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Osteoarthritis of the knee (KOA) is a degenerative disease that is increasingly occurring
in the elderly population as they age. The poor proliferation rate of chondrocytes impairs
cartilage recovery, and traditional treatments, including surgery, mainly focus on pain
relief. The development of hydrogel-based cellular therapy offers the possibility for
treatment by delivering healthy chondrocytes or stem cells to cartilage. Chitosan (CS)
and hyaluronic acid (HA) are natural polysaccharides that exhibit great potential in
hydrogel fabrication. The primary goal of this project is to develop and evaluate the
chitosan and hyaluronic acid-based double crosslinked hydrogels for stem cell delivery.
In this work, hydroxybutyl chitosan (HBCS) or catechol-hydroxybutyl chitosan (DOPA-

HBCS) was mixed with aldehyde hyaluronic acid (Ald-HA) to form hydrogels via Schiff



base reaction, and the thermosensitivity of HBCS and DOPA-HBCS can enhance the
mechanical properties of the hydrogels. Moreover, CaClz was used to suppress the
electrostatic interactions between CS and HA to improve the homogeneity of hydrogels.
We systematically characterized the mechanical properties, degradability, swelling ratio
and morphology of the HBCS/AId-HA hydrogels. The mesenchymal stem cells (MSCs)
were chosen to test the ability of encapsulation and biocompatibility of hydrogels. The
hydrogel with a concentration of 10 mg/mL showed proper mechanical properties
suitable for cartilage regeneration, and in vitro cell experiments showed that both
HBCS/Ald-HA and DOPA-HBCS/AId-HA hydrogels had excellent biocompatibility. High
cell viability was observed when cells were encapsulated in the gels, and they continued
to proliferate after release through hydrogel degradation. In addition, the presence of
catechol groups increased the tissue adhesion ability of hydrogels. In brief, the
HBCS/Ald-HA hydrogels exhibit excellent thermosensitivity, injectability, mechanical
properties and biocompatibility. In addition to these, DOPA-HBCS/Ald-HA hydrogels

showed stronger tissue adhesion ability.
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Chapter 1 Hydrogels: Promising Biomedical System for Disease Treatment

1. Overview of Hydrogels

Hydrogels are composed of solid three-dimensional (3-D) structures and a large amount
of liquid which is holden by the porous structures [1]. Due to the excellent capability of
retaining water, controllable mechanical properties and outstanding biocompatibility,
hydrogels are widely used in biomedical fields such as drug/gene delivery, tissue
regeneration and wound dressing [2-4]. Based on the material composition, biomedical
hydrogels can be classified into three classes: 1) synthetic polymer hydrogels, 2) natural
polymer hydrogels, and 3) low molecular weight hydrogels (Figure 1). Typically, synthetic
polymers exhibit high processability, high swelling ratio, and controllable mechanical
properties [5, 6]. Various synthetic polymer hydrogels such as Poly(vinyl alcohol)
hydrogels  (PVA), polyethylene glycol (PEG) and  poly(2-hydroxyethyl
methacrylate)/poly(2-hydroxypropyl methacrylate) hydrogels have been approved by
Food and Drug Administration (FDA) and used in the cancer therapy [7]. Even though
synthetic polymer hydrogels exhibit wonderful biocompatibility, the introduction of toxic
chemicals during the synthesis process could cause a potential toxicity [8]. Compared
with synthetic polymer hydrogels, natural polymers and their derivatives, which can be
easily obtained from cellulose, chitin, gelatin, etc., show better biodegradability,
biocompatibility and sustainability but less controllability of mechanical properties and
swelling rate [9]. Unlike polymer hydrogels, low molecular weight hydrogels are formed
by small molecules such as peptides and peptoids [9]. In the gelation process of small
molecule hydrogels, non-covalent bonding or supramolecular interactions, including

hydrophobic and electrostatic interactions, hydrogen bonding and -1 stacking, play a



significant role and endow hydrogels self-healing properties [10, 11]. However, the

reversible interactions are relatively weak and will result in weak solid hydrogel networks.
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Figure 1. Overview of major materials in hydrogels composition
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2. Crosslinking Strategies of Hydrogels

As mentioned, the 3-D network structure is the most obvious feature of hydrogels, and
these networks are formed mainly by the intermolecular or intramolecular crosslinking of
polymer or small molecules. According to the mechanism of crosslinking as shown in
Figure 2, hydrogels can be classified into physical crosslink hydrogels and chemical

crosslink hydrogels.



2.1Physical Crosslink Hydrogels

Physical crosslinking can be attributed to the reversible intermolecular interactions,
including electrostatic interactions, hydrophobic/hydrophilic interactions, hydrogen
bonding, -1 stacking, temperature-induced polymer chain entanglement, etc [12-14].
Since the chemical crosslinker is not required and the nature of the reversibility, physical

crosslink hydrogels exhibit low cytotoxicity and self-healing properties.

Electrostatic interactions happen between two components of hydrogels with opposite
charges and will result in the formation of polyelectrolyte complexes. For instance, the
cationic amino groups of chitosan enable it to interact with other materials. It has been
reported that modified chitosan can easily form hydrogels with many natural polymers,
synthetic polymers and even peptides by electrostatic interactions, such as alginate,
carboxymethyl cellulose and amylogenic peptide [13, 15, 16]. Electrostatic interactions
could be modulated by several factors. Firstly, the molecular weight of the cationic
polymer determines the amount of net positive charge. The strength of electrostatic
interactions is significantly proportional to the amount and density of electric charges [17].
Secondly, the pH will cause protonation and deprotonation, which will cause the change
in electric charges of polyelectrolytes. Thus, the pH of physiological conditions needs to
be considered when designing hydrogels [18]. Other factors, such as concentration and
mixing ratio, can also affect the strength of electrostatic interactions by changing the

amount and density of charges [19].



