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ARTICLE INFO ABSTRACT

Keywords: Three-dimensional bioprinting holds promise in the anatomical fabrication of lost tissues and organs. Cell-laden
Hyaluronic acid hydrogels have been widely used as bioinks, extruded through a nozzle of 3D bioprinter to form the desired shape
Algir{ate, . layer-by-layer. However, the major challenge in 3D bioprinting is finding functional biomaterials to develop
Sﬁ];:;prmnng bioinks, besides animal-based biomaterials, such as gelatin and collagen. The amine-hyaluronic acid (HA-NHz2)

was covalently crosslinked with the aldehyde-alginate (Alg-CHO). Once HA-NH; and Alg-CHO solutions
combine, by varying volume ratios, gelation is initiated through a Schiff’s base reaction. The goal of this study
was to investigate how volume ratios of HA-NH; and Alg-CHO had impacts on the printability and biodegrad-
ability of the HA-Alg hydrogel and its potential use in the chondrogenic differentiation of mesenchymal stem
cells (hMSCs). The HA-Alg hydrogel made from equal volumes of HA-NH; and Alg-CHO exhibited shear-thinning
behaviours, which are essential features of a printable bioink. Moreover, we demonstrated cartilage tissue for-
mation by encapsulating hMSCs in the HA-Alg hydrogel for 4 weeks. To demonstrate a proof-of-concept in
creating an interpenetrating polymer network (IPN), the incorporation of silk fibroin into the HA-Alg hydrogel
network was tested. This finding allowed the HA-Alg hydrogel to serve as a platform for development of other
bioinks, without adverse effects on mechanical properties and shear-thinning behaviours. The results suggest that
the HA-Alg hydrogel can be used as a printable biomaterial for the extrusion-based 3D bioprinter. The HA-Alg
hydrogel promoted cartilage tissue development and potentially supported other tissue formation due to its
tailorable mechanical and degradable properties.

Cartilage tissue

1. Introduction

Development of three-dimensional (3D) bioprinting technology has
increased significantly to alleviate the organ shortage crisis. In
conjunction with tissue engineering, the 3D bioprinting offers a poten-
tial application in the fabrication of anatomically shaped implants for
tissue reconstruction, such as bone, cartilage and skin [1-4]. The
extrusion-based 3D bioprinting involves the dispensing of bioink using
the nozzle extruder incorporated with an x, y, z motion system. One of
the most challenging issues facing extrusion-based platforms is to

develop bioinks following two key additive manufacturing requisites,
which are printability and biocompatibility [5,6]. To meet these re-
quirements, selecting the appropriate functional biomaterials is of
utmost importance. Biomaterial-based hydrogels, both natural and
synthetic, have been attractive candidates for bioinks and their excellent
hydrophilicity has been a determining factor. Advantages of hydrogels
include their fine control over viscosity, crosslinking, and surface ten-
sion of bioink, as well as their provision of a microenvironment for cell
growth and tissue formation [7-9].

Among the bioink materials used for 3D tissue printing, a bacterial
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hyaluronic acid (HA) hydrogel is a promising candidate [10,11]. HA,
composed of repeat units of $-1,4-D-glucuronic acid and f-1,3-N-acetyl-
D glucosamine, is a polymeric glycosaminoglycan (GAG) originally
found in the extracellular matrix (ECM) of articular cartilage [12,13].
For decades, HA has been widely investigated in biomedical research,
especially in cartilage regeneration [10,13-15]. The presence of HA
plays a critical role in maintaining cartilage homeostasis, promotes
chondrogenic phenotypes, and stimulates type II collagen production
[16]. Despite the outstanding biocompatibility and hydrophilicity of
HA, its application as bioink in 3D bioprinting is very limited because of
its low viscosity, difficult gelation process, and low mechanical prop-
erties. Many attempts have been made to address these challenges,
including combining HA with chitosan [17], crosslinking with collagen
and poly(ethylene glycol) ether tetrasuccinimidyl glutarate [18]. To
date, the practical applications of HA in 3D bioprinting have not been
clearly identified.

Taken together, this has led our research group to develop new
bacterial HA-based bioinks. The manufacturing strategy was developed
the composite hydrogel by combining the biocompatible advantages of
HA with a mechanically stable biopolymer, alginate (Alg). Derived from
brown algae, Alg contains -D-mannuronate (M blocks) and a-L-gulur-
onate (G blocks) subunits bonded with 1, 4 linkages. Mechanical prop-
erties of Alg are usually modulated by ionic interactions between G
blocks and Ca" or other divalent cations to form 3D “egg box™ struc-
tures [19]. Hence, the objectives of this study were to develop a print-
able HA-Alg hydrogel and investigate its potential use in the
chondrogenic differentiation of hMSCs.

We hypothesized that the HA-Alg hydrogel exhibits shear-thinning
behaviours to allow 3D bioprintability without cytotoxicity. To test
this hypothesis, bacterial HA and Alg were modified to amine-
hyaluronic acid (HA-NHy) and aldehyde-alginate (Alg-CHO), respec-
tively. HA-NH; and Alg-CHO were covalently crosslinked and formed
the HA-Alg hydrogel via imine bonds between amino and aldehyde
groups, known as Schiff’s base reaction [20]. By varying the volume
ratios of HA-NHj, and Alg-CHO, the hydrogel exhibited a wide range of
printability and degradability. The functional groups of HA-Alg were
characterized by magnetic nuclear resonance (NMR) and Fourier
transformed infrared spectroscopy (FTIR). The viscosity and shear-
thinning behaviour of the hydrogel were investigated by rheological
analysis. Printability was tested using an extrusion-based 3D bioprinter.
Hydrogel degradation was investigated over 60 days in physiological
PBS solution. Human mesenchymal stem cells (hMSCs) were encapsu-
lated into HA-Alg hydrogels and tested for cytotoxicity and cartilage
tissue formation.

