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Abstract

Both of the long-term fidelity and cell viability of three-dimensional (3D)-bioprinted constructs are
essential to precise soft tissue repair. However, the shrinking/swelling behavior of hydrogels brings
about inadequate long-term fidelity of constructs, and bioinks containing excessive polymer are
detrimental to cell viability. Here, we obtained a facile hydrogel by introducing 1% aldehyde hyal-
uronic acid (AHA) and 0.375% N-carboxymethyl chitosan (CMC), two polysaccharides with strong
water absorption and water retention capacity, into classic gelatin (GEL, 5%)-alginate (ALG, 1%)
ink. This GEL-ALG/CMC/AHA bioink possesses weak temperature dependence due to the Schiff
base linkage of CMC/AHA and electrostatic interaction of CMC/ALG. We fabricated integrated con-
structs through traditional printing at room temperature and in vivo simulation printing at 37°C.
The printed cell-laden constructs can maintain subaqueous fidelity for 30 days after being rein-
forced by 3% calcium chloride for only 20s. Flow cytometry results showed that the cell viability
was 91.38 = 1.565% on day 29, and the cells in the proliferation plateau at this time still maintained
their dynamic renewal with a DNA replication rate of 6.06 + 1.24%. This work provides a convenient
and practical bioink option for 3D bioprinting in precise soft tissue repair.
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Introduction

Three-dimensional (3D) bioprinting technology owns the capabil-
ity to manufacture a variety of living tissues with high fidelity to
achieve precise repair of tissue defects, especially for hard tissue re-
pair [1-3]. However, in soft tissue engineering, especially for deep
soft tissue like the brain, blood vessel and muscle, due to the
shrinking/swelling behavior of hydrogel bioinks, the lack of long-
term fidelity of printed structure is still a problem to be solved in
clinical transformation [4-6]. The shrinking behavior often results
in incomplete filling of tissue defects and makes the internal net-
work of the hydrogel too dense for nutrient and oxygen delivery
[7, 8]. The swelling behavior results in delayed tissue repair caused
by the high tension of the defect, as well as structural fragmenta-
tion caused by continuous internal mechanical loads [9, 10]. To
date, most reports have attempted to achieve precise repair of soft
tissues by improving bioink viscoelasticity or in vivo lithography
bioprinting [8, 11, 12]. However, printing fidelity alone is incapa-
ble to guarantee the long-term subaqueous or in vivo fidelity of the
constructs [13-15]. Moreover, the encapsulated cells are usually
short of long-term cell viability in these constructs [14, 16, 17]. To
address this hurdle, it is necessary to seek a bioink that can achieve
long-term subaqueous fidelity and cell viability of biological
constructs.

Gelatin (GEL) and alginate (ALG) is the most studied and ma-
ture bioink systems due to their biocompatibility, facile usability
and affordability [14, 18]. Therefore, improving this bioink system
is an economical and practical way to achieve the requirements
above. In the GEL-ALG system, the shrinkage of constructs is usu-
ally caused by the high concentration of calcium ion crosslinker
and the continuous dissolution of the hydrogel [19, 20]. The
shrinking behavior might be usually counteracted by increasing
GEL [21, 22]. However, excessive polymer makes the printed
structures too dense for matter exchange, which is not conducive
to cell viability [21, 22]. Meanwhile, the temperature responsive-
ness of GEL also limits its application scenarios [18, 23].
Compared with GEL, hyaluronic acid (HA) and chitosan own
stronger water absorption and water retention capabilities and
both are common biocompatible natural polymers [24-26].
Therefore, it is possible to achieve balanced shrinking/swelling per-
formance by adding small amounts of these two polymers to the
ALG-GEL ink. These two polysaccharides have been widely used
in the form of aldehyde HA (AHA) and N-carboxymethyl chitosan
(CMC) to prepare injectable cell-laden hydrogels based on the
Schiff base linkage. Moreover, AHA and CMC are heat-insensitive
below physiological temperature [23], which can improve the tol-
erance of printing conditions.

Based on the above, we proposed to mix the two mature systems
of GEL-ALG and CMC/AHA to obtain a hydrogel bioink for the
printing of subaqueous dimensional-stable constructs and maintain-
ing cell viability. Moreover, CMC could form crosslinked networks
with ALG based on electrostatic interaction [18, 27], which will
promote the integrity and stability of the printed structure together
with the Schiff base linkages of CMC/AHA [18, 28]. We tested the
viscoelastic property, printability and shaping ability of this hydro-
gel under different conditions, evaluated the long-term subaqueous
fidelity of the bioprinted constructs and measured the long-term cell
viability and proliferation ability of the encapsulated cells through
both traditional methods and flow cytometry, aiming to provide a
facile and practical bioink of 3D bioprinting for precise soft tissue
repair.

Experimental section

Synthesis of AHA

One gram of HA (Mn = 1000-1500kDa, 1604073, Freda, China)
was dissolved in 100 ml of ultrapure water, with stirring and gradu-
ally heating to 60°C. Then, the HA solution was cooled to room
temperature. After wrapping the container with aluminum foil,
2.5ml of 0.5M (50% equivalent) aqueous sodium periodate solu-
tion was added, and the reaction was stirred at room temperature
for 24 h. To remove unreacted sodium periodate, 0.25 ml of ethylene
glycol was added and stirred for 2h. The solution was dialyzed
(MD34, MWCO 14000) against ultrapure water for 3 days, and the
water was refreshed every 8 h. Next, The solution was lyophilized
under reduced pressure (100F, SCIENTZ, China). The AHA sam-
ples were sealed and stored at 4°C for subsequent use. The molecu-
lar weight of AHA was detected by gel chromatography with glucan
as standard.

Aldehyde assay

After mixing 100 pl of 5% (w/v%) AHA solution in ultrapure water
and 100 pl of 30 mM tert-butyl carbazate (¢+-BC) solution in 1% tri-
chloroacetic acid, the reaction was stirred at room temperature for
24 h. Hundred microlitres of the reactant was transferred into 1 ml
of 6mM 2,4,6-trinitrobenzene sulfonic acid (TNBS) solution in
0.1 mM borate buffer (pH 8.0) and reacted with it for 1h. The col-
ored complex formed by TNBS and residual #-BC was then diluted 2
times with 0.5 M aqueous hydrochloric acid. Then, 220 pl of the di-
luted complex was transferred into a 96-well plate and the absor-
bance was measured using a microplate reader (Epoch 2, Biotek) at
334nm. The blank was composed of aqueous 1% trichloroacetic
acid and 6 mM TNBS solution in borate buffer at a volume ratio of
1:10 (also diluted 2 times by 0.5 M aqueous hydrochloric acid). The
calibration curve was obtained using aqueous #-BC solutions with
gradient concentrations (0, 2.5, 5, 10, 15, 20, 25 mM) to quantify
the residual #BC. The #BC reacted with AHA calculated by sub-
tracting the residual +-BC from the total -BC was used to obtain the
number of aldehyde groups. The aldehyde modification percentages
of AHA were then calculated based on the number of aldehyde
groups and glucuronates.

Bioink preparation

Four percentage (w/v%) AHA solutions in phosphate-buffered sa-
line (PBS) (Gibco) were prepared overnight at 4°C. Solutions of
1.5% (w/v%) CMC (Mn =100 000-200 000, carboxylation degree:
83.42%, C832672, MACKLIN, China) and 10% GEL-2% ALG
(w/v%) (GEL: V900863, ALG: A0682, Sigma) were prepared with
PBS at 37°C. Then GEL-ALG-CMC solutions were acquired by
mixing GEL-ALG and CMC solutions at a volume ratio of 2:1.
AHA solutions were sterilized with a 0.22-um filter. GEL-ALG-
CMC solutions were sterilized by keeping it at 70 and 4°C for
30 min, respectively, for 3 cycles in total. All solutions were stored
at 4°C after sterilization. To formulate the bioink, solutions were
prewarmed to 37°C before use. AHA solutions were used to suspend
the centrifuged cells. Then, GEL-ALG-CMC solutions and cell-con-
taining AHA solutions were mixed at a volume ratio of 3:1. Briefly,
two syringes containing GEL-ALG-CMC and AHA solutions were
connected via a Luer taper after the air was evacuated. To avoid air
bubbles during mixing, one of the plungers was gently pushed to
evacuate the air in the Luer taper before tightening the interface.
The bioink was finally obtained by gently pushing the two plungers
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alternately. The final concentration of GEL, ALG, CMC and AHA
was 5%, 1%, 0.375% and 1%, respectively.