Hydrogen bonding is one of the most common non-covalent interactions. Intermolecular
and intramolecular hydrogen bonds are crucial to maintaining the secondary structure of
proteins and play a major role in peptide hydrogels [20]. However, multivalent hydrogen
bonding is needed due to the weak bonding strength and low bonding energy (4-120 kJ)
[21]. The most prevalent functional groups used in the biomedical field that can provide
multiple hydrogen bonds to form the hydrogels are amide, pyrrole, carboxylic acid, and
especially ureido-pyrimidinone (UPy). The presence of UPy has been reported to
enhance the self-healing ability and the mechanical properties of hydrogels [22]. Even
though the network can be strengthened by applying multiple hydrogen bonding
interactions, it is still not strong enough. Therefore, hydrogen bonding is often used in

conjunction with other crosslinking strategies.

The crosslinking by hydrophobic interaction is induced by the temperature change.
Generally, the solution-hydrogel (sol-gel) transition can be achieved by thermal treatment
at the critical temperature, and the two main types of critical temperatures are lower
critical solution temperature (LCST) and upper critical solution temperature (UCST).
Polymers are soluble in the aqueous solution when the temperature is below the LCST.
When the solution is heated up, the hydrophobic interaction is enhanced, and polymers
become insoluble. The synergy of hydrophobic and hydrophilic interactions enables
polymers or small molecules to self-assemble into specific ordered nanostructures in the
agueous environment at a critical temperature [23]. Then, the transition from solution to
hydrogel happens due to the formation of the micelles [24]. In contrast to LCST, UCST-

induced hydrogels are prepared during the cooling process of the polymer solution [25].



The micelles will form by polymer self-assembly below UCST and transit to the solution
state when the temperature is above UCST. In brief, the sol-gel transition can be
attributed to the state change of hydrophobic chains. The transition from the open-chain
state to the globule/core state corresponds to the transition from solution to hydrogel. The
LCST strategy is employed in amphiphilic polymers, whereas the UCST strategy is more
used for zwitterionic polymers. In sum, the flexibility and reversibility of physical crosslink
endow it with unique properties to fit a variety of biomedical applications. However, for
some applications requiring high mechanical properties, several physical crosslink

strategies are needed simultaneously to fabricate stronger hydrogels.

2.2Chemical Crosslink Hydrogels

In contrast to physical crosslink hydrogels, the network of chemical crosslink hydrogels is
formed by covalent bonding via specific chemical reactions, including click chemistry
reaction, enzymatic crosslink, photopolymerization, etc [26]. Chemical crosslink
hydrogels exhibit better stability, stronger mechanical properties, and slower degradation
rates compared with physical crosslink hydrogels.

Among the click chemistry reaction family, Schiff base reaction and Diels-Alder (DA)
reaction play main roles in hydrogel fabrications. The mechanism of Schiff base reaction
is the condensation reaction between the aldehyde functional group and other
nucleophilic amine groups, and water is the only byproduct of this reaction [27]. Common
Schiff base reaction occurs between aldehyde functional group and amine functional
group to form covalent imine bond [28]. The Schiff base reaction is pH-dependent and

slight acidity at a pH of 4 to 7 can accelerate the reaction [27]. The reversibility and



dynamic equilibrium of the imine bond give the self-healing ability to hydrogels. For
instance, one study showed that acrylamide modified chitin and oxidized alginate can
form hydrogels with great stretchability and self-healing properties, and no external stimuli
are needed during the healing process [29]. Diels-Alder reaction is a [4+2] cycloaddition
between a conjugated diene and a substituted alkene (usually termed dienophile) to form
cyclohexene derivatives without any side reactions and byproducts [30]. In addition, the
DA reaction is a temperature-sensitive and thermally reversible reaction [31]. Among
various functional groups of DA reaction, furan and furan derivatives as well as maleimide
have received extensive attention due to the low toxicity and ease of modification [32].
Another click reaction used in hydrogel fabrication is the Michael addition reaction,
especially the reaction between thiol and vinyl functional groups. Both synthetic and
natural polymers, such as PEG and hyaluronic acid, can be easily modified and grafted

with specific groups for Michael addition reactions [33, 34].

Photo-induced polymerization typically needs monomers or short polymers with
unsaturated groups (like double bonds) and a photo-initiator. Visible or UV light is needed
for photo-initiators to create free radicals to initiate polymerization to form crosslinking
networks [35]. The spatial and temporal controllability, fast gelation rate and in situ
gelation processes make photo-induced hydrogels suitable for many non-invasive
therapeutic methods. Moreover, the common functional groups of polymers, such as
hydroxyl and amino groups, can be easily modified to introduce vinyl groups [36].
However, there are still some limitations that need to be overcome. The UV radiation and

photo-initiators could lead to potential cytotoxicity and DNA damage, and the poor



penetration limits the cure depth of treatment to a few millimeters [37, 38]. Enzymatic
crosslinking became popular because of its high predictability and in situ gelation ability.
The most common and well-studied enzymatic hydrogels are horseradish peroxidase
(HRP) and Transglutaminase (TG) catalyzed hydrogels [39]. With the presence of
hydrogen peroxide, HRP can catalyze the reactions of phenolic and tyramine polymers.
TG can accelerate the formation of amide bonds between primary amines and

carboxamide groups [40, 41].