The potential application of HA-Alg hydrogel as an interpenetrating
polymer network (IPN) platform to entrap other biopolymers was
investigated by incorporating silk fibroin (SF), a macromolecular
structure containing amino groups. HA-Alg hydrogel could optimize
properties by varying the volume ratios of HA-NH, and Alg-CHO. The
versatility of HA-Alg hydrogel, including its uses in bioink and IPN
platform, suggests the creation of bioprinted tissue constructs with
desirable mechanical properties and a tuneable biodegradation time.

2. Materials and methods
2.1. Materials

Hyaluronic acid sodium salt (molecular weight 1.6 x 10% Da)
(53747), sodium alginate (W201502), lithium bromide (LiBr) (213225),
ethylenediamine (753084), 1-hydroxybenzotriazole hydrate (HOBt)
(54802), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) (03450), sodium periodate (NalO4) (S1878), ethylene glycol
(324558), sodium chloride (NaCl) (S9888), and dimethyl sulfoxide
(DMSO) (D48418) were purchased from Sigma-Aldrich (St, Louise, MO,
USA). HyClone Minimal Essential Medium («MEM) used for cell culture
was purchased from Cytiva (Logan, Utah, USA). High-glucose DMEM
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(D7777), insulin-transferrin-selenium liquid medium supplement
(I3146), L-Proline (147853), dexamethasone (D4902), and ascorbic acid
(A4544) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Gibco™  HEPES (15630080), Gibco™ antibiotic—antimycotic
(15240062), Gibco™ fetal bovine serum (FBS) (A4766801), human
TGF-f3 recombinant protein (RP8600) were purchased from Thermo-
Fisher Scientific (Waltham, MA, USA). TrypLE™ Express Enzyme
(12604021), Invitrogen™ LIVE/DEAD® viability/cytotoxicity kit
(L3224), PrestoBlue™ (P50200), and Quant-iT™ Picogreen™ dsDNA
Assay were purchased from ThermoFisher Scientific (Waltham, MA,
USA).

2.2. Synthesis of HA-NH,

HA was dissolved in deionized (DI) water to make a concentration of
5 mg/mL. A 30-molar excess of ethylenediamine was added into the HA
solution. The pH of the solution was adjusted to 6.5 by HCl, resulting in
the reaction mixture. Next, EDC (0.8 g) and HOBt (0.7 g) were dissolved
in 10 mL of DMSO in water (1: 1 v/v) and added dropwise to the reaction
mixture [21]. The HA reaction mixture was stirred for 24 h at room
temperature and dialyzed (molecular weight cut-off 14000 Da, Sigma-
Aldrich, MO, USA) against DI water for 3 days. The solution after dial-
ysis was subjected to salting out by addition of NaCl to final concen-
tration of 5% w/v. The white HA-NH, precipitation was collected in
70% ethanol, redissolved in water, and then dialyzed for 3 days. The
final product was freeze-dried and stored at 4 °C.

2.3. Synthesis of Alg-CHO

Alg was dissolved in DI water to obtain a concentration of 2% w/v.
The 5 mL of 0.5 M NalO4 was added to Alg solution and stirred for 2 h at
room temperature in the dark. Ethylene glycol (1 mL) was used to
quench the excess NalOg4. The resulting solution was stirred for 2 h and
then dialyzed against DI water for 3 days. The solution in dialysis bag
was freeze-dried, and stored at 4 °C.

2.4. Preparation of SF

The 4 g of degummed silk was dissolved in 16 mL of 9.3 M LiBr so-
lution at 60 °C for 4 h. The resulting solution was collected and dialyzed
against DI water for 3 days. Subsequently, the dialyzed SF solution was
centrifuged at 9000 rpm, 4 °C for 20 min twice to separate SF solution
from debris [22]. The SF concentration was determined by weighing the
remaining solid after drying.

2.5. Preparation of HA-Alg hydrogel

The dry products of HA-NH3 and - were dissolved separately
in 1xPBS to reach a concentration of 30 mg/mL and
respectively. The HA-Alg hydrogels were fabricated by thoroughly
mixing HA-NHj; and Alg-CHO solutions at various volume ratios of 2:8,
3:7, 4:6, 5:5, 6:4, 7:3, and 8:2 at room temperature (Table 1).

Table 1
HA-Alg hydrogels at different volume ratios of HA-NH, and Alg-CHO. O: Form
gel, X: Do not form gel.

Volume ratio HA-NH, (uL) Alg-CHO (uL) Gelation
2:8 40 160 X
3.7 60 140 X
4:6 80 120 X
5:5 100 100 o
6:4 120 80 o
7:3 140 60 o
8:2 160 40 X
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2.6. Preparation of HA-Alg-SF hydrogel

HA-NH, was dissolved in 1xPBS and added to SF solution to make a
final concentration of 30 mg/mL HA-NH; and 2 mg/mL SF, resulting in
HA-NH;/SF mixture. Then, the 20 mg/mL of Alg-CHO was added to the
HA-NH;/SF mixture based on a volume ratio of HA-NH,/SF: Alg-CHO
(5:5). The concentration of SF (2 mg/mL) loaded in the HA-Alg was
determined from our previous research [23].

2.7. Characterization of HA-Alg and HA-Alg-SF hydrogel

2.7.1. NMR analysis

The pure HA, Alg, freeze-dried HA-NH; and freeze-dried Alg-CHO
were dissolved in deuterium oxide (D,0) and transferred to 5 mm NMR
sample tubes. The NMR spectra were recorded by Bruker AVANCE III
500 MHz spectrometer (Billerica, MA, USA). One-dimensional H and
13C resonances were obtained and analysed using Mnova (Mestrelab,
ver.14.1).

2.7.2. FTIR analysis

The freeze-dried samples were ground with KBr powder. FTIR
spectra were obtained in a wavenumber range from 4000 cm ™! to 500
cm™L. The spectrum was averaged over 64 scans with 4.0 cm™! resolu-
tions (Perkin Elmer, Spectrum One, USA). The spectra were documented
and analysed using Origin (Origin Lab, ver.2021).

2.7.3. Swelling and degradation analysis

The initial wet weight (W) of hydrogels (n = 3) was recorded. Then
hydrogels were submerged in 1xPBS solution (pH 7.4) at 37 °C for 60
days. Hydrogels were removed from PBS solution, with wet weight (W)
recorded at different timepoints to calculate percentage of weight dif-
ferences, Wq (%), as described in the equation below.

