydrogel to see if it can bear its own weight without falling
apart. For the macroscopic permeating test, the healed hydrogel was
sealed and kept at 37 °C until the color of the entire hydrogel became
uniform. Then the uniformly colored hydrogels were immersed into PBS
and kept at 37 °C to allow the food dyes to permeate out. At last, the
yellow food dyes were added into PBS to observe its permeation back
into hydrogels. The permeating time was recorded, respectively.

2.8. 3D printing of hydrogels

Formulated TSHSP hydrogel was prepared by mixing CMC-GEL and
AHA-PEG-SG solutions with two syringes for 20 s. Then the hydrogel-
filled syringe was fitted with a 25G (¢ = 0.26 mm) nozzle and loaded
into a bioprinter (Livprint Norm, Medprin, China). The printing pa-
rameters were set as follows: 90° interlayer offset, 30% infill rate, 6 mm/
s linear speed, 0.07 mL/min extrusion speed, and the temperature
control off. The 6-layer printed structures were immersed in freshly
prepared 4% (w/v%) PEG-SG solutions for 3 min and washed 3 times
with PBS. The AHA/CMC and 5% GEL-1% alginate (ALG, w/v%, final
concentrations) hydrogels were used for printing as controls. The
printing parameters of AHA/CMC were the same as TSHSP, and the
parameters of GEL-ALG were also the same as TSHSP except that the
printing temperature was set to 10 °C.
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2.9. Durability testing of printed constructs

After washing with PBS, the printed constructs were transferred in
high glucose Dulbecco’s Modified Eagle Medium with 1-glutamine and
pyruvate (HG-DMEM, 11995065, Gibco) containing 10% fetal bovine
serum (FBS, 10099141, Gibco), 100U/mL penicillin, and 100 pg/mL
streptomycin (15140122, Gibco), and incubated at 37 °C and 5% CO2 to
evaluate their structural durability and stability in cell culture condi-
tions. As controls, AHA, CMC, GEL, and PEG-SG solutions were mixed in
a volume ratio of 2:2:1:1 and 1:1:2:2 to print the constructs,
respectively.

2.10. Cell culture

In this work, four types of cells were used. NIH/3T3 fibroblasts
(CRL1658) and C2C12 myoblasts (CRL1772) from ATCC™ were kindly
provided by the Cell Bank, Chinese Academy of Sciences (Kunming,
China). The NE-4C neural stem cells (CRL-2925, ATCC™) was kindly
provided by the Stem Cell Bank, Chinese Academy of Sciences
(Shanghai, China). Cells were cultured at 37 °C and 5% CO,. NIH/3T3
and C2C12 cells were cultured in HG-DMEM containing 10% FBS,
100U/mL penicillin, and 100 pg/mL streptomycin. NE-4C cells were
cultured in Minimum Essential Medium (MEM, 11090081) supple-
mented with 10% FBS, 1% GlutaMAX™ (35050) and 1% Non-Essential
Acids (11140), which were all from Gibco. Articular chondrocytes were
isolated from the knee joints of New Zealand white rabbits aged 2 weeks
(from Animal Center of East China Institute of Digital Medical Engi-
neering, Shangrao, China). In brief, After the rabbits were sacrificed, the
articular cartilage was harvested and washed 3 times with PBS. Then,
the articular cartilage was cut into 1 x 1 mm? pieces and predigested by
0.25% trypsin (25200056, Gibco) at 37 °C and 5% CO, for 30 min. After
washed with PBS, cartilage pieces were digested by 0.2% collagenase
type I1 (17101015, Gibco) at 37 °C and 5% CO overnight. The digested
solutions were centrifuged at 1500 rpm for 10 min, and the harvested
cells were washed twice with PBS. The cells were cultured at a density of
4 x 10*/cm? in HG-DMEM containing 10% FBS, 100U/mL penicillin,
100 pg/mL streptomycin, and 1% L-Ascorbic acid 2-phosphate (49752,
Sigma). The chondrocytes were cultured to passage 3 with medium
refreshed every 48 h.

2.11. 3D bioprinting and culture of cell-laden constructs

Cell-containing AHA-PEG-SG solutions and CMC-GEL solutions were
gently mixed with two syringes for 20 s. 6-Layer grid structures were
printed out with a size of 12 x 12 mm at room temperature and cross-
linked with 4% PEG-SG solutions for 3 min. Then the cell-laden con-
structs were transferred into 6 well ultra-low attachment plates (Corning
3473, USA) and cultured at 37 °C and 5% CO2 after rinsed 3 times with
PBS. For 5%GEL-1%ALG bioinks, an equal volume of cell suspension and
pre-warmed 10%GEL-2%ALG stock solutions were mixed, and the
constructs were then printed at 10 °C and crosslinked with 3% sterilized
calcium chloride solutions for 3 min. The final concentration of NIH/
3T3, NE-4C, C2C12, and Chondrocytes in bioink was 1.5 x 10%/mL, 1 x
107/mL, 9 x 10%/mL, and 2 x 107/mL, respectively.

2.12. Live/dead assay

Cell viability in constructs was evaluated by the cellular imaging and
flow cytometry using the Live/Dead viability/cytotoxicity assay kit
(KGAF001, KeyGEN BioTECH, Nanjing, China) according to the manu-
facturer’s instructions. Briefly, cell-laden TSHSP hydrogel constructs
were stained with freshly prepared 2 uM calcein-AM and 8 pM propi-
dium iodide (PI) solutions at room temperature for 30 min. After images
were taken by an inverted fluorescence microscope (Nikon Eclipse Ti2-
u, Japan), the constructs were hydrolyzed by 0.25% trypsin at 37 °C for
3min and separated by a pipette for 30 s. Medium with 10% FBS was
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used to react with the residual trypsin. The proportions of different
color-stained cells were analyzed using a flow cytometer (CytoFLEX,
Beckman Coulter Life Sciences) after diluted with PBS. GEL-ALG con-
structs were dissolved by 55 mM sodium citrate and 20 mM ethyl-
enediamine tetraacetic acid solutions (also used in TSHSP hydrogel
constructs to ensure the consistency of cell processing) in normal saline
and 0.25% trypsin to isolate cells. Each type of cell-free construct was
used to help define the cell ranges and analyze backgrounds. Cells
cultured in 2D were used as negative controls, while those cultured with
0.1% (v/v%) apoptosis inducers A and B of an Apoptosis Inducers Kit
(C0005, Beyotime, Shanghai, China) for 24 h were positive controls.