Macroscopic gelation

To observe the hydrogel formation macroscopically, the prewarmed
GEL-ALG-CMC and AHA solutions were mixed in an EP tube
with a few seconds of vibrating and then kept at 37°C for 5 min.
The EP tube was inverted to see if the hydrogel spread down the
tube wall.

Fourier-transform infrared spectroscopy measurement
Fourier-transform infrared spectroscopy (FT-IR) analyses were per-
formed using a spectrometer (VERTEX 70, Bruker Daltonics,
Germany). The samples were lyophilized and measured in the range
of 4000-400/cm. Water vapor compensations were performed after
measurements.

Rheological analysis

Rheological testing was performed using a Haake RheoStress 1 rhe-
ometer (Thermo scientific, Germany) with a cone-plate fixture
(C35/2°Ti L) at a gap of 1 mm. The temperature was set to 37°C be-
fore testing. Prewarmed solutions were loaded on the plate in se-
quence and mixed by a pipette for 5s. For gelation time, the
oscillation time sweep (CS, 3 Pa, 0.5 Hz) was performed to inspect
the time dependence of the storage (G’) and loss modulus (G”). The
Oscillation temperature ramp (CS, 3 Pa, 0.5 Hz) was performed af-
ter time sweep to test the hydrogel stability in the preset temperature
range (37-10°C in 30 min, a 10-min interval at 10°C, 10-37°C in
30 min). For mechanical properties at room temperature, the tem-
perature was reduced to 25°C in 20 min after time sweep. The oscil-
lation frequency sweep (CD-AS, 0.01-10Hz, 1% strain) and the
oscillation amplitude sweep (CD-AS, 0.1-10 000% strain, 0.5 Hz)
were performed to test the frequency dependence of G’ and G”, and
the yield stress of the hydrogel, respectively. To test mechanical sta-
bility in printing, a 5-cycle deformation testing (CD-AS, 500% and
1% strain, 0.5Hz, 200s per cycle) was performed at 25°C to ob-
serve the instantaneous recovery property of the hydrogel.

Printability testing

The GEL-ALG/CMC/AHA hydrogel ink was prepared without cells as
described above. Both the thoroughly 25°C-cooled and the freshly
37°C-prepared hydrogel were used for printing. Different specifications
of the grid structure and tubular structure were printed by a bioprinter
(Livprint Norm, Medprin, China) with a 25-G nozzle (inner diameter,
0.26 mm) at a linear speed of 6 mm/s. For grid structure, the interlayer
offset was 90°, and the infill rate was 30%. To simulate iz vivo print-
ing, a six-layer grid structure was printed on a 37°C stage. The micro-
scopic morphology of GEL-ALG/CMC/AHA constructs was observed
under a scanning electron microscope. The 10% GEL-2%ALG solu-
tions were diluted with an equal volume of normal saline to obtain a
5%GEL-1%ALG solution and then used for printing.

Cell culture

NIH/3T3 fibroblasts (CRL1658, ATCC) were kindly provided by
the Kunming Cell Bank, Chinese Academy of Sciences (Kunming,
China). Cells were cultured in high glucose Dulbecco’s Modified
Eagle Medium with i-glutamine and pyruvate (HG-DMEM,
11995065) containing 10% fetal bovine serum (FBS, 10099141),
100 U/ml penicillin and 100 pg/ml streptomycin (15140122) (all

from Gibco) at 37°C with 5% CO,. The medium was refreshed ev-
ery 72 h.

Bioprinting and culture of cell-laden constructs

Solutions were prewarmed to 37°C before use. Cells were harvested
and suspended by HA solutions and then mixed with GEL-ALG-
CMC solutions through two syringes for 20s. The final concentra-
tion of cells was 1.5 x 10%/ml. Then, the cell-encapsulated GEL-
ALG/CMC/AHA hydrogel was used to print a 6-layer grid structure
with a size of 12mm x 12 mm. After reinforced with 3% sterilized
calcium chloride solutions for 20's and washed 3 times by PBS, cell-
laden constructs were transferred into a 6-well ultra-low attachment
plate (Corning 3473, USA) and incubated in HG-DMEM containing
10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin at 37°C
and 5% CO, with the medium refreshed every 48 h. The cell-laden
GEL-ALG constructs were printed as described before [29]. Briefly,
harvested cells were suspended in PBS and mixed with an equal vol-
ume of GEL-ALG solution to obtain the 5% GEL-1% ALG (w/v%)
bioink with the same cell concentration (1.5 x 10%/ml) as the GEL-
ALG/CMC/AHA bioink. After printed at 10°C, cell-laden GEL-
ALG constructs were crosslinked with 3% calcium chloride solu-
tions for 2min to achieve reinforcement and washed three times
with PBS.

Subaqueous dimensional change measurement of cell-
laden constructs

The cell-laden constructs were printed and cultured as described
above. The dimensions of the constructs were measured and
recorded by a stereomicroscope on days 0, 1, 3, 7, 15 and 30, re-
spectively. Formulations with different concentrations of AHA and
CMC were also printed and tested.

Live/dead assay

Live/dead viability/cytotoxicity assay kit (KGAF001, KeyGEN
BioTECH, Nanjing, China) was used to test cell viability. According
to the manufacturer’s instructions, both cellular imaging and flow
cytometric analyses were performed. In brief, working solutions
with 2 pM calcein-AM and 8 uM propidium iodide (PI) were pre-
pared in PBS just before use. The constructs were washed three times
with PBS and immersed in working solutions at room temperature
for 30 min. Images were captured with an inverted fluorescence mi-
croscope (Nikon Eclipse Ti2-u, Japan). For flow cytometric analy-
ses, stained cells in GEL-ALG/CMC/AHA constructs were isolated
by dissolving hydrogels with 55 mM sodium citrate and 20 mM eth-
ylenediamine tetraacetic acid solution and digesting cell clusters
with 0.25% trypsin at 37°C for 3min. The residual trypsin was
inactivated with an equal volume of medium containing 10% FBS.
Cell suspensions were further diluted with PBS and analyzed with a
flow cytometer (CytoFLEX, Beckman Coulter Life Sciences). GEL-
ALG constructs were treated in the same manner. Cell-free con-
structs were used to exclude the influence of hydrogel pieces in cell
suspensions and the background of dyes. Cells cultured in the 2D en-
vironment were set as negative controls. Cells treated by 0.1% (v/
v%) apoptosis inducers A and B in an apoptosis inducer kit (C0003,
Beyotime, Shanghai, China) for 12 h were used as positive controls.

Cell proliferation assay
Cell proliferation and proliferation rate assay were detected with
Alamar Blue Kit (40202ES76, YEASEN, Shanghai, China) and Cell-
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Light ethynyl-deoxyuridine (EdU). DNA Cell Proliferation kit (con-
taining EdU, Apollo staining buffer and Hoechst 33342; C10338-3,
Ribobio, China), respectively. The initial cell number of GEL-ALG/
CMC/AHA constructs and GEL-ALG constructs was both
2.5 x 10°. For 2D environment, the same number of cells was seeded
in a six-well plate for cell culture. For the Alamar Blue assay, the
working solutions were prepared by diluting Alamar Blue reagent in
HG-DMEM at the volume ratio of 1:9 just before use. Cell-laden
constructs were incubated with the working solutions at 37°C and
5% CO, for 2h. Hundred microlitres of the reaction solutions of
each construct was transferred to a 96-well plate for absorbance
measurement (570 and 600 nm). After removing the reaction solu-
tions, the cell-laden constructs were washed twice with PBS and
were continued cultured for subsequent tests. For EdU incorporation
assay, 20 uM EdU solutions in the medium were used to incubate
cell-laden constructs at 37°C and 5% CO, for 8h. After washing
twice with PBS, the cell-laden constructs were stained with Apollo
fluorescent staining buffer at room temperature for 30 min. Then
the constructs were stained with Hoechst 33342 for 30 min. After
that, the cell-stained constructs were washed and dissolved as de-
scribed above. Cell suspensions were diluted with PBS and used to
perform flow cytometric analyses. Cell-free constructs were applied
to help define the cell range. Cell-laden constructs without EdU la-
beling were negative controls, also used for background analyses of
dyes.