Crosslink strategy is one of the most important factors in hydrogel design. In general,
chemical crosslink hydrogels are more stable and mechanically tunable because the
concentration of the crosslinker or the grafted ratio of functional groups is controllable,
whereas physical crosslink hydrogels are more flexible and less cytotoxic. Facing different
therapeutic needs, different crosslink approaches need to be employed, and a
combination of physical and chemical crosslink can also be utilized to give hydrogels the

advantages of both.
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Figure 2. Common crosslink strategies for hydrogel fabrication

3. Biomedical Applications of Hydrogels

The similarity in terms of stiffness and high-water content between hydrogels and natural
living systems as well as the excellent biocompatibility make hydrogels become ideal
candidates for a variety of biomedical applications [42]. The controllable degradability,
bioadhesive ability and porous structures of hydrogels enable them to work as
drug/gene/cell delivery vehicles. In addition to these features, the absorption of wound

exudate and antibacterial ability make hydrogels competitive wound dressing materials.
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Figure 3. Scheme of hydrogels in different biomedical applications. (A) The illustration of
injectable hydrogels. (B) Different administration routes of hydrogels. (C) Hydrogels for

wound dressing.

3.1Multiscale Hydrogels for Drug/Gene Delivery

Bulky hydrogels or macro hydrogels with sizes greater than millimeters are generally used
to deliver chemotherapy drugs locally to reduce systemic toxicity. Compared to systemic
administration, the drug can accumulate at high concentrations in tumor tissue for a
longer period of time by avoiding first-pass elimination and clearance effects in the blood
[43]. It has been reported that doxorubicin (DOX) and 5-fluorouracil (Fu) were
encapsulated in thermosensitive copolymer hydrogels. The hydrogel-drug systems was
then injected intratumorally and provided sustained release of two drugs for up to 18 days
[44]. Cationic polymer hydrogels are widely used as a delivery system for genes to
achieve gene therapy. Polyelectrolyte complexes can easily form via electrostatic

interactions between anionic DNA/RNA and cationic polymers so that genes can be



successfully encapsulated and released, and therapeutic proteins can be consistently
produced at the target site. Besides gene and chemotherapy drug delivery, photodynamic
treatment (PDT) and photothermal treatment (PTT) can also be enhanced by hydrogel

delivery systems [45, 46].

The main functions and mechanisms of microgels are close to those of macro hydrogels
including loading drugs and protecting drugs/genes from enzyme-induced degradation.
However, unlike macroscopic hydrogels, which are viscoelastic solids, microgels can be
well dispersed in solution, which offers the possibility of oral and intravenous
administration. Furthermore, microgels can be modified with specific targeting ligands and
functional groups to enhance the capability of targeting specific organs. When the size of
microgel particles reaches the nanoscale, it will lead to enhanced permeability and
retention effect (EPR) and increased penetrability across the blood brain barrier (BBB)

[47].

3.2Hydrogels for Cellular Therapy

Cellular therapy is an emerging approach for delivering different types of cells to the target
site to heal damaged or dysfunctional tissues. Due to the resemblance between
extracellular matrix (ECM) and hydrogels, hydrogels are widely used as cell delivery
vehicles for tissue regeneration. To maintain the activity and function of cells as well as
achieve directional differentiation of stem cells, several factors need to be taken into
account including the micro-morphology, mechanical properties, and porosity of the

hydrogel [48]. High porosity can improve cellular infiltration and nutrition transfer.

10



Especially for vascularized tissues, nutrient exchange and waste removal need to be
achieved by hydrogels with appropriate pore size and relatively high porosity [49]. The
cellular adhesion ability of hydrogels is another essential factor. Typically, the adhesion
capacity can be enhanced by designing appropriate material micromorphology and
adding cell adhesion ligands. The nanofibrous structure of native ECM can provide cell
geometry signals that assist cell-cell and cell-matrix interactions as well as enhance cell
growth and adhesion [48]. In addition, ECM also plays a role in giving mechanical support
and allowing gene expression of cells. Currently, the common approaches to endow
hydrogels with fibrous structures can be divided into two classes: bottom-up and top-
down. Self-assembly is one of the most well-established methods to fabricate fibrous
structures. By tuning the molecular structure of polymers or peptides, the non-covalent
interactions can be adjusted to finally obtain the desired morphology. Peptides become
ideal candidates because of the ease of modification, low cytotoxicity and similarity to the
amino acids in ECM, and peptide-based ECM-like hydrogels are used in many treatments,
such as cartilage, bone and cardiac tissue regeneration [50-52]. Moreover, both polymer
and small molecule hydrogels can be conjugated with arginine-glycine-aspartate (RGD)
tripeptide to enhance cell attachment. The stiffness of hydrogels will also affect the cell
behavior and the treatment efficacy, with different types of tissues having different
requirements. It was observed that the hydrogels with storage modulus in the range of
500-1000 Pa were optimal for cartilage regeneration, whereas hydrogels around 3000 Pa

were better for the fibrous tissue repair [53].
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3.3Hydrogels for Wound Dressing

During the wound healing process, it is necessary to cover the wound with dressings to
prevent further infection and trauma to the wound. Traditional dressings such as gauze
have poor flexibility and limited ability to absorb exudate and maintain hemostasis, which
limits their use in large external wounds and internal organs. Among the current
mainstream dressings, such as foams and hydrocolloids, hydrogels emerge as the most
competitive candidates. This is not only due to the ideal biocompatibility and hydrophilicity
of hydrogels, but also their ability to carry substances that promote wound healing.
Moreover, hydrogels offer more advanced features than other types of dressings,
including antibacterial, antioxidant and adhesive properties, all of which can contribute to

the wound healing [54].
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Chapter 2 Chitosan and Hyaluronic Acid-based Double Crosslinked Hydrogels for Stem
Cell Delivery and Cartilage Regeneration