2.13. Cell proliferation assay

Cell proliferation assay was performed with the Alamar Blue Kit
(40202ES76, YEASEN, Shanghai, China). In brief, NIH/3T3 constructs
(2.5 x 10° cells) were cultured with 3 mL of fresh 10% (v/v%) Alamar
Blue solutions in HG-DMEM for 2 h. The absorbance of reacted solutions
was measured at wavelengths of 570 nm and 600 nm. Then the cell-
laden constructs were continued to be cultured in fresh medium. The
DNA replication rate of cells was detected by flow cytometry using the
Cell-Light ethynyl-deoxyuridine (EAU) DNA Cell Proliferation kit (con-
taining EdU, Apollo staining buffer, and Hoechst 33342; C10338-3,
Ribobio, China). Briefly, cell-laden constructs were cultured with fresh
20 pM EdU solutions for 12 h. Then, the EdU-labeled cells in constructs
were incubated with Apollo fluorescent staining buffer for 30 min and
stained with Hoechst 33342 for 30 min after washed twice with PBS.
After the constructs were washed, dissolved, and diluted as described
above, the distribution of cells with different proliferation performance
was analyzed by the flow cytometer. The cell-free constructs and cell-
laden constructs without EdU labeling (negative controls) were used
to help define the cell-range and analyze the background of dyes,
respectively. Proliferation analyses of GEL-ALG constructs were also
performed in the same manner.

2.14. Fabrication of tissue-like constructs

As described above, NE-4C, C2C12, and chondrocyte bioinks were
prepared and used to print the in vitro tissue-like models in the form of a
12 x 12 cm, 6-layer grid structure at room temperature, respectively.
After 7 days of adaptive culture with MEM, the NE-4C constructs were
treated with 10~® M all-trans retinoic acid (ATRA) (T1850000, Sigma-
Aldrich) for 7 days to perform neural differentiation, and then
cultured for another 7 days without ATRA. C2C12 constructs were
cultured in HG-DMEM for 7 days and then in DMEM/F-12 (11210033,
Gibco) with 1% horse serum (26050070, Gibco) for 14 days to induce
muscle cell differentiation. Articular chondrocyte constructs were
cultured with HD-DMEM containing 1% r-Ascorbic acid 2-phosphate for
21 days. All types of medium were refreshed every 48 h.

2.15. Immunohistological analyses

After 21 days of culture, the constructs were fixed with 4% para-
formaldehyde at 4 °C overnight, and then subjected to gradient dehy-
dration with sucrose solutions (10%, 20%, 30%). After absorbing
moisture with filter paper and embedding with OCT, samples were cut
into 5 pm thick sections after being trimmed to the maximum diameter
along the longitudinal axis of microfilament.

For the NE-4C constructs, immunofluorescence staining of nestin and
B IlI-tubulin were performed. In nestin staining, the sections were
incubated with a blocking buffer for 60 min and then incubated with
anti-nestin primary antibody (1:100, ab11306, Abcam) at 4 °C over-
night. Next, the sections were incubated with Alexa Fluor 488-labeled
secondary antibody (A0428, Beyotime) for 1 h at room temperature.
In PlI-tubulin staining, the sections were incubated with anti-pIII
tubulin primary antibody (1:500, ab18207, Abcam) and Alexa Fluor
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555-labeled secondary antibody (A0453, Beyotime) in sequence. The
cell nuclei were stained with DAPI for 10 min. For C2C12 constructs, in
desmin immunofluorescence staining, the sections were incubated with
anti-desmin primary antibody (1:500, ab15200, Abcam) and Alexa Fluor
488-labeled secondary antibody. In myosin immunofluorescence stain-
ing, anti-fast myosin skeletal heavy chain primary antibody (1:250,
ab91506, Abcam) and Alexa Fluor 555-labeled secondary antibody was
used. For chondrocyte constructs, In immunofluorescence staining of
collagen type II, the sections were incubated with anti-collagen II pri-
mary antibody (1:50, ab185430, Abcam) and Alexa Fluor 488-labeled
secondary antibody in sequence. In all negative controls, PBS was
used instead of the primary antibody. Sulfated glycosaminoglycans
(sGAG) were stained with Alcian Blue (pH 1.0, G1563, Solarbio) for 20
min.

Images were captured with a fluorescence microscope (Nikon Eclipse
SCi-S, Japan) while ensuring the same exposure time of the same type of
markers. The semi-quantitative analyses were performed using ImageJ.
For immunofluorescence staining, a threshold was set to distinguish the
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staining from the background properly, and then the original mean pixel
intensity (MPI) per field was measured. The MPI of negative controls
was also measured in the same way, which was subtracted from the
original MPI to exclude non-specific staining. For alcian blue staining,
the positive area ratio (% area) was measured. The final cell density was
also achieved using Image J. After the threshold was set, the % area of
DAPI staining within the range of the printed filaments was analyzed at
10 random locations. The coefficient of variation (CoV, SD/mean) of %
area of DAPI was used to evaluate the dispersion degree of cells/cell
clusters distribution.

2.16. Statistical analysis

The results are expressed as mean + SD. Two-tailed Student’s t-tests
were used to analyze the statistical difference between two sets of data
with equal variances. Welch’s corrections were applied when the vari-
ances were uneven. F-tests were used to compare the variances. P < 0.05
was considered statistically significant.
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3. Results
3.1. Optimization of TSHSP hydrogel formulation

While HA is oxidized by sodium periodate, the C-C bond of cis
vicinal diols in p-glucuronic acid is cleaved to generate the dialdehyde
derivative, AHA (Fig. 1A) [25]. Through the aldehyde assay, we used the
reacted carbazates to determine the content of aldehyde groups in AHA.
Then the actual oxidation degrees were calculated according to the
percentages of aldehydes in gluconates. The oxidation efficiency was
calculated based on the actual and theoretical oxidation degree. With
the increase of sodium periodate, the oxidation degree of AHA rose
accordingly, while the oxidation efficiency decreased (Fig. 1B).