Statistical analysis

The results were expressed as mean * SD. Statistical differences be-
tween two sets of data were analyzed with two-tailed Student’s z-
tests. Three sets of data were analyzed with one-way analysis of var-
iance and Turkey post hoc tests. P <0.05 was considered statisti-
cally significant.

Results

Chemical characterization

The actual aldehyde modification percentage of AHA was
36.44 = 2.11%. The molecular weight of AHA was ~14.7 kDa. The
oxidation of HA by sodium periodate introduces aldehyde functions
following the breaking of the C-C bond of cis vicinal diols in p-glu-
curonic acid [30]. In FT-IR analyses (Fig. 1), we observed the ap-
pearance of the symmetric stretching vibrational band (C=0) near
1725/cm [30] and out-of-plane bending vibrational band (C-H)
near 838/cm [31] of aldehyde functions in AHA. The characteristic
asymmetric and symmetric stretching vibration (C=0) near 1600
and 1400/cm of carboxy groups were not affected during oxidation
[32]. After the mixing of CMC and AHA, the aldehyde and amino
functions were crosslinked via Schiff base linkage to form the imine
groups, the associated stretching vibrational band (near 1650/cm)
[33] were overlapped with the vibrational bands of carboxy groups
in AHA (near 1600/cm) [32] and CMC (near 1580/cm) [34]. The
band near 887/cm was related to hemiacetal structures of the CMC/
AHA hydrogel [35]. In the fingerprint area, the characteristic bands
of the C-C, C-OH and C-O bonds in monosaccharide units of HA
between 1200 and 1000/cm changed due to the alteration of the
conformational freedom in the polymer chains after oxidation, espe-
cially after crosslinking [32]. For the mixture of GEL and ALG, the
bands near 1631 (C=0O stretch), 1540 (N-H bend coupled with C-
H stretch) and 1230/cm (N-H bend) corresponded to amides I, II
and III of GEL [36], respectively, while the bands related to ALG
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Figure 1. FT-IR spectra of HA, AHA, GEL, GEL-ALG, CMC/AHA and GEL-ALG/
CMC/AHA hydrogels.

were overlapped with those of GEL. For GEL-ALG/CMC/AHA hy-
drogel, the vibrational bands were consistent with the CMC/AHA
hydrogel and the GEL-ALG mixture, the vibration of carboxy, im-
ine, amide I and II groups were merged into a broad band covering
their respective characteristic bands.

Gelation characteristics

Although both 0.375%CMC/1%AHA and 0. 75%CMC/2%AHA
hydrogels were too soft to maintain their own shape after the EP
tube was inverted. CMC/AHA hydrogels still manifested a macro-
scopic gel phase when located on a desktop (Fig. 2A). The GEL-
ALG (10-2%, w/v%) solution was in the sol-phase at 37°C due to
the temperature response of GEL (Fig. 2A). A hydrogel formed
5 min after we mixed GEL-ALG-CMC and AHA solutions at a vol-
ume ratio of 3:1 (Fig. 2A). The gelation was mainly formed by the
Schiff base reaction between aldehyde functions of AHA and amino
functions of CMC (Fig. 2A(i)), while the electrostatic interaction be-
tween cationic CMC and anionic ALG played a secondary role
(Fig. 2A(ii)) [18, 23, 27]. When the G’ was higher than the G, it in-
dicated that the bioink had performed a sol-gel transition (Fig. 2B).
The sol-gel transition (G’ = G”) time of GEL-ALG/CMC/AHA hy-
drogel was not statistically different from that of CMC/AHA
(0.375%/1%, w/v%) hydrogel (Fig. 2C, 41.08*=7.05 wvs.
60.30 = 12.95s, P=0.087), while the maximum G’ of GEL-ALG/
CMC/AHA hydrogel was more than twice that of CMC/AHA
(Fig. 2D, 9.65 % 0.67 vs. 3.70 = 1.16 Pa, P=0.016) with the effects
of the above two gelations.

Viscoelastic properties

Based on the thermosensitivity of GEL, the GEL-ALG (5-1%, w/
v%) solution underwent a sol-gel transition with the declining tem-
perature and returned to a sol as the temperature rose again
(Fig. 3A). In such a temperature cycle, the complex viscosity (|n*|)
also showed a similar change, that is increased with gelation and de-
creased with solation (Fig. 3B). As an indicator of viscoelastic prop-
erties, the loss tangent (tan d) is the ratio between G” and G'.
Therefore, the temperature dependence of the tan § of GEL-ALG
was consistent with that of the shear modulus (Fig. 3C). For CMC/
AHA hydrogel, the G', |n*| and tan & showed the temperature
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**P<0.01, between different hydrogels.

stability of crosslinking (Fig. 3D-F). For GEL-ALG/CMC/AHA hy-
drogel, the viscoelastic behavior was similar to that of CMC/AHA
in the high-temperature range (about >23°C during cooling and
>32°C during heating) and similar to that of GEL/ALG in the low-
temperature range (Fig. 3D-F). The crosslinking of AHA and CMC
made CMC/AHA behave in a gel state over the entire temperature
range (Fig. 3D and F), while GEL changed its viscoelastic perfor-
mance in different temperature ranges (Fig. 3D-F). Aiming mainly
to perform printing at room temperature, we performed the oscilla-
tion frequency measurement at 25°C. The G’ of GEL-ALG/CMC/
AHA elevated gently with increasing frequency and was more stable
than that of CMC/AHA at high frequencies (Fig. 3G). The [n*| of
the two samples declined with increasing frequency, both indicating
the shear thinning properties (Fig. 3H) [37], of which especially suit-
able for extrusion printing [18, 38]. GEL-ALG/CMC/AHA can im-
prove flow continuity during extrusion because it owns higher
than that of CMC/AHA (Fig. 3H) [39]. And the value of G’
in the frequency sweep were higher than that in the temperature
sweep at the same frequency (Fig. 3D, E, G and H). This may be re-
lated to the hysteresis of the GEL’s temperature response [18, 23].
With Schiff base linkage, both CMC/AHA and GEL-ALG/CMC/
AHA hydrogels showed elastic behavior (tan 8 <1, Fig. 3I), this
lower tan 3 can ensure structural integrity during printing [40]. And
due to the electrostatic interaction of CMC and ALG, the tan § of
GEL-ALG/CMC/AHA hydrogel exhibited a more stable elastic
property than that of CMC/AHA alone (Fig. 31), which can ensure
the stability of printed constructs [40].

Rheological basis of shape maintenance in hydrogel
printing

The recovery ability of hydrogels after deformation is essential for
maintaining the mechanical strength and shape of printed constructs
[41]. The hydrogel with a higher percentage of strain recovery
obtains better printing results [42]. In the oscillation amplitude
sweep of CMC/AHA hydrogel, the strain at the intersection of G’
and G” was ~290%, indicating that the hydrogel appeared liquefied

above this strain (Fig. 4A). For GEL-ALG/CMC/AHA hydrogels,
due to a part of CMC participating in the weak electrostatic interac-
tion with ALG, the minimum strain for hydrogel liquefaction is re-
duced to ~235% (Fig. 4A). In the deformation-recovery test, the
recovery of the stronger dynamic chemical bond in CMC/AHA after
breaking is not instantaneous [18], making the G’ of CMC/AHA hy-
drogel only recover ~50% after destructive deformation (Fig. 4B).
This phenomenon is also related to the dehydration nature of the
Schiff base reaction and the instability of the Schiff base linkage in
an aqueous environment [43]. For GEL-ALG/CMC/AHA hydrogel,
as the reversible electrostatic interaction (physical crosslinking) be-
tween CMC/ALG participated in the dissipation of mechanical en-
ergy during deformation [18, 27, 28], the G’ exhibited a recovery
percentage of ~80% (Fig. 4B). Therefore, the state recovery of the
GEL-ALG/CMC/AHA hydrogel after deformation makes the hy-
drogel feasible for microextrusion bioprinting (Fig. 4C).