1. Introduction

Most current clinical treatments for knee osteoarthritis (KOA), a chronic degenerative
disease, focus on symptom relief. The main issue which inhibits recovery is the lack of
spontaneous wound repair ability in cartilage due to the poor proliferative potential of
chondrocytes [55]. Current non-surgical treatments cannot alter the disease process, but
the research in cellular therapy provides researchers with a promising approach to
overcome this limitation. Mesenchymal stem cells (MSCs) belong to the adult stem cell
family and can differentiate into many types of connective tissue cells [56]. MSCs and
their secreted exosomes can function therapeutically to repair the tissue
microenvironment. In addition, the tendency of MSCs to differentiate into chondrocytes
provides additional cell sources to cartilage, which shows potential to contribute to
regeneration in KOA [57]. As mentioned in the last chapter, the emergence and
development of hydrogels improve the efficacy of cellular therapy by creating a
biocompatible and porous structure that facilitates stem cell growth and proliferation. By
being encapsulated in and supported by hydrogels, stem cells are able to enter and
remain in the cartilage cavity for a period of time, and the non-invasive treatment achieved

by injectable hydrogels minimizes damage and side effects [58].

Chitosan, the deacetylated product of chitin, is a linear polysaccharide composed of [3-
(1—4)-linked D-glucosamine and N-acetyl-D-glucosamine units [59]. Recently, chitosan

has shown outstanding potential in bio-hydrogel materials. The presence of amino and

13



hydroxyl functional groups on the chitosan backbone makes them suitable for a number
of chemical reactions, including amidation, esterification and etherification reactions [60].
The amino and hydroxyl groups also endow chitosan with more possibilities to be
modified with more functions. However, the poor solubility in the neutral environment
limits the application of chitosan. Thus, some extent of modification to improve the
solubility of chitosan is needed. Introducing hydroxybutyl (HB) groups on hydroxyl groups
can significantly improve solubility under neutral and physiological conditions [61].
Therefore, good solubility and biocompatibility of hydroxybutyl chitosan (HBCS)
broadened the application of chitosan in the hydrogel field. Afterward, various HBCS-
based materials have been applied to a variety of applications and research, including
drug delivery, cancer therapy, wound healing, and tissue engineering [62-64]. However,
another difficulty that needs to be faced with chitosan-based injectable hydrogels is their
poor mucoadhesive ability, although chitosan itself is mucoadhesive [65]. Numerous
chemical modifications have been made to improve this property. Thiolated chitosan
materials show strong adhesion to biological surfaces, however, it is short-lived in vivo
because the disulfide bridges between the thiolated chitosan and the surface are
reversible [66, 67]. Compared to thiol groups, catechol performs better in tissue adhesion.
Catechol derivatives are found in nature as a side chain of L-3,4-dihydroxyphenylalanine
and are now commercially available for research and applications [68]. Hyaluronic acid
(HA) is another linear polysaccharide, which consists of repeating disaccharide units of
N-acetyl-D glucosamine and D-glucuronic acid. As the main component of the
extracellular matrix (ECM), HA has excellent biodegradability and biocompatibility [69].

However, the fast degradation rate and high viscosity undermine the use of HA in cartilage

14



regeneration and other biomedical applications [70, 71]. The carbon-carbon bonds of HA
can be cleaved by an oxidation reaction, and then new aldehyde functional groups are
generated [72]. The aldehyde groups of HA can react with the amino groups of chitosan
via Schiff base reaction and form a strong network. Herein, to improve the solubility and
adhesion of chitosan, our work used 1,2-epoxybutane to conjugate hydroxybutyl groups
to chitosan backbones to obtain HBCS, and further used 3,4-dihydroxyphenylacetic acid
to conjugate catechol groups to obtain DOPA-HBCS. Aldehyde hyaluronic acid (Ald-HA)
and HBCS/DOPA-HBCS were mixed to form hydrogels at room temperature without any
additional cross-linker. The inherent thermosensitivity of HBCS can further improve the
mechanical properties of Ald-HA/HBCS and Ald-HA/DOPA-HBCS hydrogels. The
thermosensitivity, together with Schiff base reaction, allows the hydrogels to achieve the

designed storage modulus with a low polymer concentration (10 mg/mL).

2. Experimental Sections

2.1Materials

Medium molecular weight chitosan (75-85% deacetylated), hyaluronic acid sodium salt,
KOH,1,2-epoxybutane, sodium periodate, ethylene glycol, deuterium oxide, N-
hydroxysuccinimide  (NHS) and  1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC-HCL) were purchased from Sigma-Aldrich (MO, USA). Hydrochloric
acid was purchased from Avantor performance materials, inc. (PA, USA). Urea and 3,4-
dihydroxyphenylacetic acid (DOPA) were purchased from Fisher Scientific (MA, USA).
Anhydrous ethanol was purchased from Decon Labs, Inc. (PA, USA). Calcium dichloride

was purchased from J.T Baker (PA, USA).
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2.2Preparation of Hydroxybutyl Chitosan (HBCS)

HBCS was synthesized according to the previously reported method with slight
modifications [73]. Briefly, 300 mg chitosan was mixed with 3.2g KOH, 1.6g urea and 14.6
g deionized (DI) water. The chitosan solution was stirred at room temperature for 30
minutes and frozen at -20 °C for 3 hours. The chitosan solution was then thawed at room
temperature and frozen again for 3 hours. The freeze-thaw process was repeated twice.
The transparent and homogeneous chitosan solution was obtained after removing the
impurities by filtration. For HBCS synthesis, 1,2-butylene oxide and chitosan alkaline
solution were mixed (1:4, v/v) and stirred at room temperature for 48 hours. The mixture
was neutralized with HCIl and dialyzed against deionized water for 2 days. The dry

polymer was obtained by lyophilized and used for further characterization.