In this study, we used AHA with theoretical oxidation degrees of
25%, 50%, 75%, 150%, and 200% were used to react with CMC,
respectively. Gelation was realized through the Schiff base reaction
between the amino groups of CMC and the aldehyde groups of AHA
[26]. The maximum G’ (G’'phax) of AHA/CMC formulations during
crosslinking ranged ~ 8-950 Pa (Fig. 1C(i - v) and figure S1). The G’ pax
of AHA/CMC appeared within 30min, and its value was positively
associated with the oxidation degree and the concentration of each
component (Fig. 1C(i - v) and Fig. S1; Table 1, Table S1). To observe the
relationship between the G’ and shape retention of hydrogels macro-
scopically, we used 1 mL syringes with the distal ends removed as molds,
added 0.2 mL of different AHA/CMC formulations according to the
specific G’ max measured by the rheometer, and took out the hydrogels
after 30 min. The hydrogel was structure-supporting when the G’ was
~80 Pa and didn’t show significant deformation when G’ reached
200 Pa (Fig. 1C(vi)). Since stiffer hydrogels will cause more damage to
cells during deformation, we preferred hydrogel formulations with
G’max close to 80 Pa. Considering the practicality of AHA’s oxidation
degree/efficiency, proper concentration of components, appropriate
gelation time, the reaching time of 80 Pa G’ (Time gop,) that facilitates
printing, we selected the hydrogel containing 2% AHA (theoretical
oxidation degree, 50%; actual oxidation degree, 27.45 + 3.60%;
oxidation efficiency, 54.90 + 7.21%) and 1.5% CMC (Fig. 1C(ii)). In
AHA/CMC formulation, the sol-gel transition occurred at ~110 s and the
hydrogel became structure-supporting at ~9 min (Fig. 1D, Table 1). For
GEL/PEG-SG hydrogels, the crosslinking between primary amine groups
of GEL and succinimidyl esters occurred slower, and G’ didn’t reach the
maximum even at 1 h (Fig. S3), indicating a slow continuous gelling
property compared with AHA/CMC system. Here we used the G’ at 1 h
(G'1n) to determine appropriate structure-supporting hydrogels. The
hydrogel containing 2% GEL and 1% PEG-SG were selected (Fig. 1, C(v)
and E, Table 1). We obtained the TSHSP hydrogels by mixing the above
two hydrogel formulations in equal volumes (AHA/CMC-GEL/PEG-SG,
mass ratio, 4:3:4:2; volume ratio, 1:1:1:1; concentrations, 1% AHA,
0.75% CMC, 1% GEL, 0.5% PEG-SG) with a limited increase of G’nax
(Fig. 1F and G, Table 1). The rheological characteristics were similar to
that of AHA/CMC hydrogels in the early stage (fast time phase) and
similar to that of GEL/PEG-SG hydrogels in the later stage (slow time
phase) during gelation (Fig. 1, D-F). Theoretically, this allows the

Table 1
Rheological data of TSHSP hydrogel formulation (n = 3, mean + SD).
Time Time gopa Time G max G’ 30min
e () () G'max () (Pa) (Pa)
2%AHA (50% 109.78 544.57 + 799.91 + 96.86 + 94.67 +
TD)/1.5% + 9.86 66.06 154.20 12.73 10.75
CMC
2%GEL/1% 136.13 3016.40 + >1h 88.32 + 39.94 +
PEG +7.21 388.25 5.32% 2.18
TSHSP 99.83 + 500.36 + >30min 133.13 133.13
formulation 14.28 29.79 +5.13° +5.13
2 G’max = Gllh.

b
G’ max — GI30min-
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hydrogel to be printed within a short time after preparation and main-
tain structural stability during printing.

The macroscopic gelation of TSHSP hydrogel was consistent with the
rheological results (Fig. 1G). The mixture containing 2%AHA-2%GEL
did not show a gel-phase, which was also confirmed by rheological
analysis (Fig. S4). The macroscopic gelation occurred after adding the
stock solutions of CMC or PEG alone according to the ratio of the TSHSP
formulation (the missing ingredients were replaced by an equal volume
of PBS, Fig. 1H). The test for 1.5%CMC-1%PEG-SG mixture showed the
same results (Figs. 11, S4). This indicates that the AHA/CMC and GEL/
PEG-SG systems were mainly responsible for gelation in TSHSP hydro-
gel formulation.

3.2. Chemical characterization

The infrared spectra were shown in Fig. 2. For AHA, we monitored
the symmetric vibrational band (carbonyl) around 1730 cem ! [24] and
out-of-plane vibrational band (C-H) around 836 cm! [27] in aldehyde
groups. For CMC, the band corresponding to carboxy and carboxymethyl
groups were monitored around 1580 and 1403 cm™! [28,29], respec-
tively. For the AHA/CMC hydrogels, with the chemical crosslinking of
aldehyde and amino functions via Schiff-base linkages, the vibrational
band of the hemiacetal structures appeared at 889 em ! with the
disappearance of aldehyde-based bands [17]. The band of imine groups
(N=C, around 1650 cm™') was not shown separately, which should be
overlapped with the band of the carboxy groups [30]. For GEL/PEG-SG
hydrogels, the imide groups band (1640 cm ™) [31], the carbonyl bands
of esters and five-membered imide rings (1800-1700 em ™) [32,33] in
PEG-SG disappeared when the succinimidyl esters reacted with the
primary amine of GEL. The carbonyl bands of crosslinked amide I in
hydrogels coincided with the amide I band of GEL (1632 cm’l) [34].
The bands of amide II and IIT (1537 and 1235 cm ') [34] were also not
altered, while the transmittance of characteristic bands (CH2, 2870 and
1460 cm™!; C-0-C, 1089 cm™}; crystallization, 960 and 840 cm™!) [35]
of PEG increased due to the decrease in the concentrations of these
groups that did not undergo crosslinking. The infrared spectrum of
TSHSP hydrogel was similar to that of the AHA/CMC and GEL/PEG-SG
hydrogels. There was a broad band in the range of 1700-1490 cm’!,
which could be formed by overlapping the bands of carboxy groups in
CMC and AHA, imine groups in AHA/CMC hydrogel, amide I in
GEL/PEG-SG hydrogel, amide I and II in GEL.
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Fig. 2. FT-IR spectra of HA, AHA, CMC, PEG-SG, GEL, and the AHA/CMC,
GEL/PEG-SG, TSHSP hydrogels.
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3.3. Viscoelastic behavior