Wa (%) = (W, — W)/W, x 100

The positive and negative values were expressed in swelling (%) and
degradation (%), respectively.

2.7.4. Printability of HA-Alg (5:5) and HA-AIg-SF hydrogel

The Alg-CHO was mixed with an equal volume of HA-NHj; or HA-
NHy/SF, transferred into a 1-ml syringe and printed through an 18G
needle (outer diameter: 1.27 mm, inner diameter: 0.84 mm) using a
custom-made 3D printer equipped with a screw-driven extruder (En-
terprise 2.0) (Fig. 6A). The printed patterns were designed by Blender
software (Blender, ver.9.3 LTS), and the G-code files were generated
using a slicing software (Simplify3D ver.4.0). HA-Alg or HA-Alg-SF
hydrogels were printed into 5 layers of grid patterns (total dimension
was 20 mm x 20 mm x 5 mm). The printing condition was maintained
at 37 °C with a speed of 60 mm/min.

To investigate the cell-loading capacity of the hydrogel for bio-
printing, the Alg-CHO was mixed with FluoSpheres™ Polystyrene
Microsphere (F8834, Invitrogen, MA, USA), combined with an equal
volume of HA-NHpy, transferred into a 1-ml syringe, and printed through
an 18G needle followed the previously described procedure. The dis-
tribution of the microspheres in the HA-Alg hydrogel was visualized
under a confocal microscope (Zeiss LSM 800, Germany).

Cell viability assessment in 3D-printed constructs was conducted by
encapsulating hMSCs in the HA-Alg or HA-Alg-SF hydrogels. hMSCs
were mixed with Alg-CHO, combined with an equal volume of HA-NH,
solution or HA-NH,/SF mixture, and transferred into a 1-ml syringe (10°
cells/mL). The cell/hydrogel was printed through 18G needle into 2
layers of grid patterns (total dimension was 15 mm x 15 mm x 0.2 mm).
Cell viability was observed under fluorescence microscope (Nikon
Eclipse Ti, USA) 1 day post-printing.

2.7.5. Mechanical assessment of hydrogels
Mechanical properties of hydrogels (n = 3) were measured by a
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Hounsfield electronic universal testing machine (Hounsfield HT, USA) at
room temperature. The hydrogels of 13 mm in diameter and 10 mm in
thickness were placed into the testing machine with a constant velocity
of 10 mm/min in compressive mode. All hydrogel samples were com-
pressed to 50% of the height of their original cylindrical shape.

2.7.6. Rheological analysis of hydrogels

Rheological measurements of hydrogels were performed with a
rheometer (HAAKE MARS III, ThermoScientific, USA) equipped with
parallel plates set in oscillatory mode at room temperature. Strain sweep
experiment was conducted over a range of 0.1-100%, at 1 Hz to deter-
mine the linear viscoelasticity region (LVER) of the hydrogels. Then, the
dependence/independence of elastic modulus (G’) and viscous modulus
(G") over a range of oscillation frequencies (0.01-100 Hz) was acquired
at the defined strain rate. Time sweep experiment was performed to
determine the gelation time at 1 Hz, for 30 min and at room tempera-
ture. The viscosity of hydrogels over a shear rate (0.001-1000 s~ 1) was
recorded.

2.8. Investigation of cartilage tissue formation in hydrogel

2.8.1. Sample sterilization

Chemical modification of HA and Alg was conducted in a biosafety
cabinet. All chemicals and reagents were filtered before use. The
lyophilized HA-NH; and Alg-CHO were sterilized under UV light for 20
min in a biosafety cabinet prior to in vitro experiments.

2.8.2. Cell culture and encapsulation in hydrogel

hMSCs (Lonza, Walkersville, MD) were maintained in hMSC medium
(aMEM supplemented with 5% (v/v) FBS, 1% (v/v) GlutaMAX, 1% (v/v)
HEPES buffer, 1 ng/mL of fibroblast growth factor-basic (bFGF) (Invi-
trogen), and 1% (v/v) antibiotic-antimycotic solution) at 37 °C and 5%
CO;. The medium was changed every 3 days. Subculturing was per-
formed using TrypLE™ Express when cells reached 80% confluency. For
cell encapsulation, the Alg-CHO solution was mixed with hMSCs first
and then added with an equal volume of HA-NH solution or HA-NH,/SF
mixture (1 x 10° cells/mL). The 50 mL of HA-Alg or HA-Alg-SF mixture
was transferred into 6 mm x 8 mm cloning rings (Pyrex, Sigma Aldrich)
and incubated at 37 °C, 5% CO; for 2 h. Then, cell/hydrogel constructs
were pushed out from cloning rings and further cultured in chondro-
genic medium.

2.8.3. Live/dead assay

According to ISO standard 10993-5:2009, hydrogels were directly
assessed using cytotoxicity by LIVE/DEAD® Kit. The constructs (n = 3)
were incubated in Calcein AM/EthD-1 for 30 min in the dark. The
hydrogel constructs were visualized using an inverted fluorescence mi-
croscope (Nikon Eclipse Ti, USA) to determine living (green) and dead
(red) cells on day 1, 3 and 7 post-encapsulation. This will ensure cell
viability in hydrogels at the early stage of encapsulation.

2.8.4. PrestoBlue™ assay

The constructs (n = 3) on day 1, 3 and 7 post-encapsulation were
incubated with 1x PrestoBlue™, at 37 °C, 5% CO5 for 3 h. Then, the
incubated medium was taken out and transferred to a 96-well plate. The
fluorescence was measured at Aex 560 nm and Aen 590 nm using a
microplate reader (Varioskan Lux, Thermo Scientific, USA). Fibrin
hydrogel was used as control due to its compatibility for cell encapsu-
lation [24]. Blank wells were HA-Alg (5:5), HA-Alg-SF, and fibrin
hydrogels without cell encapsulation.