2.3Preparation of Aldehyde Hyaluronic Acid (Ald-HA)

1g hyaluronic acid (HA) was dissolved in 100mL deionized water. Then 5mL 0.5M sodium
periodate aqueous solution was added dropwise into the HA solution, and the reaction
was stirred for 2 hours at room temperature in the dark. 1mL Ethylene glycol was added
to inactivate any unreacted periodate. The inactivation reaction was stirred for 1 hour at
ambient temperature. Ald-HA was purified by dialysis against deionized water for 3 days

and obtained by freeze-drying.
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2.4Preparation of Catechol-HBCS (DOPA-HBCYS)

DOPA-HBCS polymer was synthesized according to the previously reported method with
minor modifications [74]. 190 mg HBCS was dissolved in 10mL MES buffer (pH = 4.48).
The air in the solution was removed by vacuum, and DOPA was added to the HBCS
solution under the protection of N2 (the molar ratio of DOPA to HBCS is 2:1). Afterward,
equimolar amounts of EDC-HCI and NHS were dissolved in 25mL aqueous ethanol (50%,
v/v) and was dropwise added into the DOPA-HBCS solution. After 24 hours of reaction
with N2 protection at room temperature, DOPA-HBCS solution was dialyzed against

deionized water (pH = 5.0 £ 0.05) for 48 hours and then lyophilized.

2.5Chemical Structure Characterization

The degree of substitution of HB groups on chitosan and the content of catechol groups
were determined by proton nuclear magnetic resonance spectroscopy on Bruker 300
MHz 1H NMR (MA, USA). Polymers were dissolved in D20 with a concentration of 10
mg/mL. Fourier-transform infrared spectroscopy (FT-IR) was performed on Nicolet 6700
machine (MA, USA) with the classical KBr method. KBr powders and 1% sample were
mixed together, and then the mixture was pulverized and pressed into a transparent pellet.
Agilent 8453 UV-Vis spectrophotometer (CA, USA) was used to measure the absorbance
of samples to confirm the presence of catechol and to check the hydroxyl groups were

not oxidized during the reaction.
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2.6Hydrogel Preparation

In rheological test, in vivo degradation test and swelling test, hydrogels were prepared by
the same method. Ald-HA was dissolved in DI water at concentrations of 5, 10, 20 and
30 mg/mL. The same concentration of HBCS as Ald-HA was dissolved in DI water with
100 mM CacCl2. 10 mg/mL HBCS/Ald-HA hydrogels were made by mixing equal volumes
of 10 mg/mL Ald-HA and HBCS solution, and other hydrogels were named in the same
way. For hydrogels formed by mixing Ald-HA and HBCS in different volume ratios, such

as A5H5 and A3H7, the volume ratios were 5/5 and 3/7, respectively.

2.7Rheological Test of Hydrogels

The viscoelastic properties of HBCS/Ald-HA hydrogels were characterized by MCR-92
rheometer with a 25 mm diameter probe and a cone plate (VA, USA). The temperature
of the test was controlled by an air-heating/cooling system. Firstly, the storage and loss
moduli of hydrogels with different concentrations were studied. The stress sweep was
conducted in oscillatory mode with 1 Hz frequency. To obtain accurate data on hydrogels,
the hydrogels were prepared one day before the experiment. The storage/loss modulus
was monitored as a function of shear stress at 37 °C. Secondly, the time sweep mode
was performed after determining the optimal concentration. Polymer solutions were
loaded in a dual-syringe and injected onto the plate using a G20 needle. A frequency of
1 Hz and a strain of 1% were chosen to ensure that the hydrogels were not destroyed at
the beginning of the gelation process. Measurements were started immediately after the
injection, and the storage/loss modulus was recorded as a function of time at 37°C. The

storage/loss modulus was monitored every 2 minutes for 60 minutes.
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2.8In Vitro Degradation Test

Briefly, fresh hydrogels were weighed at the beginning (Wo). Then hydrogels were
immersed in the complete mesenchymal stem cells culture medium and incubated in a
37°C incubator for various time lengths, including 2, 5, 24, 48, 72, 168, and 336 hours. At
each time point, the liquid was removed, and the remaining hydrogels were weighed
again (W1). All degradation experiments were conducted in triplicate. The degradation

rate (D) of hydrogels was calculated by the following equation:

W0 - W1
D=——

X 1
Wo 00

2.9Swelling Test of Hydrogels

Hydrogels were freeze-dried and weighed as Wo. Dried hydrogels were immersed in
DPBS for different time lengths. The hydrogels were then weighed after removing and
wiping the remaining liquid and recorded as Wi. All swelling tests were conducted in

triplicate. The swelling ratio (S) was calculated by the following equation:

W1 —Wo
S = ————— X

100
WO

2.10 Morphological Characterization of Hydrogels

Hydrogels of different concentrations were prepared. Afterward, the hydrogels were
quickly frozen by liquid nitrogen and further lyophilized to obtain the dry samples. TM3000
table scanning electron microscope (SEM) was used to take images of the interior of the
dry hydrogels. The samples were fixed on the double side carbon tape and observed at

5 kV voltage.
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2.11 Invitro Cell Experiments

Human adipose-derived mesenchymal stem cells (MSCs), MSC cell culture medium, fetal
bovine serum (FBS), penicillin/streptomycin solution (P/S solution), and mesenchymal
stem cell growth supplement were purchased from Sciencell (CA, USA). Complete cell
culture medium was made by mixing 500 mL base medium, 25 mL FBS, 5 mL growth
supplement, and 5 mL P/S solution. MSCs were cultured in the complete medium in an
incubator with 5% CO:zat 37 °C. The MSCs were passaged every four days, and the cell
culture medium was changed every two days. In cell experiments, 10 mg/mL HBCS/Ald-
HA and 10 mg/mL DOPA-HBCS/Ald-HA hydrogels were tested at two mixing ratios of 5/5
and 3/7. The A5H5 hydrogel was made by mixing equal volumes of 10 mg/mL Ald-HA
and 10 mg/mL HBCS, and the A3H7 hydrogel was formed by mixing 10 mg/mL Ald-HA
and 10 mg/mL HBCS in a volume ratio of 3 to 7. DOPA-HBCS/AId-HA hydrogels (A3D7

and A5D5) were named in the same way.