After a 30 min-oscillation time sweep for the gelation test, we per-
formed the oscillation frequency sweep. The G’ was almost independent
of frequency and remained over the G” in the linear viscoelastic region,
indicating that all three mixtures achieved stable gelation (Fig. 3A). The
G’ of TSHSP hydrogel increased due to the reinforcement of the dual
crosslinked interpenetrating network of AHA/CMC and GEL/PEG-SG
(Fig. 3A). Since the slow-gelation of GEL/PEG-SG continued after 30
min, the G’ of TSHSP hydrogels also showed a gently rising trend simi-
larly (Fig. 3A). The shear-thinning characteristic enables hydrogel bio-
inks to be printed through the nozzle without breaking [9]. Under
oscillatory measurements, the complex viscosity (|n*|) of all samples
decreased with increasing frequency (Fig. 3B), showing clear
shear-thinning behavior [36,37], indicating that the formulation had the
potential to perform printing (Fig. 3B). For the viscosity that can in-
crease with the degree of cross-linking [38], the TSHSP hydrogel showed
a higher |n*| (Fig. 3B), which can ensure better flow performance and
faster shape recovery during printing [1,39]. As the value of G’ /G, the
loss tangent (tan &) can reflect the elastic response at low frequency for
cross-linked hydrogel [40]. The tan & of all samples was <1 and
decreased with the increase of frequency, showing more elastic behavior
(Fig. 3C). In microextrusion bioprinting, a higher tan & can benefit
extrusion uniformity, while a lower tan § can benefit structural integrity
[41]. Here, we found that the tand of TSHSP hydrogel is between that of
AHA/CMC and GEL/PEG-SG hydrogel (Fig. 3C), which can meet the
above two requirements of printing in a more balanced manner in terms
of rheology.

3.4. Self-healing performance and permeability

3.4.1. Self-healing behavior

Covalently cross-linked hydrogels might suffer strain-induced
network damage during extrusion printing. The self-healing hydrogel
can not only prevent printing filament from breaking, but also ensure
structural integrity and shape retention. Before the cyclic deformation
test, we performed the oscillation amplitude sweep to find the yield
strain at which the hydrogel becomes fluid-like. The strain was about
300%, 600%, and 600% when G”* > G’ in AHA/CMC, GEL/PEG-SG, and
TSHSP hydrogels, respectively. These results indicates that the stable
GEL/PEG-SG network is dominant in the yield strain of the overall
TSHSP hydrogels (Fig. 4A-C). Then we applied 800% and 1% strain for
the cyclic deformation test. We noticed that both AHA/CMC and GEL/
PEG-SG could not entirely recover after deformation (Fig. 4D and E).
The G’ of AHA/CMC hydrogel gradually decreased after each deforma-
tion cycle (Fig. 4D). This was related to the instability of the reversible
Schiff base linkages in the presence of water, which can tilt the equi-
librium towards the starting materials [42]. With the continuous slow
phase crosslinking between GEL and PEG-SG (Fig. S3), the G’ of the
hydrogel gradually increased after the second deformation (Fig. 4E).
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Therefore, the complementary of these two deformation-recovery
characteristics enabled TSHSP hydrogel to recover entirely after defor-
mation (Fig. 4F). We also observed the macroscopic self-healing
behavior of TSHSP hydrogel. After putting the separated hydrogel
blocks stained with different food dyes next to each other without any
external stimuli for 10 min at room temperature, obvious fusion
occurred at the contact interface (Fig. 4G(i)). The healed hydrogels were
able to bear their own weights, and no separation occurred at the fusion

3.4.2. Hydrogel permeability

We evaluated the permeability of TSHSP hydrogel macroscopically
in an intuitive way. The healed hydrogel with uniform color was
immersed in PBS and kept at 37 °C. The food dyes escaped a lot from the
hydrogel after 20 min and almost totally infiltrated into the PBS after 2 h
(Fig. 4H(i)). While other food dyes were added into PBS, they could also
infiltrate into the hydrogel effectively after 2 h (Fig. 4H(ii)). This high-
grade permeability might provide a reliable foundation for matter
exchange.

3.5. Properties of cell-free constructs

3.5.1. Printability of hydrogels

For verifying the rheological properties, hydrogels were printed as
common grid constructs at room temperature. After the formulation was
mixed for only 20 s, the TSHSP hydrogel could be extruded from the
printer nozzle (25G, ¢ = 0.26 mm) into continuous filaments with a
diameter of 0.46 + 0.053 mm (Fig. 5A and Fig. S2). Including the
preparation time of the printer, it took about 3 min from ink mixing to
printing, which is still much shorter than the 500 s required for G’ to
reach 80Pa in the rheological tests (Table 1). This is because the
formulation was mixed more thoroughly in printing than in the rheo-
logical tests and ink crosslinking was accelerated. Moreover, integrated
structure-supporting constructs were obtained in multiple-sample
printing and larger sample printing (Fig. 5B, Fig. S5). It was the fast
crosslinking of AHA/CMC that ensured immediate printing after the
formulation was prepared, while the slow phase crosslinking of GEL/
PEG-SG helped achieve structural stability during printing (Fig. 5C(i)).
We also left the TSHSP formulation for an additional 30 min after 20 s of
mixing and got the same printing effect. For GEL/PEG-SG hydrogels, due
to its continuous crosslinking (Fig. 1E, Fig. S3), the preset printing
pressure grew insufficient and frequent nozzle clogging occurred during
printing. The printed structures shattered immediately after being
immersed in PBS (Fig. 5C(ii)). For AHA/CMC hydrogel, due to the
dehydration nature of the reversible Schiff base reaction, while the dy-
namic Schiff base linkages happen to be unstable in water [42], the
filaments might fuse after only 3 min and result in bulk hydrogel (Fig. 5C
(iii)). The results above demonstrated the time saving, time stability,
and room temperature friendliness properties of the TSHSP hydrogel
ink.
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3.5.2. Subaqueous durability of cell-free constructs