2.8.5. Quant-iT™ Picogreen™ dsDNA Assay

The constructs (n = 3) were removed from culture medium, minced,
and digested in 1 mg/mL proteinase K (P2308, Sigma-Aldrich, MO, USA)
containing 20 pL papain solution (P4762, Sigma-Aldrich, MO, USA).
DNA content was measured using Quant-iT™ Picogreen™ dsDNA Assay
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Kit. Samples were measured at Aex 480 nm and Aey 530 nm using a
microplate reader (Varioskan Lux, Thermo Scientific, USA).

2.8.6. Chondrogenic differentiation

The hMSCs/hydrogel constructs (1x1 0° cells/mlL) were cultured in
chondrogenic medium (high-glucose DMEM supplemented with 1% (v/
v) insulin-transferrin-selenium, 1% (v/v) HEPES buffer, 0.1% (v/v) L-
proline, 0.1% (v/v) ascorbic acid, 0.4 ug/mL of dexamethasone, 5 ng/
mL of TGF-$3, and 1% (v/v) antibiotic-antimycotic) for 4 weeks, with
medium changes every 3 days.

2.9. Immunofluorescent staining

After 2 weeks and 4 weeks, the constructs were fixed in 4% form-
aldehyde and embedded in cryogel (FCS 22 Clear, Leica). The constructs
were sectioned with 5 pm thick. The sections were pre-treated with
proteinase K for antigen retrieval, rinsed with PBS, incubated with
blocking serum, and incubated with 1: 200 rabbit polyclonal to type II
collagen antibody (ab34712, Abcam, UK) for 1 h. After that, the sections
were washed and incubated with anti-rabbit secondary antibody con-
jugated with Texas Red (ab7088, Abcam, UK) for 1 h at room temper-
ature in the dark. Negative control samples were sections without
primary antibody incubation. All samples were mounted with a fluo-
roshield mounting medium with DAPI (ab104139, Abcam, UK). The
sections were visualized under an inverted fluorescence microscope
(Nikon Eclipse Ti, USA).

2.10. Statistical analysis

Statistical analysis was performed using Stata (StataCorp, ver.17).
Data were expressed as mean + standard deviation (SD) of n = 3 unless
otherwise specified. The differences in mechanical testing, cell prolif-
eration in PrestoBlue™ and Quant-iT™ Picogreen™ dsDNA Assay were
evaluated using t-test and one-way ANOVA, followed by Tukey’s post-
test with a = 0.05 to consider statistical significance.

~
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3. Results
3.1. NMR analysis of HA-NH, and Alg-CHO

'H NMR was performed to characterize the native HA and confirm
the modification of HA with amino groups (—NHb). In the spectrum of
HA, the signals from 3.87 to 3.43 ppm were assigned to the protons on
the sugar rings (Fig. 1A) [25,26]. The carboxylate groups of HA were
activated and conjugated with the primary amines from ethylenedi-
amine using EDC/HOBt. The methyl (—CHs) protons of the N-acetyl
group of HA and HA-NH; showed a signal at 2.06 ppm and 2.03 ppm
(Fig. 1, label a). In the spectrum of HA-NHj, the presence of conjugated
ethylenediamine was confirmed by the proton signals at 3.20 ppm
(Fig. 1B, label b) and 2.93 ppm (Fig. 1B, label ¢) [27]. HA-NH; also
exhibited the new proton signals at 3.94 and 3.37 ppm (Fig. 1B), indi-
cating the chemical shift in protons in the sugar rings after conjugation
with primary amines.

Alg and Alg-CHO were characterized by 'H and '*C NMR to confirm
the products of oxidation. Alg was reacted with NalO4 resulting in the
cleavage of the carbon bond between C-2 and C-3, leading to the for-
mation of two aldehyde groups on its polymer chains, as indicated by
Alg-CHO (Fig. 2A). The 'H NMR spectra of Alg and Alg-CHO exhibited
the signals at 5.06, 4.66, and 4.48 ppm, corresponding to the protons at
the position of G1, M1, 5 and G5 on the Alg backbone (Fig. 2B) [28]. The
peaks at 9.3-9.7 ppm representing aldehyde groups were not detected
on the 'H NMR spectrum of Alg-CHO. Instead, the peaks at 5.74 and
5.55 ppm, which were reported as the signals of hemiacetal after
oxidation of alginate with NalO4 [29], were detected (Fig. 2B). The
highly unstable aldehyde groups on Alg-CHO react with the hydroxyl
groups (—OH) on the adjacent sugar rings and form hemiacetal, which is
reversible in aqueous environment (Fig. 2A).

For 13C NMR spectra, both Alg and Alg-CHO showed the signals
corresponding to G blocks (G1, G2, G3, G4 and G5) and M blocks (M1,
M4 and M5) on their sugar rings (Fig. 2C) [30]. The 13¢ NMR spectrum
of Alg-CHO had the new signals at 95.09 ppm and 92.73 ppm which
were assigned to hemiacetalic carbons. Although the signal of aldehyde
groups on Alg-CHO were not present in the NMR spectra, the signals of
hemiacetalic protons demonstrated successful modification of Alg to
Alg-CHO.
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Fig. 1. H NMR spectra of (A) unmodified HA, and (B) modified HA-NH,.
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3.2. FTIR analysis of HA-NH,, Alg-CHO and HA-Alg hydrogels

FTIR spectra of HA and Alg were determined before and after
modification to confirm the addition of amino groups (—NHj) and
aldehyde groups (—CHO) on HA and Alg, respectively (Fig. 3A). FTIR
spectrum of HA showed the stretching O—H of the hydroxyl groups at
3600-2900 cm L. In the spectrum of HA-NHj, a new peak at 3123 cm ™
was observed, which indicated the presence of N—H stretching in amine
salt after chemical modification. The primary amines (—NHj) in HA-
NH, were confirmed by the peak at 1552 cm™*. For Alg-CHO modifi-
cation, the peak at 1721 ecm ! of aldehyde groups (—CHO) was observed
[31]. Gelation of HA-Alg hydrogel occurred as a result of imine bond
(C=N) formation via Schiff’s base reaction between —CHO and —NH,
groups (Fig. 3C), as demonstrated by the peak at 1636 em ! (Fig. 3B)
[32].