Printability of hydrogel

When completely cooled to room temperature or used immediately
after preparation, the GEL-ALG/CMC/AHA hydrogel can be con-
tinuously extruded and deposited to form various well-shaped struc-
tures (Fig. SA and B). For in vivo bioprinting simulation, the simple
grid structure can be printed acceptably on the 37°C stage using
room temperature hydrogel (Fig. 5C). It is also important for the
printed constructs to be reinforced by crosslinking with 3% calcium
chloride solutions for 2 min (Fig. 5B(iii—viii) and C(iii-v)). After ly-
ophilization, the surface of the printed filaments showed a large
number of secondary micropores (Fig. 5B(ix)). This spongy micro-
structure was similar to that of CMC/AHA-based hydrogels [31,
44]. For traditional GEL-ALG ink, only when the platform temper-
ature was reduced to 10°C can we obtain a well-shaped construct
due to the thermosensitivity of GEL (Fig. 5D(i)), and it was impossi-
ble to print the preset shape at room temperature (Fig. 5D(ii)). The
CMC/AHA hydrogel alone could not be used for printing because it
was too soft to be continuously extruded into shaped filaments and
effectively deposited.
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Long-term subaqueous fidelity of cell-laden constructs

We printed six-layer grid constructs with a size of 12 mm x 12mm
using the hydrogel ink with the NIH/3T3 cell concentration of
1.5 x 10%ml. The GEL-ALG constructs were crosslinked with 3%
calcium chloride for 2 min as our previous reports (Fig. 6A) [45].
However, when the GEL-ALG/CMC/AHA constructs were cross-
linked for the same amount of time, the constructs were too rigid for
cell proliferation. An optimal reinforcement was obtained about
only 205 after the calcium chloride solutions were simply spayed on
the constructs (Fig. 6B), which was the minimum requirements for
constructs could be separated from printing platform without shape
destruction. To observe and measure the same sample continuously,
we defined the ratio of the side length (SL;) of the grid structure to
the preset side length (SLy) at different time points as the linear ex-
pansion ratio (LER = SL; x 100%/SL,) instead of the traditional
weight ratio for swelling behavior evaluation. For GEL-ALG bio-
ink, the crosslinking of ALG and calcium chloride caused the hydro-
gel to shrink [46-48]. However, the swelling behavior of GEL (5%)
in this formulation could not offset the shrinkage of constructs effec-
tively (Fig. 6C and D). The cell-laden GEL-ALG constructs showed
the most obvious shrinking behavior during the whole incubation
process, the LER (66%) was the lowest when constructs were incu-
bated for 24 h (Fig. 6C and D). Then, the constructs began to swell

and shrank again due to the degradation of crosslinked networks
and dissolution of GEL after day 7 (Fig. 6C and D). For cell-laden
constructs printed with GEL-ALG/0.375%CMC/1%AHA hydrogel
bioink, its LER was closest to 100% during the 30-day incubation
due to the strong water retention capacity of HA and chitosan.
Similarly, the structure also shrank due to the degradation of cross-
linked networks after 7 days (Fig. 6B, C and E). When we decreased
the concentration of AHA to 0.5%, the constructs could not main-
tain the original size (Fig. 6C and F). And when the concentration of
CMC in the bioink was increased to 0.75%, the excessive water ab-
sorption and retention effect caused the constructs to exhibit obvi-
ous swelling behavior from day 3, although the constructs initially
maintained its dimensional appropriately (Fig. 6C and F). In general,
the GEL-ALG/0.375%CMC/1%AHA hydrogel bioink manifested a
balanced water absorption and retention capacity, making the re-
lated cell-laden constructs obtained an optimal long-term subaque-
ous dimensional stability.

Cell viability

In the constructs just printed, some cells were not stained because
they were located deep, while in the stained cells, the shearing force
in printing caused death or membrane damage of a small part of the
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cells, which were stained by PI or dual stained by calcein-AM/PI,
respectively(Fig. 7A-D). We observed this phenomenon by both the
fluorescence images and the flow cytometry plots (Fig. 7A-D). On
day 0, the proportion of calcein-AM™ cells in GEL-ALG/CMC/
AHA (82.10*+2.53%) was lower than that in GEL-ALG
(92.65 +1.73%), while the proportion of calcein-AM*/PI* cells in
this bioink (12.54 = 1.89%) was higher than that in GEL-ALG
(4.05+0.65%, Fig. 7A-G). For the proportion of PI* cells and
unstained cells, there was no difference between these two bioinks at
this time (Fig. 7G). The above distribution of cell survival status just
after printing (day 0) was due to the damage of the cell membrane
caused by the additional pressure that broke the covalent bonds of
CMC/AHA when GEL-ALG/CMC/AHA hydrogel bioink was ex-
truded. As the culturing continued, the proportion of calcein-AM™
cells in GEL-ALG/CMC/AHA constructs showed an increasing
trend, while in GEL-ALG constructs it exhibited a contrary ten-
dency (Fig. 7F). And the proportion of the calcein-AM™ cells in
GEL-ALG/CMC/AHA was higher than in GEL-ALG on day 9
(93.7121.46% vs. 90.24 = 1.06%), day 19 (94.08 +£2.15% vs.
80.16 £2.14%) and day 29 (91.38=1.55% vs. 77.75 £2.46%)
(Fig. 7A-G). Moreover, on days 19 and 29, cells in GEL-ALG/
CMC/AHA were found to become a revealing display spreading
morphology (Fig. 7A). This ideal morphological basis for cell prolif-
eration confirmed the performance of cell viability [49]. And in
GEL-ALG, cells were always spherical, indicating lower cell viabil-
ity (Fig. 7B) [49]. PI" cells accounted for <1% of cells in both con-
structs from days 9 to 29 (Fig. 6G). Therefore, the decrease in the

proportion of live cells (calcein-AM™) was not simply caused by the
increase in dead cells (PI*). The proportion of calcein-AM™*/PI" cells
in GEL-ALG/CMC/AHA decreased significantly on day 9
(2.98 £0.35%), day 19 (2.43 = 0.69%) and day 29 (5.79 = 0.82%)
compared with that on day 0, while the proportion increased gradu-
ally in GEL-ALG and was at a higher level from days 0 to 29
(4.05 £0.65%, 7.77 +0.84%, 8.49*+0.80% and 10.10 =1.77%
on days 0, 9, 19 and 29, respectively, Fig. 6F and G). The proportion
of the unstained (calcein-AM /PI™) cells in GEL-ALG/CMC/AHA
constructs was <5 % throughout the culture, while the proportion in
GEL-ALG increased to >10% on days 19 and 29 (Fig. 6F and G). It
is indicated that with the AHA and CMC, the balanced water reten-
tion capacity of GEL-ALG/CMC/AHA bioink not only made the
size of the construct more stable but also ensured an appropriate
matter exchange during culture, which led to a better cell viability.

In addition, we used flow cytometry data to calculate the count-
ing equivalent of cell viability by simulating a microscope counting
method [(calcein-AM™ + calcein-AM™/PI") x 100%/(calcein-AM™
+ calcein-AM™*/PI* x 2 + PI")]. This analog counting value was af-
fected by the unstained cells and/or calcein-AM*/PI" cells. When
these two data were large, the counting equivalent of cell viability in
GEL-ALG was >90%, which was consistent with previous reports
and was higher than that of flow cytometry analyses on days 9, 19
and 29 (Fig. 6G and H). However, the cell viability evaluated by
these two methods in GEL-ALG/CMC/AHA constructs was only
different on day 9 due to the lower proportion of unstained cells and
calcein-AM*/PI™* cells (Fig. 6H).
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intervention in the printing chamber in all cases. RT, room temperature.