After further crosslinking with 4% (w/v%) PEG-SG solutions for 3
min, the cell-free constructs printed with TSHSP formulation were
immersed in high glucose DMEM containing 10% FBS and incubated at
37 °C and 5% CO3. Except for a few broken filaments on day 21, the
entire structure manifested ample integrity during the entire incubation
process (Fig. 5D). Moreover, we altered the proportion of the formula-
tion for durability testing. To perform stable printing, we adjusted the
volume ratio between AHA/CMC and GEL/PEG-SG without changing
the concentration of the stock solutions. When the volume ratio of AHA,
CMC, GEL, and PEG-SG stock solutions was 1:1:2:2 (final concentra-
tions, 0.67% AHA, 0.5% CMC, 1.33% GEL, 0.67% PEG-SG), the sample
maintained structural integrity within 7 days, after which the filaments
began to break and completely shattered into pieces on day 14 (Fig. 5E).
This is because the imine bonds of AHA/CMC were rapidly hydrolyzed at
low concentrations and the non-healable amide bonds of GEL/PEG-SG
could not maintain the integrity of the constructs at this time [23,27].
When we altered the volume ratio of AHA, CMC, GEL, and PEG-SG stock
solutions to 2:2:1:1 (final concentrations, 1.33% AHA, 1% CMC, 0.67%
GEL, 0.33% PEG-SG), for the same reason as the above, both AHA/CMC
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and low concentration GEL/PEG-SG were easily hydrolyzed. Therefore,
the samples disappeared completely on day 14 (Fig. 5F). To continu-
ously observe the printing fidelity and swelling ratio of the same sample,
we used the linear expansion ratio (LER) instead of the traditional
weight ratio. The ratio of the side length of the grid structure at different
time points (SLy) to the designed side length (SLg) is LER. There was no
difference in the printing fidelity and swelling ratio among the three
formulations (Fig. 5G). In the formulation with the volume ratio of AHA,
CMC, GEL, and PEG-SG being 1:1:1:1, the printing fidelity was 96.03 +
2.36% just after printing and reached 122.27 + 1.68% on day 21
(Fig. 5G).

3.6. Cell viability and proliferation in bioprinted constructs

We printed 6 layers of grid constructs with a size of 12 x 12 mm
using the hydrogel bioink with NIH/3T3 cell concentration of 1.5 x 108/
mL. Since the GEL/PEG-SG that contributes to stable structure support in
TSHSP had not formed a completely stable cross-linked network just
after printing (Fig. 1E and Fig. S3), 4% PEG-SG solutions were used for
temporary construct reinforcement to avoid affecting the cell viability
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due to the delay of cell-laden constructs culture. The GEL-ALG cell-laden
constructs were cross-linked with 3% calcium chloride for 2 min as
before [43].

3.6.1. Cell proliferation

Noticing from the proliferation profile of the Alamar Blue assay, cells
in the TSHSP hydrogel constructs began to grow logarithmically on day
5, and entered a plateau on day 13, showing ample proliferation ability
(Fig. 6A). While in GEL-ALG constructs, cells also began to grow loga-
rithmically on day 5. However, the proliferation ability descended
distinctly after reaching the peak on day 17, instead of entering a
plateau (Fig. 6A). Under the more sensitive EAU DNA incorporation
assay, the EAU™ cells in TSHSP hydrogel constructs accounted for up to
43.59 + 5.83% after a 12 h incubation on day 9 (Fig. 6B, (i, ii)), while
the EAU™ cells in GEL-ALG constructs were only 16.12 + 2.67% (Fig. 6B,
(i, iii)). On day 21, in the plateau of Alamar Blue assay, the proportion of
EdU™ cells in TSHSP hydrogel constructs was still as high as 12.35 +
1.65% (Fig. 6B, (i, iv)), while the proportion in GEL-ALG was only 2.82
+ 1.28%, almost in a state of stagnant growth (Fig. 6B, (i, v)).

3.6.2. Cell viability

In TSHSP hydrogel constructs just printed (day 0), the proportions of
live cells, dead cells, and live/dead dual-stained cells were 86.27 +
4.18%, 0.45 + 0.15%, and 9.18 =+ 3.60%, respectively (Fig. 6, C and E),
which shows no difference from the proportion of cells of the same type
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in GEL-ALG (90.94 + 1.01%, 2.42 + 1.44%, and 4.95 + 0.40%,
respectively) (Fig. 6D and E). On day 9, cells in TSHSP hydrogels
manifested better viability (Fig. 6, C and E). The proportions of live cells
and live/dead dual-stained cells in TSHSP hydrogel constructs were
93.83 + 2.40% and 1.35 + 0.54%, respectively (Fig. 6, C and E), while in
GEL-ALG, the proportion of live cells decreased to 88.98 + 1.94%, and
the proportion of live/dead dual-stained cells increased to 9.22 + 2.41%
(Fig. 6D and E). On day 21, the proportion of live cells in TSHSP
hydrogel constructs were still higher than that of GEL-ALG (89.97 +
1.48% vs. 75.89 + 2.73%), while the proportion of live/dead dual
stained cells were still lower (2.27 + 1.36% vs. 8.84 + 0.31%,
Fig. 6C-E). For dead cells, the percentages in the two constructs were all
less than 0.7% on day 9 and 21, and there was no difference in these cell
proportions between the two constructs on the same day (Fig. 6E).
Especially on days 9 and 21, the dual staining of cells in GEL-ALG with
calcein-AM and PI was not due to cell membrane damage caused by
printing, but probably the early apoptosis caused by an unfavorable
environment to cell growth (Fig. 6C-E). Moreover, the cell morphology
in TSHSP hydrogel constructs began to expand on day 9 (Figs. 6C and
$6), and fully expanded on day 21 (Fig. 6C(ii)), which is different from
the pellet-like growth in GEL-ALG (Fig. 6D(ii)).
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3.7. Properties of in vitro tissue-like constructs

3.7.1. Macroscopic view of in vitro tissue-like constructs

All types of TSHSP hydrogel constructs manifested considerable
integrity after 21 days of culture, which was different from the partial
breakage of filaments in cell-free constructs (Fig. 7, A-C). A large
number of cells can ensure sufficient extracellular matrix, which pro-
vides the foundation for the integrity of the constructs. Additionally, the
C2C12 and chondrocyte constructs printed with the TSHSP formulation
showed varying degrees of shrinkage. For C2C12 constructs, the
shrinkage is related to the contraction behavior of cells after myogenic
differentiation, while the construct without myogenic induction had no
such change (Figs. 7B and S8). For chondrocyte constructs, the aggre-
gate growth of chondrocytes in a three-dimensional environment led to
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the significant shrinkage of constructs [44], which in turn caused the
disappearance of the primary micropores (Figs. 7C and S9).