When SF was incorporated into the HA- Alg matrix, the secondary
amine (N—H stretching) of HA-Alg-SF hydrogel was clearly observed at
higher intensity than that of HA-Alg hydrogel, as demonstrated at
3600-3000 cm ™! region and the peak at 3287 cm™! [33]. SF contains a
very low quantity of primary amines (—NH>) in Lysine (<0.5 mol%)
[34], which unlikely react with aldehyde groups (—CHO) on modified
Alg-CHO. Depletion of aldehyde groups at peak 1721 cm™! in both HA-
Alg and HA-Alg-SF hydrogels resulted from the reaction between Alg-
CHO and HA-NHj. The crosslink of HA-Alg-SF hydrogel is mainly
based on Schiff’s base reaction between Alg-CHO and HA-NHo.

3.3. Gelation of HA-Alg at different volume ratios

The HA-Alg hydrogel was formed by combining HA-NH; and Alg-
CHO solutions at different volume ratios. HA-NH; and Alg-CHO solu-
tions at volume ratios of 5:5, 6:4, and 7:3 were able to form hydrogels
(Table 1 and Fig. 4). Different ratios of HA-NH; and Alg-CHO influenced
hydrogel formation and injectability through needles (Fig. 4). Among
the hydrogel groups, gelation took longer when the ratio of HA-NH,
solution increased. For the ratio of 5:5, gelation occurred within 2 min
and showed more rigidity compared to other ratios. Therefore, the
volume ratio of HA-NH; and Alg-CHO at 5:5 was chosen for SF entrap-
ment in HA-Alg network, resulting in HA-SF-Alg hydrogel (Fig. 4)

Injectability

Gelation

HA-Alg 7:3 |

HA-Alg 6:4

HA-Alg 5:5

HA-Alg-SF

Fig. 4. Morphology and injectability of HA-Alg hydrogels at different volume
ratios of HA-NH, and Alg-CHO. The HA-Alg-SF hydrogel made from HA-NH,
and Alg-CHO at volume ratio of 5:5 (scale bars: 1 mm).
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3.4. Swelling and degradation behaviours of hydrogels

The wet weights of hydrogels were recorded at each timepoint and
compared to the wet weight in day 0 (Fig. 5, Supplementary Table S1).
Compared to other formulations, the HA-Alg (7:3) hydrogel exhibited a
significantly increased weight (swelling) from day 5 (4.8 + 2.5%) to day
10 (8.6 + 2.1%), and the fastest weight loss to 95.4 + 8.0% in 40 days.
The HA-Alg (6:4) hydrogel slightly increased wet weight up to day 10
(3.8 &+ 2.4%) and decreased to 89.4 + 5.3% on 40 days. Interestingly, the
swelling and degradation profiles of HA-Alg (5:5) hydrogel remained
constant for up to 35 days, before the hydrogel slowly degraded to 38.3
+ 14.9% on day 60.

When increasing the volume ratio of HA-NH, to Alg-CHO in the
hydrogel, the HA-NH, can absorb more water due to the interaction
between hydroxyl groups on its backbone and water molecules. The
molecular structure of HA-NH; stretched out, water content in the
hydrogels increased, and a high swelling pressure developed [35].
Generally, swelling pressure in hydrogel counteracts with the tensile
strengths of the hydrogel network. It is possible that an increase in
swelling pressure reduces the rigidity of the hydrogel network, which
induces the degradation of hydrogel [36]. Hydrogels will eventually be
replaced by a new extracellular matrix from cells. We demonstrated
modulation of the volume ratio of HA-NH; and Alg-CHO could control
degradation of the HA-Alg hydrogel, which could broaden the applica-
tions of the HA-Alg hydrogel to the reconstruction of many types of
tissue.

For the HA-Alg-SF hydrogel, the wet weight increased until day 20
(8.7 + 2.4%). After that, this hydrogel started to degrade from day 25
and remained only 17.2 + 0.8 % on day 60. The addition of SF resulted
in faster degradation of the HA-Alg-SF hydrogel compared to the HA-Alg
(5:5) hydrogel. Based on swelling and slow degradation profiles, the HA-
Alg (5:5) hydrogels with and without SF were chosen to assess print-
ability, mechanical properties and cartilage tissue formation.

3.5. Printability of HA-Alg (5:5) and HA-Alg-SF hydrogels

The HA-Alg (5:5) and HA-Alg-SF hydrogels served as bioink for our
custom-made 3D printer (Fig. 6A). The HA-Alg (5:5) and HA-Alg-SF
hydrogels were able to print, as demonstrated by the defined strands
and structural integrity after printing (Fig. 6B). The fluorescent micro-
spheres encapsulated in the hydrogel displayed homogenous distribu-
tion in line patterns (Fig. 6C). Moreover, hMSC-loaded hydrogels with
and without SF which were printed in two layers of grid patterns showed
excellent biocompatibility and hMSCs did not affect by shear stress

3 40- —u— HA-Alg (5:5)
< —e— HA-Alg (6:4)
£ 20 —a— HA-Alg (7:3)
= —v— HA-AIg-SF
2 T
20 [

- i
< .40 -
c
K] -
% -60 - Y
g \
& 801 T
a s

-100 3

0 5 101520253035404550556065
Incubation time (day)
Fig. 5. Swelling and degradation profiles of HA-Alg hydrogels at different

volume ratios, and HA-Alg-SF hydrogels. The data were displayed as mean + SD
(n =3).
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5 layers
HA-Alg-SF

20

5 layers

Hydrogel extrusion

HA-Alg HA-Alg-SF

Fig. 6. Printability of hydrogels. (A) Custom-made printer (Enterprise 2.0), (B) The 3D-printed HA-Alg (5:5) and HA-Alg-SF hydrogels (bioinks), (C) The distribution
of fluorescent microspheres in the 3D-printed HA-Alg hydrogel (bioink), and (D) Cell viability of human mesenchymal stem cells (hMSCs) in the hydrogels, 1 day post

printing (scale bars: 2 mm).

during extrusion, as demonstrated by green live cells (green dots)
(Fig. 6D).