Cell proliferation

In the Alamar Blue assay, both of the cells in GEL-ALG/CMC/AHA
and GEL-ALG constructs proliferated significantly from day 5 and
reached a peak on day 17 (Fig. 8A). The cells proliferated to
3.61 =0.19-fold in GEL-ALG/CMC/AHA and 3.29 + 0.22-fold in
GEL-ALG (Fig. 8A). The difference was that the cell growth in
GEL-ALG/CMC/AHA was still in a plateau stage from days 17 to
29, while the cell growth in GEL-ALG showed a decreasing trend
after day 17 (Fig. 8A). The same number of cells was also cultured
in a 2D environment; the cells reached the growth plateau stage
with 2.39 * 0.08-fold on day 5 due to insufficient growth space and

then began to decrease and fluctuate after day 9 (Fig. 8A). In addi-
tion, EdU incorporation assay can detect the cell proliferation more
sensitively [50-52], was also performed on days 9 and 29 to verify
our results. The results were consistent with those of the Alamar
Blue assay as the above. On day 9, the EdU incorporation rate of
cells in GEL-ALG/CMC/AHA (14.16 +1.23%) was higher than
that in GEL-ALG (10.01 + 1.45%), while the EdU incorporation
rate of cells in 2D was only 1.17 = 0.29% (Fig. 8B(i)=(iv)). On day
29, although the cell proliferation in GEL-ALG/CMC/AHA con-
structs was in the plateau phase in Alamar Blue assay (Fig. 8A),
there was still a 6.06 =1.24% EdU incorporation rate (Fig. 8B(i)
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and (v)), indicating that the cell proliferation was still going on at
this time. For GEL-ALG constructs, the EdU incorporate rate of
cells was only 1.23 + 0.55% (Fig. 8B(i) and (vi)), indicating that al-
most no cell proliferation occurred at this time.

Discussion

The convenience and practicability of 3D bioprinting are not only
requirements but also challenges in laboratory research and clinical
applications [41]. The simple printing process and tolerant shaping
conditions could shorten the time of the cells leaving the cultural en-
vironment within an acceptable range to avoid excessive loss of cell
viability [18, 41]. The long-term fidelity of the constructs might en-
sure the consistency of cell growth space and the matching accuracy
of tissue repair. Based on the above considerations, we carried out
this work. In addition, the raw materials we used are all currently af-
fordable materials with required biocompatibility and biofunction-
ality [18]. It is more valuable to use these biological materials to
further improve the convenience and practicality of 3D bioprinting.
Printability is an important feature that distinguishes hydrogel
inks from ordinary hydrogels [18, 53]. In microextrusion bioprint-
ing, the dynamic crosslinking mechanism is one of the common
ways to realize the printability of hydrogels [18, 41, 53]. The gela-
tion of GEL-ALG/CMC/AHA is based on the Schiff base linkages of

CMC/AHA and the electrostatic interaction of CMC/ALG (Fig. 2A).
The increase in concentration and the dual crosslinked network
bring more molecular entanglement [23, 28], thereby increasing the
viscosity of the GEL-ALG/CMC/AHA hydrogel (Fig. 3B, E and H).
High viscosity can facilitate extrusion uniformity, shape mainte-
nance and mechanical stability, especially for the printing of higher
or more complex constructs [28, 41]. The use of GEL is not only for
its good biocompatibility and biological activity but also for its con-
siderable viscosity adjustment at lower temperatures [18, 23]. The
reported ideal printable hydrogel requires a G’ of 30-150 Pa to
achieve a self-supporting effect [54, 55]. In rheological tests, the G’
of the hydrogel was ~50 Pa when it was completely cooled to 25°C,
and the G’ recovered to ~80% after deformation, ensuring the self-
supporting of the constructs during printing (Fig. 4). Based on the
higher viscosity and proper G’, we printed out various specifications
of constructs using the GEL-ALG/CMC/AHA hydrogel at room
temperature, which intuitively verified the printability of this hydro-
gel (Fig. SA-C). In actual printing, due to the temperature respon-
siveness of GEL to natural cooling during the printing process, the
hydrogel can be printed regardless of whether it waited for cooling,
which greatly facilitates printing.

The hysteresis of the temperature response of GEL [18, 23] kept
the G’ of the hydrogel in the self-supporting range for a long time
during the heating process (Fig. 3D). This allowed us to use room-
temperature hydrogels to fabricate simple models on a 37°C stage
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for in vivo printing simulation. For iz vivo bioprinting, temperature-
independent bioinks and short-time crosslinking are often required
to facilitate superficial tissue repair or minimally invasive repair of
deep tissues [11, 56]. Although nanomaterials can significantly re-
duce the temperature dependence of bioinks, improve printability
and enhance mechanical strength, there is still a lack of consistent
positive conclusions about their biological effects [28, 42]. Other
biocompatible viscosity modifiers, such as agarose, have a higher re-
sponse temperature than GEL [23], making it possible to achieve a
more stable bioink at physiological temperature. However, due to
its higher viscosity, this type of bioink was usually printed at a lower
concentration (1.5%) at 15°C, and the immediate cell viability after
printing was only ~75%, while the cell proliferation only lasted for
9-11days [57, 58]. Therefore, the weak temperature dependence
and short time reinforcement requirement of the GEL-ALG/CMC/
AHA hydrogel provides a more practical option for in wvivo
bioprinting.

For the reinforcement of printed samples, due to the weak water
solubility of GEL, traditional GEL-ALG constructs need to be cross-
linked with 3% calcium chloride for 2min to obtain the desired
strength and durability [18]. In the GEL-ALG/CMC/AHA con-
structs, ALG is more cline to form stable divalent chelation-induced
gelation with calcium ions because of its special conformation,

although the carboxyl group in CMC can also react with calcium
ions [27, 59]. Due to the instability of CMC/AHA in an aqueous
condition [44], calcium chloride is easier to react with deeper ALG.
Therefore, it only took 20 s for the sprayed 3% calcium chloride so-
lution to crosslink with ALG appropriately, making post-printing re-
inforcement more convenient. In terms of microscopic morphology,
the shrinking behavior caused by the crosslinking between ALG and
calcium chloride often results in dense networks [14, 60], which will
adversely affect the viability of deep cells [60]. Therefore, water-sol-
uble substances can be used as a pore-forming agent to make micro-
structures looser for better cell viability [60]. The use of CMC/AHA
in GEL-ALG/CMC/AHA made the printing filament obtain a loose
spongy microstructure (Fig. 5B(ix)), providing a better structural ba-
sis for cell viability and proliferation. Although the influence of cal-
cium chloride reinforcement time on cells in these two types of
constructs was not excluded, GEL-ALG/CMC/AHA is more benefi-
cial than GEL-ALG at long-term cell viability maintenance in terms
of practicality.

Compared with the hydrogel alone, the addition of cells can
more realistically evaluate the swelling/shrinking behavior of the bi-
ological constructs in vitro. Due to the shrinkage behavior of ALG
and calcium chloride crosslinking [46-48], all the cell-laden con-
structs shrank to varying degrees after 24 h of culture (Fig. 6). In the
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subsequent cultivation, the limited water absorption and water re-
tention capacity of GEL [24] failed to restore GEL-ALG to its origi-
nal size (Fig. 6C and D). Although the size can be restored by
further adding GEL, too much GEL will make the construct denser,
which will adversely affect cell extension, migration, viability and
proliferation [21, 22]. AHA and CMC, especially AHA, have very
strong water absorption and water retention capabilities [25, 26].
This allowed us to balance the swelling/shrinking behavior of the
construct with fewer materials (1% AHA and 0.375% CMC), pro-
viding a good foundation for high cell viability and proliferation
[21, 22]. When the water-absorbing component was further in-
creased, the cell-laden constructs showed swelling behavior and
eventually broke (Fig. 6G). This is because the crosslinked network
of the hydrogel was destroyed by the continual mechanical load
caused by the swelling state [9, 10].