3.7.2. Cell distribution of in vitro tissue-like constructs

We observed a large number of cells/cell clusters inside the micro-
filaments of all three in vitro tissue constructs (Fig. 7D-G). The density
(%area of DAPI staining) of cells/cell clusters in these three TSHSP
constructs were consistent with each other and more than that of GEL-
ALG (Fig. 5G). Considering the consistent initial cell concentration of
the same type of cells in TSHSP and GEL-ALG constructs, the higher %
area of DAPI in the TSHSP constructs after 21 days of culture indicates
that in addition to NIH/3T3, this new formulation is also more beneficial
to the cell viability of NE-4C, C2C12, and chondrocytes. Moreover, the
dispersion degree of cells/cell clusters was evaluated by CoV of %area of
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Fig. 7. Properties of in vitro tissue-like constructs after 21 days of culture. (A)-(C) Photographs of NE-4C (A), C2C12 (B), and Chondrocyte (C) constructs printed with
TSHSP formulation after 21 days of culture. (D)—(F) Images of DAPI stained NE-4C (D), C2C12 (E), and chondrocyte (F) constructs. (G) Cell density and distribution
plots of tissue-like constructs evaluated by DAPI staining (n = 10). (H) Cells/cell clusters dispersion degree plots of tissue-like constructs evaluated by CoV (SD/mean)

of % area of DAPI. Dotted lines, microfilament range.

DAPI in different locations. The CoV of %area of DAPI of cells/cell
clusters in three types of TSHSP constructs was lower than that of GEL-
ALG constructs, indicating more homogenous cells/cell clusters distri-
bution (Fig. 7H). Both the considerable density and homogeneity of
different cells/cell clusters manifest the extensive applicability of TSHSP
bioink formulation. According to literature, after the neuronal differ-
entiation of neural stem cells (NE-4C) is induced by ATRA, the cells
could show aggregate growth [45]. In NE-4C constructs based on the
TSHSP formulation, cells in the microfilament grew homogeneously into
string-like cell clusters (Fig. 7D). Although the NE-4C clusters in
GEL-ALG constructs were larger, they were scarce in number and scat-
tered near the surface of the microfilaments (Fig. 7D), suggesting
insufficient matter exchange in the deep part of the constructs. In con-
structs printed with GEL-ALG bioinks, there were only sparse cell clus-
ters and fewer cells (Fig. 7D-G), and the cells were un-uniformly
distributed (Fig. 7H), making it less practical.

3.8. Immunobhistological analyses of in vitro tissue-like constructs

3.8.1. NE-4C constructs

Corresponding to the distribution of NE-4C clusters, the immunore-
activity of nestin and pIII-tubulin was evenly shown in TSHSP hydrogel
constructs, while sparsely shown in GEL-ALG constructs (Fig. 8A and B).
Nestin is a critical marker of neural stem cells. In the process of
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differentiation of stem cells into neurons induced by ATRA, this
immunoreactivity will gradually decrease, accompanied by cell aggre-
gation [46]. The nestin immunoreactivity of cells in TSHSP hydrogel
constructs was more distinguished than that in GEL-ALG (Fig. 8C),
suggesting that NE-4C cells retain the characteristics of neural stem cells
better, which means that the maturity of differentiated neurons was
lower in these constructs [47]. However, the BIII-tubulin, a marker of
neuron formation, its immunoreactivity in TSHSP hydrogel constructs
was similar to that in GEL-ALG (Fig. 8C). Considering that after 21 days
of culture, there were more cells/cell clusters in the TSHSP hydrogel
construct with the same amount of initial cells as the GEL-ALG construct,
we suppose this is related to the continued proliferation of undifferen-
tiated cells in the subsequent culture after induction. In GEL-ALG con-
structs, the renewal of undifferentiated stem cells was limited.
Therefore, the increase of tubulin’s immunoreactivity was at the
expense of nestin’s immunoreactivity (Fig. 8C). For the TSHSP hydrogel
construct, its good performance in terms of both proliferation and dif-
ferentiation is more attractive for nerve regeneration.

3.8.2. C2C12 constructs

Desmin and myosin are two important markers in the intermediate
and late stages of myogenic differentiation [48-50]. Similar to NE-4Cs,
C2C12s in TSHSP hydrogel constructs also showed positive myogenic
markers consistent with the distribution of cells/cell clusters (Fig. 8D
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Fig. 8. Immunohistological images and semi-quantitative analyses of specific markers of in vitro tissue-like constructs after 21 days of culture. (A)-(C) Nestin and
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magnification images below. Dotted lines, microfilament range. *P < 0.05, **P < 0.01, ***P < 0.001, between different constructs. Images of negative controls
were shown in Fig. S11. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and E). The immunoreactivity of desmin and fast myosin skeletal heavy
chain were both more active than those in GEL-ALG constructs (Fig. 8F).
This more effective and uniform differentiation provides a better option
for muscle repair. Since C2C12 cells can inherently express a certain
degree of desmin, the cells in uninduced TSHSP hydrogel constructs
were positive for desmin staining and negative for myosin staining
(Fig. S10). Since the uninduced TSHSP hydrogel constructs did not
shrink as induced constructs (Fig. S8), we suppose that the myosin had
been involved in cell contraction, leading to the shrinkage of induced
muscle-like structures, although myotubes had not yet formed.

3.8.3. Chondrocyte constructs
The cell-cell interaction after chondrocyte aggregation plays a vital
role in cartilage tissue engineering [44]. In the chondrocyte constructs
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printed with TSHSP bioink, the characteristic collagen II and sulfated
glycosaminoglycans accumulate more significantly with the presence of
a large number of cell clusters (Fig. 8, G-I). The shrinkage of constructs
can help to provide a hypoxic microenvironment suitable for cartilage
engineering [51]. However, hypoxia is not an independent factor that
promotes cartilage regeneration, which requires proper extracellular
matrix, nutrition, and paracrine of cell clusters as the basis [51-53].
Therefore, these factors were more balanced than that of GEL-ALG due
to the presence of HA, high permeability, and significant cell aggrega-
tion in constructs based on TSHSP formulation.