2.12 Cell Proliferation Test

Alamar Blue assay was used to assess the proliferation and viability of MSCs. Briefly,
Ald-HA was dissolved in the complete cell culture medium. HBCS and DOPA-HBCS were
dissolved in a complete cell culture medium with 100 mM CaCl2. All polymer solutions
were at a concentration of 10 mg/ml and the polymer solutions were sterilized with 0.2
um filters before use. Ald-HA solution was first added to the wells of a 96-well plate.
Afterwards, a certain number of cells was mixed with HBCS or DOPA-HBCS polymer

solution, and the Ald-HA and HBCS or DOPA-HBCS were mixed in different volume ratios
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as described above. The final number of cells per well was 10,000 and the volume of the
hydrogels was 70 pL. Three wells were used for each type of hydrogel and each time
point. The hydrogels were incubated in the incubator at 37 °C for 30 minutes, after which
150 pL of the complete cell culture medium was added to the top of the hydrogels and
changed every two days. At each time point, 150 pL of basal medium containing 10%
Alamar Blue solution was added after removing the cell culture medium and incubated at
37°C for 3 hours, followed by transferring the Alamar Blue solution to a black 96-well plate.
Measurements were performed by a plate reader, and the fluorescence intensities were

obtained at an excitation wavelength of 560 nm and an emission wavelength of 590 nm.

2.13 Live/Dead Staining

Calcein-AM (Thermofisher, USA) and propidium iodide (Thermofisher, USA) were used
to stain live and dead cells, respectively. Calcein-AM was dissolved in DMSO to obtain a
stock concentration of 1 mM, and propidium iodide was dissolved in DI water to obtain a
stock concentration of 1.5 mM. MSCs were encapsulated in hydrogels by the same
method mentioned in the cell proliferation test section. The live/dead dye solution was
made by mixing 2 uL Calcein-AM, 2 uL PI, and 1 mL DPBS. After removing the cell culture
medium, 100 pL dye solution was added to each well and incubated for 15 minutes, and
then the dye solution was replaced with an equal volume of DPBS. Fluorescence

microscope Olympus IX81 (PA, USA) was used to observe and take images of cells.
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2.14 Tissue Adhesion Test

Ald-HA was dissolved in DI water, and HBCS and DOPA-HBCS were dissolved in DI
water with 100 mM CaClz. Two porcine skins were defatted and cut into squares (20 mm
x 20 mm) and then stuck on the glass slides with super glue. The polymer solutions were
injected into the overlapping area of two skins at room temperature using a dual-syringe.
Afterwards, the porcine skins with hydrogels were incubated at 37 °C for 30 minutes.
AGS-X (Kyoto, Japan) was used to clamp the ends of the glass slides and stretched at a

shear velocity of 1.3 mm/min until the two porcine skins were separated.
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3. Results and Discussion

3.1Polymer Characterization

HBCS was synthesized by the ring-open reaction of 1,2-epoxybutane with -OH and -NH:2
under KOH/Urea conditions (Figure 4(A)). The presence of urea and K* can disturb the
original hydrogen bonding and hydrophobic interaction of chitosan and thus increase the
solubility of chitosan and the homogeneity of the whole reaction. In addition, the hydroxyl
groups of chitosan are more prone to react than amino groups in an alkaline environment.
As shown in Figure 4(B), the appearance of the new peak “a” at 0.9 ppm corresponds to
-CHs of the hydroxybutyl groups. In the FT-IR result of HBCS (Figure 4(C)), the peak
around 2920 cmis caused by the asymmetric stretching of -CH2 and -CHs, indicating
the hydroxybutyl groups were successfully grafted onto the chitosan backbone. To obtain
the degree of substitution (DS), we used 20% DCI/D20 as the solvent for the NMR test
because the superposition of the peaks of H1 (4.5 ppm) and D20 (4.7 ppm) will lead to
inaccurate calculations. The DCI can shift the solvent peak from 4.7 to 6.8 ppm, so the
peak of H1 is clearer. DS was calculated using Figure 4(D) with the following equation,
and the calculated value of HBCS is 0.653 [75]:

DS — (Intensity of — CH3)
~ (Intensity of H1)

For DOPA-HBCS synthesis, EDC and NHS were used to activate the carboxylic acid
groups and amino groups in acidic environments, respectively (Figure 4(A)). As seen from
the FT-IR result (Figure 4(C)), the absorption peak at 1725 cm can be attributed to the
C=0 stretching of benzene, and the peaks at 1500 cm and 1600 cm correspond to the
C=C stretching of benzene. From Figure 4(B), the new peaks appeared between 6 to 7

ppm confirmed the presence of catechol protons. To make sure that the -OH groups on
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catechol were not oxidized to =O, UV-Vis spectroscopy was performed. The absorption
peak at 280 nm confirmed the grafting of catechol groups, and the absence of an

absorption peak around 400 nm indicated that the -OH groups were not oxidized (Figure

4(E)).
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Figure 4. HBCS and DOPA-HBCS characterization. (A) Synthesis steps from CS to HBCS
to DOPA-HBCS. (B) 1H NMR spectra of CS, HBCS and DOPA-HBCS, all polymers were
dissolved in D20. (C) FT-IR spectra of HBCS and DOPA-HBCS. (D) *H NMR spectrum
of HBCS dissolved in 20% DCI/D20 solution. (E) UV-Vis spectra of HBCS and DOPA-