Cell viability is the basic requirement for cell proliferation [23,
41]. Unlike the 2D environment where cells have equal opportuni-
ties to exchange nutrients and metabolites, 3D hydrogels with insuf-
ficient micropores and/or permeability not only make it difficult for
deep cells to obtain nutrients but also cause local metabolic waste
accumulation [22, 61]. In fact, the advantage of 3D bioprinting is
that the controllable primary macropores can ensure the matter ex-
change of each filament [22]. In our study, although the high viscos-
ity of GEL-ALG/CMC/AHA resulted in lower cell viability on day
0, the abundant micropores of printed filaments made it easier to re-
tain water and realize deep matter exchange, thus ensuring better
long-term cell viability (Fig. 7A, C, F and G). In the late stage of cul-
ture, the significant reduction in live cells in the GEL-ALG construct
was accompanied by an increase in dual stained and unstained cells,
rather than an increase in dead cells (Fig. 7B, D, F and G).
Considering the possibility of positive dual staining caused by me-
chanical damage to the cell membrane was excluded by performing
live/dead staining before dissolving the constructs, these dual stained
cells might already be in the middle and/or late stages of apoptosis,
while unstained cells indicated a decrease in the permeability of the
constructs. It is supposed that this is due to the obstruction of the
smaller secondary micropores of GEL-ALG caused by the prolifera-
tion of cells located in the superficial position of the printed fila-
ments in the late culture stage [46].

High molecular weight HA (>1000kDa) participates in maintain-
ing cell viability by simulating the extracellular matrix together with
other components [62], while low molecular weight HA (10-250 kDa)
and HA oligosaccharides (<10 kDa) can directly stimulate cell prolifer-
ation through CD44 receptors [63, 64]. In this study, the molecular
weight of HA was reduced to 14.7 kDa after oxidation. However, the
main purpose of this work is to verify the universality of a new bioink,
not focusing on the construction of a specific tissue. Therefore, the
CD44-negative NIH/3T3 cell line was selected. CD44 exists in a variety
of cells like cancer stem cells (glioma cells [65], lung cancer cells [66],
breast cancer stem cells [67], liver cancer cells [68], gastric cancer cells
[69]), normal stem/progenitor cells (embryonic stem cells [70], neural
stem cells [71], intestinal stem cells [72]), epithelial cells [73], vascular
smooth muscle cells [74] and endothelial cells [75, 76], mediating the
HA regulation of cell adhesion, proliferation, differentiation, migration
and metabolism. Therefore, this facile and affordable bioink has great
potential in establishing such vascularized tumor models and tissue re-
pair through 3D bioprinting in the future.

The cells in GEL-ALG and GEL-ALG/CMC/AHA constructs
formed small cell clusters in logarithmic growth phase (Figs. 7A and
B and 8A). The proliferation of anchorage-dependent cells also relies
on balanced adhesion to maintain optimal cell morphology, and

rounded cells indicate insufficient proliferation or even apoptosis
[49]. Due to the insufficient internal network of GEL-ALG, the cells
were always in a spherical shape (Fig. 7B), indicating that these cells
began to apoptosis after undergoing adaptive proliferation (Fig. 7D,
F and G). Although similar to the other reports [77, 78], the cell pro-
liferation in GEL-ALG in this work was not as good as that of tu-
mor stem cells in this ink in our previous study (Fig. 8A) [45], the
reason of which was that ordinary cell lines do not have the capabili-
ties of enrichment and aggressive growth like cancer stem cells. In
GEL-ALG/CMC/AHA, because the extracellular matrix-like com-
ponents formed more biocompatible supramolecular crosslinked
networks, the cells gradually expanded from a round shape during
proliferation (Fig. 7A). However, the cells in GEL-ALG/CMC/AHA
showed uneven growth (Fig. 7A), which we assume should be
caused by the difference in nutrient acquisition at different locations
of the microfilaments. For cell proliferation, if only the proliferation
fold on day 17 was considered, the ~3.61-fold proliferation of cells
in GEL-ALG/CMC/AHA did not bring huge cell proliferation bene-
fits compared to the ~3.29-fold in GEL-ALG. However, the advan-
tage of GEL-ALG/CMC/AHA is to ensure long-term dynamic
proliferation by maintaining long-term high cell viability (Figs. 7
and 8). In flow cytometry analysis, the EAU incorporation rate of
cells in GEL-ALG on day 29 was only 1.23 = 0.55%, which was
equivalent to the EdU incorporation rate of 1.17 =0.29% for cells
in the apoptotic state after the plateau on day 9 in the 2D environ-
ment (Fig. 8B). Live/dead staining at this time also confirmed the ap-
optotic state of the cells (Fig. 7D, F and G). In GEL-ALG/CMC/
AHA, the cells still had an EdU incorporation rate of 6.06 + 1.24%
on day 29 (Fig. 8(v)), indicating that the cells were in a dynamic bal-
ance between proliferation and apoptosis at this time, which was
supported by the long-term high cell viability (Fig. 7A, C, F and G).
This dynamic renewal mode similar to cells in living organisms indi-
cates that the new bioink can better simulate the extracellular
microenvironment.

The cell viability of the traditional counting method included
dual stained cells, and the higher the proportion of such cells, the
higher the cell viability value calculated. More positive dual staining
indicates an increase in cell membrane permeability, which can be
used to evaluate the damage to the cell membrane caused by the
shearing force during printing. In the late stage of cell culture, this
phenomenon predicts cell apoptosis. In our research, there was no
difference between the analog counting method and flow cytometry
in evaluating cell viability in both bioinks immediately after print-
ing. However, in the late stage of culture, due to the high proportion
of dual stained cells and unstained cells, the counting method over-
estimated the cell viability in GEL-ALG, while the cell viability
assessed by flow cytometry matched the cell proliferation state more
closely at this time (Figs. 7F and 8). Although there was mostly no
difference between the cell viability assessed by these two methods
in GEL-ALG/CMC/AHA, we recommend that when evaluating the
long-term viability of cells in an unknown bioink, or when evaluat-
ing the in vitro culture time required before implantation of cell-
laden constructs, flow cytometry can be used to assess the cell viabil-
ity status more accurately. In terms of cell proliferation, flow cytom-
etry is not inconsistent with classical methods. Therefore, flow
cytometry can be used to corroborate with traditional methods.

Conclusion

From this work, we proposed a facile GEL-ALG/CMC/AHA hydro-
gel bioink by simply combining two mature and affordable systems,
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GEL-ALG and CMC/AHA. The Schiff base linkages of CMC/AHA
and the electrostatic interaction of CMC/ALG contributed to the gel
phase. The addition of CMC/AHA weakened the temperature sensi-
tivity of ALG-GEL, thereby increasing the latitude of printing con-
ditions, making the hydrogel capable of both in vitro printing and
simple in vivo simulation printing. The post-printing crosslinking
time of only 20's also further improved the convenience and practi-
cality of the ink. The printed cell-laden constructs maintained sub-
aqueous fidelity for 30 days. Flow cytometry showed that the cell
viability was 91.38 = 1.55% on day 29, and the cells in the prolifer-
ation plateau at this time exhibited a 6.06 = 1.24% DNA replication
rate, indicating a dynamic renewal of cells. We believe that versatile
hydrogel bioink can facilitate the precise repair of soft tissues.
Precise repair of specific soft tissues, especially deep soft tissues, can
be implemented in the future applying this hydrogel bioink, to pro-
mote the application of 3D bioprinting in precision medicine of deep
soft tissue engineering.

Acknowledgments
We thank Zhizhong Jin for his help in cell culture and bioprinting of cell-

laden constructs, Lidan Chen for her help in flow cytometry analysis and
Cheng Ma for providing suggestions on the optimization of AHA synthesis.

Author contributions

T.X. and Z.F. are the conceiver and designer of this study, directed and over-
saw the development and implementation of studies in this work and directed
and advised the writing and editing of the manuscript. H.Q.C and F.F.
designed and conducted all the experiments and wrote the manuscript.
X.D.L. took part in the printing of all the samples and assisted in rheological
analysis. D.Z.Z. implemented the printing of cell-free constructs and involved
in flow cytometry analysis. L.B.L. conducted the design and implementation
of the 3D printing hardware and software system. J.Z. and H.T.Z. detected
the molecular weight of AHA in this study.

Funding

This work was supported by the following programs: the National Natural
Science Foundation of China (Nos. 81771239 and 52075285), the Science
and Technology Program of Guangzhou, China (No. 201604040002), the
Key-Area Research and Development Program of Guangdong Province,
China (No. 2020B090923003) and the Key Research and Development
Projects of People’s Liberation Army, China (No. BWS17]J036).