4. Discussion

For 3D bioprinting, hydrogels based on dynamic chemical bonds can
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prevent the printed filaments from breaking, while hydrogels with stable
chemical bonds have the advantage of stability [3]. In this work, we
applied the respective advantages of the above two types of hydrogels to
establish the TSHSP bioink system based on the TSH strategy. Mean-
while, hydrogels containing HA and GEL can mimic the extracellular
environment well [23,54,55]. Therefore, it is often used for 3D cell
culture and most tissue engineering [56-58].

In this formulation, the AHA/CMC system achieves gelation through
the Schiff base linkage between the amino of CMC and the aldehyde of
AHA, and the GEL/PEG-SG system realizes gelation through the reaction
between the amines of GEL and the succinimidyl esters of PEG-SG [22,
26,59]. These two gelation systems have been proven effective in many
aspects of biomanufacturing [20,23]. With balanced viscoelasticity
provided by the dual crosslinked interpenetrating macromolecular
network, the TSHSP hydrogel performed well in printing [4]. The G’ and
failure strain did not increase geometrically because of the double
dilution effect of each component when the two systems were mixed
(Figs. 1F and 4C).

In this work, the fast gelation and dynamic imine bonds of AHA/CMC
hydrogels enabled direct printing after bioink preparation. Due to the
dehydration nature of the reversible Schiff base reaction and the insta-
bility of dynamic imine bond in water, the partial healing behavior of
AHA/CMC hydrogel in rheological tests was not the incomplete recovery
after deformation, but the reduction of G’ caused by the hydrolysis of the
imine bond [42]. It is also for this reason that the AHA/CMC constructs
fused into bulk hydrogels within 3 min after printing (Fig. 5C(iii)). Due
to the superior self-healing capacity of Schiff base hydrogels, printed
structures usually have large primary pores, which makes it difficult to
ensure sufficient microstructure. Otherwise, complex methods or addi-
tional agents were required to achieve printing [60-62]. For
GEL/PEG-SG system, although the stable amide bonds were destroyed
inevitably during printing, the slow gelation of the system continued to
occur after destructive deformation (Fig. 4E and Fig. S3). This contin-
uous compensation effect for the loss of AHA/CMC storage modulus
made the TSHSP hydrogel exhibited a ‘pseudo’ self-healing property in
rheological testing (Fig. 4F). However, in the macroscopic healing
testing, the TSHSP hydrogel performed a ‘real’ self-healing behavior
(Fig. 4G). In printing, the proper self-healing ability of the new hydrogel
not only avoided the fusion phenomenon when the AHA/CMC system
was used alone but also ensured the integrity and durability of the
printed constructs (Figs. 5D and 6C). Moreover, the TSHSP hydrogel can
be used for printing at room temperature, which improves the conve-
nience of printing compared with bioinks that rely on the temperature
response of GEL [2,23].

We confirmed through macroscopic and rheological tests that the
AHA/CMC and the GEL/PEG-SG play essential roles in the gelation of
TSHSP hydrogel (Fig. 1D-I). The gelation of macromolecules is closely
related to the length and spatial structure of the molecular chain, active
group proportion, solution concentration, pH value, temperature, etc
[26,63,64]. For AHA and GEL, the proportion of free amino in GEL is not
as much as that in CMC, and the Schiff base reaction occurred more
slowly at similar concentrations. Therefore, they were mainly used for
auxiliary gelation [65]. On the other hand, molecular chains are not easy
to entangle due to their lower crosslinking efficiency, and the realization
of gelation usually required a longer reaction time (over 12 h), higher
concentrations of GEL (10%), and extra crosslinkers [63,66,67]. For
CMC and PEG-SG, the low gelation efficiency is due to the lower mo-
lecular weight of PEG, the lower concentration of both in our formula-
tion, and the less prone the molecular chains of CMC to entangle like
GEL [26,63,64]. Therefore, it is not easy for CMC and PEG-SG to form
supramolecular networks. CMC-PEG hydrogels are usually obtained by
applying other types of PEG derivatives or by using functionalized PEG
just as a co-crosslinker [68,69]. Although succinimidyl active ester
functionalized PEG is apt to crosslink with protein-based amino, the
gelation is still slow [22]. Ideal hydrogels were often obtained by
increasing the GEL concentration, reaction time, and temperature [22,
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23]. In 3D bioprinting, the gelation system based on GEL and succini-
midyl active ester functionalized PEG was usually used in the form of a
lightly crosslinked hydrogel, and the shape maintenance during printing
also relied on low temperature [23]. In this work, the high molecular
weight PEG-SG shortened the structure-supporting gelation time to < 1
h (Fig. S3, Table 1 and Table S1). However, the time-limited windows
for structure-supporting printing were too short to be controlled, and
due to the non-healable nature of amide bonds in GEL/PEG-SG, the
construct fragmented into hydrogel pieces even when we performed
post-printing reinforcement with 4% PEG-SG (Fig. 5C(ii)). The un-
friendliness of this system exceedingly limits its application in
bioprinting.

In the printing of hydrogels with interpenetrating networks, stiff
crosslinks are disrupted during deformation, while the flexible covalent
crosslinks help maintain structural integrity [4]. During the gelation of
GEL/PEG-SG, the G’ didn’t reach the maximum even after 1 h of reaction
(Fig. S3), which made the internal supramolecular network continue to
be generated even after printing. Therefore, with the post-printing
reinforcement under a shorter time (3 min) and a low concentration
(4% PEG crosslinker) compared with other reports (10 min, 10% PEG
crosslinker) [15], the cell-free constructs did not show partial filament
breakage until day 21. For the cell-laden constructs under the same time,
they still maintained integrated structures due to their rich extracellular
matrix and cell-cell connections. In addition, the enzymatic stability of
the chemical bonds that form the interpenetrating network is also crit-
ical for tissue repair. In our formulation, the stable amide bonds of
GEL/PEG-SG exist naturally in the epithelial, muscle, and cartilage tis-
sues of mammals that can secrete endogenous collagenase, which pro-
vides a biological basis for its enzymatic stability in human tissues.