HBCS
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3.2Hydrogel Characterization

During the hydrogel preparation, white precipitation was observed after mixing Ald-HA
and HBCS, which may be the result of the formation of polyelectrolyte complexes
between cationic chitosan and anionic hyaluronic acid. The presence of precipitation
resulted in an increase of heterogeneity and undermined the mechanical properties of the
hydrogels. Thus, CaClz was chosen to inhibit electrostatic interactions between two
polymers. 100 mM CacClz was added to the HBCS solution, leading to a final concentration
of 50 mM CacClzin hydrogels. As seen in Figure 5(A), the white precipitation disappeared,
and homogeneous hydrogels were obtained after the electrostatic interactions were
suppressed. Hydrogels made by mixing equal volumes and concentrations of polymer
solutions were used in initial rheological tests to find the optimal hydrogel concentration
with the desired mechanical properties, e.g., 10 mg/mL HBCS/Ald-HA hydrogel was made
by mixing 350 yL 10mg/mL HBCS solution and 350 yL 10 mg/mL Ald-HA solution. We
found that the storage modulus of the hydrogels at all concentrations increased with the

addition of CaClz and no precipitation appeared in the hydrogels (Figure 5(B)-(E)).
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Figure 5. Images and rheological results of HBCS/Ald-HA hydrogels. (A) HBCS/Ald-HA
hydrogels without CaClz (left) and with CaClz (right). Storage modulus versus shear stress
for HBCS/Ald-HA hydrogels with concentrations of (B) 5 mg/mL, (C) 10 mg/mL, (D) 20
mg/mL and (E) 30 mg/mL. Red circles and blue squares represent hydrogels without

CacClz and hydrogels with CaClz, respectively.

Next, the morphology of the hydrogels was characterized via SEM (Figure 6(A)-(D)). For
the low-concentration (5 mg/mL) of hydrogel, the network was loose, and the porous
structure was not well-ordered, because of insufficient crosslinking between -CHO and -
NH2 groups. From 5 mg/mL hydrogel to 30 mg/mL hydrogel, the pore size decreased with
the increase in cross-linking density. As shown in Figure 6(E), a rapid weight loss of the
hydrogels occurred within 5 hours at 37 °C. This was due to the activation of
thermosensitivity of HBCS and the strengthening of the hydrogel networks, resulting in

the extrusion of water. After that, the rapid degradation of hydrogels lasted for 1 day, and
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then the degradation rate became smooth. After 14 days of incubation, the 10 mg/mL
hydrogel had the highest weight remaining ratio, which was due to the balance of
thermosensitivity and crosslink density. The low polymer concentration led to rapid
degradation of the loose network, while the strong thermosensitivity of the high HBCS
concentrations led to water loss. During the swelling test, the same result was obtained
(Figure 6(F)). The swelling ratio started to decrease from 10 minutes and became stable
after 8 hours. The initial water uptake resulted in the high swelling ratio, while the activated
thermosensitivity extruded water and caused deswelling. The deswelling phenomenon

was reported by other double crosslink hydrogels with thermosensitivity [76].
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Figure 6. Morphology, degradation behavior and swelling behavior of hydrogels. SEM
images of (A) 5 mg/mL, (B) 10 mg/mL, (C) 20 mg/mL and (D) 30 mg/mL HBCS/Ald-HA
hydrogels. (E) Weight remaining ratio and (F) swelling ratio of HBCS/Ald-HA hydrogels

over time.
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To match the application of cartilage regeneration, 10 mg/mL HBCS/Ald-HA hydrogel was
chosen to perform further experiments due to its relatively slow weight loss and proper
mechanical properties. As shown in Figure 7(A), the storage modulus of 10 mg/mL
HBCS/Ald-HA hydrogels with different volume mixing ratios was investigated. The A5H5
(Ald-HA: HBCS = 5:5) and A3H7 had close mechanical properties around several
hundred Pa, but the A7H3 was not strong enough and degraded back into the solution on
the second day. Thus, A5H5 and A3H7 were further studied. To investigate the gelation
time as well as the change of storage modulus over time, the time sweep mode was
performed and set at 37 °C to mimic body temperature. No crossover point of G' and G”"
appears in Figure 7(B) and (C), implying that the hydrogels were formed quickly after
injection. However, the hydrogels were very weak at the beginning, so even though gels
can form during the injection process, they can still be injected by needle easily. The
crosslink between -CHO and -NH2 gradually formed, and the thermosensitivity was
activated at 37 °C. The double crosslink mechanism enables the storage modulus to
increase from ~10 Pa to over 1000 Pa within 60 minutes. With a higher amount of the
HBCS, A3H7 exhibited a faster weight loss than AS5H5 due to the stronger

thermosensitivity, but the swelling ratio of ASH5 and A3H7 was close (Figure 7(D)(E)).

28



A B A3HT C ASH5

el g g . ® G

G' [Pa]
G, G*[Pa]
6, G*[Pa]

" & ASHS

m A3H7

® ATH3 500
.
st

uuuuu

“

Shear Stress [Pa] Time (minute)

D E

@ A3H7 - A3HT
- AS5HS 2500 - AS5H5

:n “
Time (minute)

2000

Weight Remaining Ratio (%)
Eﬂ
Swelling Ratio ('

g

T T T T T T —7
L] 10 18 10 30 60 120 480 1440 2880 4320
Time (Days) Time (Minutes)

Figure 7. Rheological test, degradation behavior and swelling behavior of A3H7 and A5HS5.
(A) Rheological results of 10 mg/mL HBCS/Ald-HA hydrogels with different volume mixing
ratios using shear-sweep mode. Rheological results of (B) A3H7 and (C) A5H5 using
time-sweep mode. (D) Weight remaining ratio and (E) swelling ratio of A3H7 and A5H5

over time.