Conflict of interest statement. The authors declare no conflict of interest.

References

[1]. Kim BS, Jang J, Chae S et al. Three-dimensional bioprinting of cell-laden
constructs with polycaprolactone protective layers for using various
thermoplastic polymers. Biofabrication 2016;8:035013.

[2]. Trachsel L, Johnbosco C, Lang T et al. Double-network hydrogels in-
cluding enzymatically crosslinked poly-(2-alkyl-2-oxazoline)s for 3D
bioprinting of cartilage-engineering constructs. Biomacromolecules
2019;20:4502-11.

[3]. Kosik-Koziot A, Costantini M, Mroz A et al. 3D bioprinted hydrogel
model incorporating f-tricalcium phosphate for calcified cartilage tissue
engineering. Biofabrication 2019;11:035016.

[4]. Zhuang P, Sun AX, An J et al. 3D neural tissue models: from spheroids
to bioprinting. Biomaterials 2018;154:113-33.

[5]. Xu H, Casillas J, Krishnamoorthy S et al. Effects of Irgacure 2959 and
lithium phenyl-2,4,6-trimethylbenzoylphosphinate on cell viability,
physical properties, and microstructure in 3D bioprinting of vascular-
like constructs. Biomed Mater 2020;15:055021.

(6.

[7].

[9].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

(17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

125].

126].

27].

[28].

[29].

130].

Garcia-Lizarribar A, Fernandez-Garibay X, Velasco-Mallorqui F et al.
Composite biomaterials as long-lasting scaffolds for 3D bioprinting of
highly aligned muscle tissue. Macromol Biosci 2018;18:1800167.
DeForest CA, Anseth KS. Advances in bioactive hydrogels to probe and
direct cell fate. Annu Rev Chem Biomol Eng 2012;3:421-44.

Lee M, Bae K, Guillon P ez al. Exploitation of cationic silica nanopar-
ticles for bioprinting of large-scale constructs with high printing fidelity.
ACS Appl Mater Interfaces 2018;10:37820-8.

Sun J-Y, Zhao X, Illeperuma WRK et al. Highly stretchable and tough
hydrogels. Nature 2012;489:133-6.

Kamata H, Akagi Y, Kayasuga-Kariya Y et al. “Nonswellable” hydrogel
without mechanical hysteresis. Science 2014;343:873-5.

Singh S, Choudhury D, Yu F et al. In situ bioprinting — bioprinting from
benchside to bedside. Acta Biomater 2020;101:14-25.

Urciuolo A, Poli I, Brandolino L ez al. Intravital three-dimensional bio-
printing. Nat Biomed Eng 2020;4:901-15.

Koépf M, Campos DFD, Blaeser A et al. A tailored three-dimensionally
printable agarose-collagen blend allows encapsulation, spreading, and
attachment of human umbilical smooth muscle cells.
Biofabrication 2016;8:025011.

Naghieh S, Sarker MD, Abelseth E et al. Indirect 3D bioprinting and
characterization of alginate scaffolds for potential nerve tissue engineer-
ing applications. ] Mech Behav Biomed Mater 2019;93:183-93.

Shin JY, Yeo YH, Jeong JE et al. Dual-crosslinked methylcellulose
hydrogels for 3D bioprinting applications. Carbobydr Polym 2020;238:
116192.

Hsiao S-H, Hsu S-H. Synthesis and characterization of dual stimuli-sen-
sitive biodegradable polyurethane soft hydrogels for 3D. ACS Appl
Mater Interfaces 2018;10:29273-87.

Kim SH, Yeon YK, Lee JM et al. Precisely printable and biocompatible
silk fibroin bioink for digital light processing 3D printing. Nat Commun
2018;9:1620-14.

Mann JL, Yu AC, Agmon G et al. Supramolecular polymeric biomateri-
als. Biomater Sci 2018;6:10-37.

Kuo CK, Ma PX. Maintaining dimensions and mechanical properties of

artery

ionically crosslinked alginate hydrogel scaffolds in vitro. | Biomed
Mater Res 2008;84A:899-907.

Takada K, Kadota K, Yuchi A. Disposable molecular valve consisting of
alginate gel. Anal Sci 2010;26:591-6.

Douglas AM, Fragkopoulos AA, Gaines MK et al. Dynamic assembly of
ultrasoft colloidal networks enables cell invasion within restrictive fibril-
lar polymers. Proc Natl Acad Sci USA 2017;114:885-90.

Ying GL, Jiang N, Maharjan S et al. Aqueous two-phase emulsion bio-
ink-enabled 3D bioprinting of porous hydrogels. Adv Mater 2018;30:
1805460.

Gasperini L, Mano JF, Reis RL. Natural polymers for the microencapsu-
lation of cells. | R Soc Interface 2014;11:20140817.

Kudo S, Nakashima S. Water retention capabilities of collagen, gelatin
and peptide as studied by IRZQCM/RH system. Spectrochim Acta A:
Mol Biomol Spectrosc 2020;241:118619.

Sun F, Niu H, Wang D et al. Novel moisture-preserving derivatives of
hyaluronan resistant to hyaluronidase and protective to UV light.
Carbohydr Polym 2017;157:1198-204.

Huang X, Wu Y, Wei S et al. Preparation and characterization of car-
boxymethylated beta-chitins and their abilities of moisture absorption
and retention. Int | Biol Macromol 2010;47:223-7.

Hu Y, Zhang Z, Li Y et al. Dual-crosslinked amorphous polysaccharide
hydrogels based on chitosan/alginate for wound healing applications.
Macromol Rapid Commun 2018;39:¢1800069.

Chimene D, Kaunas R, Gaharwar AK. Hydrogel bioink reinforcement
for additive manufacturing: a focused review of emerging strategies. Adv
Mater 2020;32:1902026.

Li X, Wang X, Chen H et al. A comparative study of the behavior of neu-
ral progenitor cells in extrusion-based in vitro hydrogel models. Biomed
Mater 2019;14:065001.

Bouhadir KH, Hausman DS, Mooney D]J. Synthesis of cross-linked pol-
y(aldehyde guluronate) hydrogels. Polymer 1999;40:3575-84.



14

Chen et al.

[31].

[32].

[33].

[34].

35].

136].

137].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45).

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

Chen H, Cheng J, Ran L et al. An injectable self-healing hydrogel with
adhesive and antibacterial properties effectively promotes wound heal-
ing. Carbohydr Polym 2018;201:522-31.

Valachova K, Banasova M, Topolska D et al. Influence of tiopronin,
captopril and levamisole therapeutics on the oxidative degradation of
hyaluronan. Carbobydr Polym 2015;134:516-23.

Shahraki S, Delarami HS, Khosravi F et al. Improving the adsorption po-
tential of chitosan for heavy metal ions using aromatic ring-rich deriva-
tives. J Colloid Interface Sci 2020;576:79-89.

Ge H-C, Luo D-K. Preparation of carboxymethyl chitosan in aqueous
solution under microwave irradiation. Carbohbydr Res 2005;340:
1351-6.

Tan H, Chu CR, Payne KA et al. Injectable in situ forming biodegradable
chitosan-hyaluronic acid based hydrogels for cartilage tissue engineer-
ing. Biomaterials 2009;30:2499-506.

Ninan N, Muthiah M, Park I-K et al. Faujasites incorporated tissue engi-
neering scaffolds for wound healing: in vitro and in vivo. ACS Appl
Mater Interfaces 2013;5:11194-206.

Alam MM, Sugiyama Y, Watanabe K et al. Phase behavior and rheology
of oil-swollen micellar cubic phase and gel emulsions in nonionic surfac-
tant systems. | Colloid Interface Sci 2010;341:267-72.

Song K, Compaan AM, Chai W et al. Injectable gelatin microgel-based
composite ink for 3D bioprinting in air. ACS Appl Mater Interfaces
2020;12:22453-66.

Soliman BG, Lindberg GC]J, Jungst T et al. Stepwise control of crosslink-
ing in a one-pot system for bioprinting of low-density bioinks. Adv
Healthcare Mater 2020;9:¢1901544.