Achieving high cell viability requires an outstanding hydrophilic
microenvironment. The biomaterials in our formulation are not only
hydrophilic but also water retentive [70], making cell viability and
proliferation both impressive. The hydrophilicity and hierarchical pore
structures of printed hydrogels provide the material and structural basis
for its permeability, which is essential for maintaining the viability of
deep cells. It took ~2 h for the food dye to completely permeate the bulk
hydrogel macroscopically (Fig. 4H), while reported macroscopic
permeation of alginate or PEG-based hydrogel took weeks or required
additional assistance to complete [71,72]. In the later stage of the cul-
ture, the proportion of dual stained cells was <5% in Live/Dead staining
(Fig. 6, C and E), and high-concentration cells distributed homoge-
neously in the tissue-like constructs (Fig. 7D-H), which indicates that
this new type of hydrogel bioink can ensure nutrients and oxygen de-
livery probably by maintaining high permeability. In low-stiffness
hydrogels, cells spread well and showed preferable interconnection
[73]. The G’ of TSHSP hydrogel is ~100 Pa (Fig. 4F), which is a suitable
low value that can meet the structure-supporting requirement and fall
into the ideal soft hydrogel range [23]. Therefore, NIH/3T3 manifested
a noteworthy spreading of cell morphology (Fig. 6C), while cells in
tissue-like constructs exhibited considerable cell-cell interconnections
(Fig. 7, D-F).

The strong permeability of the TSHSP hydrogel ensured equal op-
portunities for cells to obtain nutrients and stay away from metabolic
waste, thereby ensuring considerable cell viability, proliferation, and
cell-cell interconnections, regardless of the cell locations or types in
constructs. Therefore, in tissue-like constructs, the cell/cell clusters
manifested uniform distribution and biological specificities, making
these constructs suitable for homogenous tissue repair and regeneration
(Figs. 7 and 8).

Nerve, muscle, and articular cartilage-related injuries and diseases
are common reasons of reduced quality of life. Therefore, we selected
NE-4C, C2C12, and chondrocytes to evaluate the effects of TSHSP
hydrogel in the corresponding in vitro constructs. For the NE-4C nerve-
like constructs, the high permeability of TSHSP hydrogel ensured the
equal induction of NE-4C cells. The hypoxic microenvironment of the
cell clusters can also facilitate neurogenesis [74]. With the above neural
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differentiation-related factors, the related marker was expressed uni-
formly in each cell cluster. It is known that cell contact communication
is essential for neural differentiation and the functionalization of neural
tissue constructs [75]. Therefore, the properties of the NE-4C constructs
ensured a structural foundation for communication between cells or cell
clusters, making this bioink suitable for in vitro neurogenesis and have
the potential for nerve tissue repair. The cells in GEL-ALG constructs
only aggregated near the surface of printed filaments. Although the cell
clusters had undergone neural differentiation due to the initiation of
ATRA (Fig. 8B), it was not easy for the sparse cell clusters to commu-
nicate with each other, making GEL-ALG inferior to the TSHSP bioink in
terms of nerve tissue repair. In addition to cell distribution, appropriate
mechanical external force and extracellular matrix are also beneficial to
myogenesis [50,76,77]. In this work, we mainly focused on the biolog-
ical behavior of cells in the new bioink. Therefore, we did not apply
decellularized extracellular matrix or external force stimuli (such as
stretching) as in other reports, resulting no myotubes occurrence in our
models [50,76,77]. For cartilage engineering, in addition to the above
factors, the autocrine effect of cells, which depends on the direct inter-
action of cell-cell and cell-extracellular matrix, also promotes cartilage
regeneration by increasing the size of cell clusters [78]. Therefore, the
excessively sparse cells and cell clusters caused by weak cell viability
and proliferation in GEL-ALG constructs led to insufficient extracellular
matrix secretion (Fig. 8, G-I).

As the main components of the extracellular matrix, HA and proteins
play an important role in tissue regeneration and repair. This bio-
mimetic hydrogels has been used for research or application of brain
[57,79], liver [80], muscle [81,82], skin [58] and cartilage [17,83]
tissue engineering. Therefore, in addition to the permeability, HA and
GEL in TSHSP bioink also contributed to the remarkable biological
specificities of in vitro tissue-like constructs. Moreover, the reaction of
succinimidyl active ester functionalized PEG with protein-based amino
groups makes the hydrogel easier to integrate with recipient tissues, and
chitosan has natural antibacterial properties because of its cationic
interference with bacterial metabolism [21,84,85]. These also make the
TSHSP bioink-based tissue-like constructs beneficial for tissue repair. In
the future, we will further optimize the TSHSP bioink in terms of
strength, durability, degradability, biological activity, cell behavior, and
repair capability according to tissue-specific requirements, and to
implement more comprehensive biomimetic manufacturing and evalu-
ation of specific in vitro tissue-like constructs or organoids based on this
bioink system.

The limitation of this study is that the unassisted structural support
of the TSHSP formulation was only achieved during the printing process,
although this did improve the convenience of printing effectively. Since
the stable network of GEL/PEG-SG had not been fully formed just after
printing, an additional post-printing reinforcement was still required to
perform cell-laden construct culture as soon as possible. It is still a
challenge to achieve completely unassisted structural support in print-
ing, cultivation, and application. In the future, we will further optimize
the TSHSP formulation to realize more considerable practical value in
bioprinting.

5. Conclusion

In this work, we present the TSHSP bioink by simply mixing a fast
AHA/CMC gelation system with dynamic covalent bonds and a slow
GEL/PEG-SG gelation system with stable covalent bonds. The TSH
property of the bioink enables room-temperature printing just after
formulation preparation, avoids breaking printed filaments, realizes
uniform printing of integrated structure-supporting constructs, ensures
the stability of shape and microstructure during printing and long-term
durability of constructs during culture. The low stiffness, high water
retention, high permeability, biocompatible components, and uniformly
distributed cells of this bioink make the cell viability, cell morphology,
and the biological specificities of tissue-like constructs perform well. We
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envision that this bioink can be used in a variety of soft tissue engi-
neering in the future, as well as in the form of cell carriers for hard tissue
engineering combining with high-strength materials or for targeted cell
therapy. Additionally, the TSH strategy of this bioink can provide a
method for applying other gelation systems to develop the gel-phase
bioinks or cell-carriers with similar requirements.
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