3.3Biocompatibility Tests of Hydrogels

To visualize the morphology of hydrogel encapsulated MSCs, as well as their viability,
Calcein-AM and propidium iodide (PI) were chosen as live/dead dyes. The Calcein-AM
can passively enter live cells and be converted to calcein with green fluorescence by
cytosolic esterase reaction. Pl is cell-impermeable but can stain the nucleic acids of cells,
so it can bind the DNA of dead cells that have lost their cell membrane integrity and
display red fluorescence. Figure 8 (A) shows the growth of MSCs in ASH5 and A3H7

hydrogels for 10 days. The spherical morphology of cells in hydrogels indicated that
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hydrogels could provide a scaffold for the 3-D growth of cells. The cell density in hydrogels
increased over time and could be attributed to the cell proliferation and shrinkage of the
hydrogels, which resulted from the HBCS thermosensitivity. From Day 7 to Day 10, more
and more cells were released from A5H5 and A3H7 because of the hydrogel degradation.
As can be seen from the two lower images of ASH5 and A3H7, the released cells kept
growing two-dimensionally in the wells, which confirmed that the cells could keep their
proliferation ability after being cultured in hydrogels. Figure 8(B) exhibited the quantitative
cell proliferation results from the Alamar Blue assay. The fluorescence intensity of both
A5H5 and A3H7 was at the same level on the first day. For A3H7, the fluorescence
intensity increased gradually from 1 day to 10 days, corresponding to the cell proliferation
in hydrogels over time. However, the Alamar Blue results of ASH5 did not show a
significant increase in fluorescence intensity during the first five days. The fluorescence
intensity started to increase from Day 5 to Day 10, suggesting that even though the cells
proliferate slowly in ASH5, they can still maintain high viability, and after their release from

the gel, they showed a high proliferative capacity.

The viability and proliferation of MSCs in 10 mg/mL DOPA-HBCS/Ald-HA hydrogels were
the same as in HBCS/AId-HA hydrogels. As shown in Figure 8 (A), almost no dead cells
were observed in A5D5 and A3D7 hydrogels at all time points. Cells were released from
Day 5 through the degradation of hydrogels and kept the ability to grow and proliferate
two-dimensionally. Same as HBCS/Ald-HA hydrogels, A5D5 contains more Ald-HA and
exhibited lower fluorescence intensity (Figure 8(C)). The relatively low proliferation rate

of cells encapsulated in A5SH5 and A5D5 could be due to the relatively higher aldehyde
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concentration in hydrogels that inhibited the growth of MSCs [77]. Despite this, hydrogels

still exhibit excellent biocompatibility.
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Figure 8. In vivo cell experiments of HBCS/AlId-HA and DOPA-HBCS/AIld-HA hydrogels.
(A) Live/Dead staining images of MSCs cultured in four hydrogels. Green dots and red
dots represent live and dead cells, respectively. Cell proliferation test results of MSCs
cultured in two (B) HBCS/Ald-HA hydrogels and (C) DOPA-HBCS/AId-HA hydrogels. The

fluorescence intensity is proportional to cell proliferation.
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3.4Tissue Adhesion Tests of Hydrogels

The catechol groups of DOPA-HBCS can enhance the hydrogel tissue adhesion ability
through multiple interactions, including Tr-1r stacking, hydrogen bonding, and Michael
addition reactions [78]. The amino groups on the chitosan backbone can be modified with
catechol groups through amidation reactions, thus increasing the tissue adhesive ability.
In order to verify the improved tissue adhesive ability by catechol groups, lap shear tests
were performed on three hydrogels. The experimental setup was shown in Figure 9(A).
From Figure 9(B), ASH5 exhibited very poor adhesive strength provided by chitosan itself.
Afterwards, HBCS and DOPA-HBCS were mixed in a volume ratio of 5 to 5, and then
added to Ald-HA solution to obtain the hydrogel ASDH5 (Ald-HA: DOPA-HBCS: HBCS =
5:2.5:2.5). It was found that the adhesive strength increased prominently from 300 Pa to
1800 Pa with the presence of DOPA-HBCS. The highest adhesive strength of around
2400 Pa was observed with hydrogel A5D5. Therefore, our results proved that catechol
groups can significantly enhance tissue adhesion, and the adhesive strength increases

as the concentration of catechol increases.
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Figure 9. Tissue adhesion tests of hydrogels. (A) Schematic illustration and picture of the
lap shear experiment to quantitively test adhesive strength. (B) The adhesive strength of

three hydrogels: A5H5, ASDH5 and A5D5.

4. Conclusions

In this project, we successfully synthesized HBCS, DOPA-HBCS and Ald-HA and
prepared hydrogels based on these three polymer solutions. The properties of hydrogels,
including the mechanical properties, degradation and swelling behaviors, biocompatibility
and tissue adhesion ability, were systematically investigated. The double crosslink
strategy enables hydrogels with very low concentrations to reach the ideal storage
modulus within 1 hour, which is suitable for cartilage regeneration. The HBCS/Ald-HA
hydrogels also exhibited great biocompatibility. The viability of MSCs in hydrogels was
confirmed by live/dead staining assay, and there were very limited cells dead within 10

days. MSCs can proliferate well in A3SH7 and maintain the proliferation ability when
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released through hydrogel degradation. The proliferation of MSCs in ASH5 was relatively
lower than in A3H7 but could recover after release. The hydrogels were also highly
biocompatible when HBCS was modified with catechol groups. Furthermore, the tissue
adhesive strength was enhanced with the presence of the catechol groups. Based on
these results, HBCS/Ald-HA hydrogel and DOPA-HBCS/Ald-HA hydrogels have potential

to be used as injectable biomaterials for stem cell delivery and cartilage regeneration.
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