Besides printability, cell viability is major concern for the success of
bioprinting, where cells will experience an instant shear stress while
passing through a nozzle. The levels of shear stress are well-controlled
by the viscosity of hydrogels and the printing parameters [37]. The
size of the needle gauge is a key factor that affects cell viability post-

A)

printing. A smaller needle diameter develops higher shear stress,
resulting from a greater force needed to eject the gel [38]. Meanwhile,
an appropriate printing speed was also investigated to ensure the pattern
printability [39]. Here, the printing parameters, including room tem-
perature, 18G needle, and 60 mm/min speed of the custom-made 3D
bioprinter, facilitated the deposition of HA-Alg (5:5) and HA-Alg-SF
hydrogels, and did not affect hMSC viability during the printing process.

0% Strain 50% Strain Recovery
=I
B) &)
154 30 4
——HA-Alg (5:5)
——HA-Alg-SF
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Compressive strength (kPa)
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0 5 10 15 20 25 30 35 40 45 50
Strain (%)

Elastic modulus (kPa)
>
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HA-Alg-SF

Fig. 7. Compressive strength of hydrogels. (A) Recovery ability of the HA-Alg (5:5) hydrogel after compression, (B) Compressive stress—strain curve of HA-Alg (5:5)
and HA-AIg-SF hydrogels, and (C) The elastic modulus of HA-Alg (5:5) and HA-Alg-SF hydrogels.
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When combined with 3D printing technology and medical imaging,
the HA-Alg (5:5) hydrogel could be printed into ear-shape structure for
reconstructive surgery (Supplementary Fig. S1). HA-Alg (5:5) and HA-
Alg-SF hydrogels have great potential as bioinks for 3D bioprinting
and the differentiation of chondrocytes.

3.6. Mechanical assessment of hydrogels

Under compressive loading, both HA-Alg (5:5) and HA-Alg-SF
hydrogels could withstand the load at 50% strain and recovered to
their original shapes (Fig. 7A). The compressive strength of HA-Alg (5:5)
and HA-Alg-SF hydrogels were 11.44 + 1.80 kPa and 10.61 + 0.36 kPa,
respectively, at the strain of 50% (Fig. 7B, Supplementary Table S2). The
incorporation of SF did not show a significant difference in elastic
modulus between the two hydrogels (HA-Alg hydrogel = 22.5 + 1.36
kPa vs. HA-Alg-SF hydrogel = 20.31 + 3.90 kPa, p > 0.05) (Fig. 7C).

3.7. Rheological analysis of hydrogels

Initially, a strain sweep test was used to determine the linear visco-
elasticity region of the hydrogel, which indicated the range of strain
amplitudes that do not destroy the hydrogel structure. Here, the strain
sweep from 0.1% to 100% was conducted at 1 Hz on both hydrogels. The
storage (G') and loss (G”) moduli were found to be beyond 100% for
both HA-Alg (5:5) and HA-Alg-SF hydrogels (Fig. 8A). This study sug-
gested that the HA-Alg (5:5) and HA-Alg-SF hydrogels exhibited high
stretchability and large deformation. The frequency sweeps from 0.01
Hz to 100 Hz were carried out at 1% strain, corresponding with the
determined LVE strain amplitude (Fig. 8B). The crossover points be-
tween G’ and G” for HA-Alg (5:5) and HA-Alg-SF were 78 Hz (black and
red lines) and 61 Hz (blue and green lines), respectively (Fig. 8B). Below
these points, the elastic behaviour dominated the properties of the
hydrogels (G’ > G"). On the other hand, exceeding the crossover point,
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both hydrogels showed a more fluid-like behaviour at a high frequency,
suggesting that the high frequency interrupted the hydrogel structure.
Both hydrogels, G’ and G”, showed frequency dependence throughout
the range test, from 1 Hz to 100 Hz. The time sweep of HA-Alg (5:5) and
HA-Alg-SF hydrogels was expected to provide information on gelation
time. In principle, the gelation of hydrogel has been observed by the
crossover time between storage (G’) and loss (G”) moduli. Before the
gelation, G” is greater than G/, which shows the liquid behaviour. When
the gelation occurs, G’ is equal to G” and ultimately exceeds G” value
according to time. Although the gelation points of HA-Alg (5:5) and HA-
Alg-SF hydrogels were not detected, G’ was greater than G” in both
hydrogels, indicating the elastic behaviour of crosslinked hydrogels
(Fig. 8C). The absence of a gelation point could be explained by the
quick reaction of HA-NHy and Alg-CHO before loading into the plate
geometry of rheometer.

In both HA-Alg (5:5) and HA-Alg-SF hydrogels, the viscosity
decreased when shear rate increased (Fig. 8D). The highest viscosity of
each hydrogel represents the point where the solid-like elastic state
breaks down and transforms to a fluid-like state. The HA-Alg (5:5)
hydrogel exhibited a higher viscosity (30.4 + 0.83 Pa.s) compared to the
HA-Alg-SF hydrogel (12.6 + 1.27 Pa.s). A decrease in viscosity was
observed at shear rates higher than 9.1 s! in HA-Alg (5:5) hydrogel and
higher than 6.6 s~! in HA-Alg-SF hydrogel, indicating their remarkable
shear-thinning behaviour. The shear-thinning properties of both
hydrogels indicated that they readily passed through the nozzle during
printing process, while retaining the gel state after extruding [40,41].
Correspondingly, the shear stress (z) applied on HA-Alg (5:5) and HA-
Alg-SF hydrogels in this model was determined by the relationship be-
tween apparent viscosity (1) and shear rate (y), as follows

T=ny

The shear stress at maximum viscosity of HA-Alg (5:5) and HA-Alg-
SF hydrogels were 276.6 Pa and 83.2 Pa, respectively. A high shear

B)
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Fig. 8. Rheological analysis of HA-Alg (5:5) and HA-Alg-SF hydrogels. (A) Strain sweep, (B) Frequency sweep, (C) Time sweep, and (D) Shear-thinning behaviour.
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stress can affect both cell viability and cell proliferation. It was reported
in previous research that a high cell viability was maintained in 3D
printing if a shear stress lower than 5 kPa was applied [42-44]. The data
in rheological analysis and cell viability after printing (Fig. 6C) sug-
gested that the viscosity and shear stress of both hydrogels were within
acceptable ranges for printing cells using our custom-made 3D bio-
printer (Enterprise 2.0).