Gao T, Gillispie GJ, Copus JS et al. Optimization of gelatin-alginate
composite bioink printability using rheological parameters: a systematic
approach. Biofabrication 2018;10:034106.

Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat
Biotechnol 2014;32:773-85.

Wilson SA, Cross LM, Peak CW et al. Shear-thinning and thermo-revers-
ible nanoengineered inks for 3D bioprinting. ACS Appl Mater Interfaces
2017;9:43449-58.

Ramanujam V, Charlier C, Bax A. Observation and kinetic characteriza-
tion of transient Schiff base intermediates by CEST NMR spectroscopy.
Angew Chem Int Ed 2019;58:15309-12.

Miranda DG, Malmonge SM, Campos DM et al. A chitosan-hyaluronic
acid hydrogel scaffold for periodontal tissue engineering. | Biomed
Mater Res 2016;104:1691-702.

Dai X, Ma C, Lan Q et al. 3D bioprinted glioma stem cells for brain tu-
mor model and applications of drug susceptibility. Biofabrication 2016;
8:04500S.

Zhang W, Kim JH, Franco CM et al. Characterisation of the shrinkage
of calcium alginate gel membrane with immobilised Lactobacillus rham-
nosus. Appl Microbiol Biotechnol 2000;54:28-32.

Hirama H, Kambe T, Aketagawa K et al. Hyper alginate gel microbead
formation by molecular diffusion at the hydrogel droplet interface.
Langmuir 2013;29:519-24.

Li L, Chen Y, Wang Y et al. Effects of concentration variation on the
physical properties of alginate-based substrates and cell behavior in cul-
ture. Int | Biol Macromol 2019;128:184-95.

Chicurel ME, Chen CS, Ingber DE. Cellular control lies in the balance of
forces. Curr Opin Cell Biol 1998;10:232-9.

Salic A, Mitchison TJ. A chemical method for fast and sensitive detection
of DNA synthesis in vivo. Proc Natl Acad Sci USA 2008;105:2415-20.
Sun'Y, Sun Y, Lin G et al. Multicolor flow cytometry analysis of the pro-
liferations of T-lymphocyte subsets in vitro by EdU incorporation.
Cytometry A 2012;81A:901-9.

Alvarez KLF, Poma-Acevedo A, Fernandez-Sanchez M et al. An EdU-
based flow cytometry assay to evaluate chicken T lymphocyte prolifera-
tion. BMC Vet Res 2020;16:230-12.

Loebel C, Rodell CB, Chen MH et al. Shear-thinning and self-healing
hydrogels as injectable therapeutics and for 3D-printing. Nat Protoc
2017;12:1521-41.

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

Rutz AL, Hyland KE, Jakus AE et al. A multimaterial bioink method for
3D printing tunable, cell-compatible hydrogels. Adv Mater 2015;27:
1607-14.

Rutz AL, Gargus ES, Hyland KE et al. Employing PEG cross-
linkers to optimize cell viability in gel phase bioinks and tailor

post printing mechanical properties. Acta Biomater 2019;99:
121-32.
Chen Y, Zhang J, Liu X et al. Noninvasive in vivo 3D bioprinting. Sci

Adv 2020;6:eaba7406.

Gu Q, Tomaskovic-Crook E, Wallace GG et al. 3D bioprinting human
induced pluripotent stem cell constructs for in situ cell proliferation and
successive multilineage differentiation. Adv Healthcare Mater 2017;6:
1700175.

Gu Q, Tomaskovic-Crook E, Lozano R et al. Functional 3D neural mini-
tissues from printed gel-based bioink and human neural stem cells. Adv
Healthcare Mater 2016;5:1429-38.

Lin Y-H, Liang H-F, Chung C-K et al. Physically crosslinked alginate/
N,O-carboxymethyl chitosan hydrogels with calcium for oral delivery of
protein drugs. Biomaterials 2005;26:2105-13.

Armstrong JPK, Burke M, Carter BM et al. 3D bioprinting using a tem-
plated porous bioink. Adv Healthcare Mater 2016;5:1724-30.

Ng WL, Goh MH, Yeong WY et al. Applying macromolecular crowding
to 3D bioprinting: fabrication of 3D hierarchical porous collagen-based
hydrogel constructs. Biomater Sci 2018;6:562-74.

Yoneda M, Shimizu S, Nishi Y et al. Hyaluronic acid-dependent change
in the extracellular matrix of mouse dermal fibroblasts that is conducive
to cell proliferation. J Cell Sci 1988;90:275-86.

Li X, Luan S, Yuan S et al. Surface functionalization of styrenic
block copolymer elastomeric biomaterials with hyaluronic acid via a
“grafting to” strategy. Colloids Surf B: Biointerfaces 2013;112:
146-54.

Tavianatou AG, Caon I, Franchi M et al. Hyaluronan: molecular size-de-
pendent signaling and biological functions in inflammation and cancer.
FEBS ] 2019;286:2883-908.

Akiyama Y, Jung S, Salhia B et al. Hyaluronate receptors mediating
glioma cell migration and proliferation. | Neurooncol 2001;53:
115-27.

Song JM, Im ], Nho RS et al. Hyaluronan-CD44/RHAMM interaction-
dependent cell proliferation and survival in lung cancer cells. Mol
Carcinog 2019;58:321-33.

Witschen PM, Chaffee TS, Brady NJ et al. Tumor cell associated hyalur-
onan-CD44 signaling promotes pro-tumor inflammation in breast can-
cer. Cancers (Basel) 2020;12:1325.

Gao X, Sheng Y, Yang ] et al. Osteopontin alters DNA methylation
through up-regulating DNMT1 and sensitizes CD133+/CD44+ cancer
stem cells to 5 azacytidine in hepatocellular carcinoma. | Exp Clin
Cancer Res 2018;37:679-14.

Amorim S, da Costa DS, Freitas D et al. Molecular weight of surface
immobilized hyaluronic acid influences CD44-mediated binding of. Sci
Rep 2018;8:528-11.

Gerecht S, Burdick JA, Ferreira LS et al. Hyaluronic acid hydrogel for
controlled self-renewal and differentiation of human embryonic stem
cells. Proc Natl Acad Sci USA 2007;104:11298-303.

Khaing ZZ, Seidlits SK. Hyaluronic acid and neural stem cells:
implications for biomaterial design. | Mater Chem B 2015;3:
7850-66.

Riehl TE, Santhanam S, Foster L et al. CD44 and TLR4 mediate hyal-
uronic acid regulation of Lgr5+ stem cell proliferation, crypt fission, and
intestinal growth in postnatal and adult mice. Am | Physiol Gastrointest
Liver Physiol 2015;309:G874-87.

Riehl TE, Ee X, Stenson WF. Hyaluronic acid regulates normal intestinal
and colonic growth in mice. Am | Physiol Gastrointest Liver Physiol
2012;303:G377-88.

Jain M, He Q, Lee WS ez al. Role of CD44 in the reaction of vascular
smooth muscle cells to arterial wall injury. | Clin Invest 1996;97:
596-603.



Hydrogel bioink for 3D bioprinting

15

[75].

[76].

Trochon V, Mabilat C, Bertrand P et al. Evidence of involvement of
CD44 in endothelial cell proliferation, migration and angiogenesis
in vitro. Int | Cancer 1996;66:664-8.

Lokeshwar VB, lida N, Bourguignon LY. The cell adhesion molecule,
GP116, is a new CD44 variant (ex14/v10) involved in hyaluronic acid
binding and endothelial cell proliferation. J Biol Chem 1996;271:
23853-64.

[77].

[78].

Duan B, Hockaday LA, Kang KH et al. 3D bioprinting of heterogeneous
aortic valve conduits with alginate/gelatin hydrogels. | Biomed Mater
Res2013;101A:1255-64.

Heo DN, Alioglu MA, Wu Y et al. 3D bioprinting of carbohydrazide-
modified gelatin into microparticle-suspended oxidized alginate for the
fabrication of complex-shaped tissue constructs. ACS Appl Mater
Interfaces 2020;12:20295-306.