3.8. In vitro cytocompatibility of HA-Alg (5:5) and HA-Alg-SF hydrogels

An assessment of cytotoxicity and cell distribution was performed
using a LIVE/DEAD cell viability assay on day 1, 3 and 7 post-
encapsulation. hMSCs showed a homogeneous distribution in HA-Alg
(5:5) and HA-Alg-SF hydrogels (Fig. 9A). The DNA content of both
hydrogels slightly increased for up to 7 days, including the DNA content
of the fibrin control group (Fig. 9B) [24]. In addition, immunohisto-
chemistry of Ki-67, the protein in active phases of the cell cycle G1, S, G2
and mitosis, was detected in the HA-Alg (5:5) and HA-Alg-SF hydrogels
(Supplementary Fig. S2). The cytotoxicity of both hydrogels was
investigated using PrestoBlue™ assay (Fig. 9C). The fluorescent values
corresponded with resorufin, a red fluorescent compound generated
from the mitochondrial reductase enzyme of active cells, which reflects
cellular metabolism [45]. Both hydrogels showed an increase in fluo-
rescence unit throughout the 7-day culture period, indicating the non-
toxicity of hydrogel against hMSCs. These studies demonstrated that
HA-Alg (5:5) and HA-Alg-SF hydrogels supported cell proliferation
without cytotoxicity.

3.9. Chondrogenic differentiation of hMSCs and cartilage tissue
formation

hMSCs were encapsulated into HA-Alg (5:5) and HA-Alg-SF
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hydrogels and cultured in chondrogenic medium. The cell-seeded
hydrogels were stiff and progressed to opaque constructs over week 4
of culture (Fig. 10A), suggesting that chondrogenic differentiation of
hMSCs occurred and the cells laid down an extracellular matrix within
the hydrogels. To confirm the presence of cartilaginous matrix, type II
collagen fluorescent staining was detected in both constructs in a higher
abundance on week 4 compared to week 2 (Fig. 10B). The secretion of
glycosaminoglycans (GAGs), which is also a chondrogenic marker, was
found in both HA-Alg (5:5) and HA-AIg-SF after week 2 and week 4 by
Alcian Blue staining (Fig. S3). Corresponding with the cytocompatibility
results, HA-Alg (5:5) and HA-Alg-SF hydrogels exhibited an excellent
supporting biomaterial for the chondrogenic differentiation of hMSCs,
providing an alternative option for the regeneration of cartilage tissue.

4. Discussion

Hydrogel is commonly used as a bioink because of its hydrated
environment, which is similar to native tissue, excellent biocompati-
bility and adjustable viscosity. The viscosity of hydrogels was influenced
by several parameters, including the chemical composition of hydrogels,
concentrations of polymers and temperature that allow for shear-
thinning properties to occur during hydrogel ejected from a 3D bio-
printer nozzle. Modulating viscosity is a key to control the gelation
process, which ultimately facilitates 3D bioprinting technology
[7,9,46-48].

In this study, we aimed to develop the hydrogel, comprising bacterial
HA and Alg, which is intended for use as a bioink. The gelation of the
HA-Alg hydrogel was induced by covalent crosslinking via imine bonds,
which was self-healing, temperature-independent and demonstrated
competitive advantages over other options for material handling.

HA provides a biological cue in the HA-Alg hydrogel system, as one
of the principle extracellular matrix components [17,49-51]. However,
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Fig. 9. In vitro cytocompatibility of HA-Alg (5:5) and HA-Alg-SF hydrogels. (A) Live/Dead staining of hMSCs encapsulated in hydrogels on day 1, 3 and 7, (scale
bars: 500 um), (B) Quant-i™ Picogreen™ dsDNA Assay. Asterisk (*) represents significant difference between samples (p < 0.05), and (C) PrestoBlue™ assay.
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A)

HA-Alg (5:5)

HA-Alg-SF

B)
Week 2

o - -

European Polymer Journal 166 (2022) 111027

Week 4

Week 4
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Fig. 10. Cartilage tissue formation. (A) hMSCs encapsulated in hydrogels for 0, 2 and 4 weeks (scale bars: 5 mm), and (B) Immunofluorescent staining of type II
collagen in hydrogel constructs after 2 weeks and 4 weeks (scale bars: 200 um), red: type II collagen, blue: cell nuclei. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

it is difficult to form gel alone because of low mechanical properties and
rapid degradation. To leverage the use of HA in tissue-engineering ap-
plications and bioink, gelling agents are needed to improve the struc-
tural stability of HA. Alg has been reported as a biopolymer with high
mechanical stiffness and slow degradation, providing great benefits for
the long-term culture of bone and cartilage tissue [52]. Most studies, HA
and Alg were ionic crosslinked using Ca?*. The rapid gelation of this HA-
Alg hydrogel has been difficult to control and limited in printability
[52,53]. HA and Alg were chemically modified to conjugate amino
(—NHy) and aldehyde (—CHO) groups into their polymeric structures.
The carboxyl groups (—COOH) on HA molecules were activated by
EDC/HOBLt to conjugate with ethylenediamine. For Alg, the modifica-
tion was based on the oxidation at carbon atoms (C-2 and C-3) on
alginitic polymeric subunits. After breaking the bond between C-2 and
C-3, 2 aldehyde functional groups were formed.

Crosslinking between HA-NH; and Alg-CHO resulted from Schiff’s
base reaction. The success in the chemical modification of HA and Alg
and creation of the HA-Alg hydrogel was confirmed by NMR and FTIR.
The HA-Alg hydrogel with tuneable properties, by varying volume ratios

10

of HA-NH;, and Alg-CHO, could expand the range of applications to
encapsulate different cell types and differentiate specific tissues.

During the fabrication process, three volume ratios of HA-NH, and
Alg-CHO of 5:5, 6:4 and 7:3 were able to form hydrogels (Table 1 and
Fig. 4). The HA-Alg (5:5) hydrogels were more rigid than the HA-Alg
hydrogels at other volume ratios, both 6:4 and 7:3. The slow degrada-
tion of HA-Alg (5:5) hydrogel goes in line with the gelation outcomes.
The HA-Alg (5:5) hydrogel remained intact in PBS solution for up to 40
days, while hydrogels at other ratios showed significant weight loss:
95.4 + 8.0 % in HA-Alg (6:4) hydrogel and 89.4 + 5.3% in HA-Alg
hydrogel (7:3) (Supplementary Table S1).

The HA-Alg (5:5) hydrogel was investigated as a potential bioink
with extrusion-based printability, a cell encapsulation matrix, mechan-
ical properties, cytocompatibility and cartilage tissue formation. All
studies of the HA-Alg (5:5) hydrogel were carried out in parallel with the
entrapment of silk fibroin (SF) to evaluate the IPN’s capabilities of the
HA-Alg (5:5) hydrogel. SF, a polypeptide from Bombyx mori silkworms,
was mixed with HA-NHj first to prevent the crosslinking between amino
groups on SF and aldehyde groups on Alg-CHO. Interestingly, the
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addition of SF could minimize weight loss in the hydrogel constructs
more than HA-Alg (6:4) and HA-Alg (7:3) in Fig. 4. This clearly showed
that HA-Alg (6:4) and HA-Alg (7:3) hydrogels had greater weight loss
than the HA-Alg (5:5), with and without SF. Further investigations are
necessary to clearly understand if SF, HA or Alg still remain in the cell-
loaded constructs.

Incorporating SF into the HA-Alg hydrogel did not affect 3D bio-
printability and hMSC viability. The HA-Alg (5:5) hydrogel can precisely
print grid patterns better than that with SF (Fig. 6D). The higher spatial
resolution of printed HA-Alg (5:5) hydrogel compared to HA-Alg-SF
hydrogel could be explained by the 2.4-times higher viscosity of HA-
Alg (5:5) hydrogel compared to HA-Alg-SF hydrogel, suggesting that
SF possibly interfered the HA-Alg network. To improve the viscosity of
HA-Alg-SF hydrogel, increasing the degree of crosslinking might rein-
force the HA-Alg hydrogel network and improve shear-thinning of the
hydrogel that is incorporated with other polymeric molecules, and not
limited to SF. However, it is interesting to note that bulk mechanical
properties of HA-Alg (5:5) and HA-Alg-SF did not show significant dif-
ferences, as demonstrated by their similar compressive and elastic
moduli (Fig. 7). Both HA-Alg (5:5) and HA-Alg-SF hydrogels exhibited
elastic behaviours (G’ > G”), and could be quickly prepared for 3D
bioprinting, without compromising homogenous cell distribution.

Moreover, important biological properties of HA-Alg (5:5) and HA-
Alg-SF hydrogels were confirmed by several assays (LIVE/DEAD® Kit,
Quant-iT™ Picogreen™ dsDNA and PrestoBlue™). Cell proliferation
marker in the tissue constructs HA-Alg (5:5) and HA-Alg-SF increased
through culture time and was more prominent in HA-Alg (5:5), partic-
ularly for DNA content from day 7 onwards.

As it was more relevant than monolayer cell culture, the fibrin
hydrogel [23] was used as the control group to assess the cartilage tissue
development in HA-Alg (5:5) and HA-Alg-SF hydrogels. We demon-
strated that hMSCs encapsulated in HA-Alg (5:5) and HA-Alg-SF could
transform hydrogel from a transparent to opaque construct in 4 weeks.
Cartilaginous matrix production by hMSCs was confirmed by type II
collagen and GAGs staining in both hydrogels. Assessing the biome-
chanical properties of the tissue constructs will be necessary to evaluate
the progression of compressive strength and elastic modulus.

Animal-free and plant-based smart biomaterials are an emerging
field in tissue engineering [54,55]. To create engineered tissue, in vitro
tissue constructs were originally generated using a top-down approach,
such as casting cell-laden hydrogels or seeding cells into pre-made
porous scaffolds. Currently, the bottom-up approach can fabricate tis-
sue constructs lay-by-layer using 3D bioprinting. The biomaterials used
in this study were bacterial- and algae-derived hydrogels. We demon-
strated the lab-grown cartilage was created by the top-down approach,
while cell viability was demonstrated in a short-term culture using the
bottom-up approach by 3D bioprinting. Our workflow was divided into
three phases. Firstly, the hydrogel was developed as an IPN platform and
printability was tested (hydrogel and 3D bioprinter). Secondly, the
hydrogel was investigated biocompatibility and tissue development
(hydrogel and cells). Finally, printing cell-laden hydrogel was conducted
to demonstrate homogenous cell distribution printed in grid pattern
(cells, hydrogel, and 3D bioprinter), which was not intended for long-
term culture.

5. Conclusion

This study reports on a novel composite hydrogel made from HA-NH»
and Alg-CHO. To initiate the gelation process, HA-NH;, was crosslinked
with Alg-CHO with different volume ratios, resulting in the formation of
imine bonds (C=N). The HA-Alg hydrogel with volume ratios of 5:5
exhibited a matrix capable of supporting cartilage tissue formation. The
versatility of the HA-Alg (5:5) hydrogel was demonstrated by tailoring
its mechanical properties, degradation time, and viscosity. Shear-
thinning behaviour and consistent biological properties (cell viability/
proliferation) of the HA-Alg (5:5) hydrogel suggested that these key
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features contribute to extrusion-based 3D bioprinting technology.
Finally, the HA-Alg (5:5) hydrogel demonstrated an IPN, which could
facilitate the development of a versatile platform to entangle other
macromolecules such as silk fibroin as shown herein.
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