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Chapter 1. General introduction

ORAL HARD TISSUE

Oral hard tissue refers to the hard and mineralized tissues, such as enamel, dentin, 
and bone [1], which form an integral complex, playing a vital role in aesthetics and oral 
functions. According to the mineral density volume gradients, the mineral density range 
for normal enamel, dentin, and bone are 2820–3095, 1480–1590, and 570–1415 mg/cc, 
respectively. Enamel is the hardest substance in the human body and contains the highest 
percentage (about 96%) of mineral phase (hydroxyapatite crystals) with prisms and lattices 
structures [2]. Enamel functions to both provide a hard surface for food processing [3] 
and protect the underlying tissues, such as dentin and dental pulp [4]. Due to its acellular 
property, enamel cannot be regenerated or repaired physiologically in the human body 
[5]. Directly under the enamel, dentin is formed by odontoblasts and is comprised of a 
mineralized extracellular matrix with closely packed tubular structures [6, 7]. Dentin is 
composed of 70% inorganic hydroxyapatite crystals, 20% organic matter, and 10% fluids (by 
weight) [8]. Dentin provides protection to pulp against bacteria, bacterial products, and 
injury [9]. Due to the embryological, histological, and functional similarity, dentin and 
pulp are considered as a complex, which supports the enamel in dissipating masticatory 
forces and maintains the vitality and biological property of pulp and hence the teeth [6, 
10]. Bone is a connective dynamic tissue composed of 65% mineral (primarily carbonate 
apatite [11]) and contains four types of bone cells, e. g. osteoprogenitor cells, osteoblasts, 
osteocytes, and osteoclasts [12], which delicately orchestrate bone homeostasis and 
regeneration. Apart from aesthetic role, oral bone tissues, such as maxillofacial bone 
and mandibular bone, are highly important to facilitate mandibular movement so as to 
enabling masticatory and speaking functions. The biological basis for this mandibular 
movement is bone tissue forms an anatomic and functional complex — osteochondral 
complex with articular cartilage, constituting temporomandibular joint (TMJ), the 
only joint in the maxillofacial region. Articular cartilage displays a complex multi-zonal 
organization consisting of surface, medial and deep zones and a subchondral junction 
with underlying bone tissue [13]. TMJ articular cartilage is the greatest growth center, 
contributing to growth of mandibular bone. Furthermore, the osteochondral complex of 
TMJ also functions to dissipate or transfer the masticatory force. In this thesis, we mainly 
focused on the regeneration of dentin, bone and osteochondral complex.

1. DENTIN DAMAGE AND REGENERATION

Dental pulp  is a highly vascularized and innervated connective tissue that provides 
nutritive, protective, defensive and formative functions to teeth [14]. When exposed to 
pathogenic stimuli such as bacteria, bacterial products and injury from deep caries or 
trauma, dental pulp may rapidly transform into reversible and then irreversible pulpitis, 

which leads to pulpal necrosis and periapical inflammation [15] as well as potential 
systemic complications, such as osteomyelitis [16] and bacteraemia [17]. To maintain 
the vitality of dental pulp tissue and induce reparative dentinogenesis, pulp-capping 
materials have been adopted in the clinic to cover nearly exposed, accidentally exposed 
or partially infected pulp [18]. Calcium hydroxide, mineral trioxide aggregate (MTA), have 
been used as pulp capping materials. However, the use of calcium hydroxide is associated 
with a series of clinical concerns, such as high solubility, poor mechanical properties and 
“tunnel defects” [19] while MTA with concerns such as discolouration [20], a long setting 
time [21] and handling difficulties [22]. Consequently, continuous efforts have been made 
in an attempt to develop alternative pulp-capping materials [23].

2. BUCCAL BONE RESORPTION DURING IMMEDIATE IMPLANTATION 
AND REGENERATION

Due to imperfect matching between implants and tooth extraction socket, a jumping 
gap or jumping distance may occur between the implant surface and surrounding 
bone during immediate implantation, resulting in unsupported bone plates. The bone 
plates, particularly the buccal ones, may undergo resorption due to the destruction of 
periodontal membrane-borne blood supply, which can cause soft tissue recession and 
thus aesthetic risk. A systematic review shows that the weighted mean buccal horizontal 
dimensional bone reduction and buccal vertical dimensional bone reduction was 1.07 mm 
and 0.78 mm, respectively [24], which may lead to a midfacial recession in the long term. 
More pronouncedly, the resorption may become to about 7.5 mm for the thin-wall bone 
phenotype [25]. In the clinic, particulate CaP-based bone grafts are used to fill the large 
(>2mm) jumping distance in order to prevent buccal bone resorption, which is, whereas, 
associated with a series of concerns, such as incomplete filling and easily being wrapped 
with connective tissues. Furthermore, most of the CaP-based bone grafts bear only certain 
osteoconductivity but no intrinsic osteoinductivity so that they cannot efficaciously 
prevent bone resorption. Therefore, a more suitable jumping distance-filling material with 
excellent filling adaptability and pro-osteogenic properties is highly needed to prevent 
bone resorption of the buccal bone plate, thereby minimizing aesthetic risks.

3. BONE DEFECTS AND GUIDED BONE REGENERATION

In the field of implant dentistry, guided bone regeneration (GBR) technique is widely used 
reconstructive procedure that adopts barrier membranes and particulate bone-defect-
filling materials to direct the growth of new bone to restore bone volume and dimensions, 
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such as socket preservation, alveolar ridge augmentation, maxillary sinus elevation [26]. In 
the classic GBR technique, the barrier membrane mainly functions to prevent the invasion 
of surrounding connective tissues that bears proliferation advantage over osteoblasts so 
as to facilitate bone tissue regeneration [27]. Clinically available barrier membranes can 
be classified into non-resorbable and resorbable membrane. Non-resorbable membranes 
such as titanium mesh and polytetrafluoroethylene membranes are associated with a 
series of concerns, such as premature exposure, gingival irritation, infection and the need 
of second surgery for their removal [28]. Therefore, resorbable membranes with both 
naturally-derived (such as collagen and chitosan) and synthetic (such as polylactic acid) 
materials are widely used in clinic. However, these membranes have too mild stickiness to 
surrounding bone tissue to immobilize bone-defect-filling materials, the displacement or 
deformation of the graft is often found in clinical practice, which may lead to poor clinical 
outcomes such as delayed osteogenesis, even infection [29]. Consequently, continuous 
efforts have been attempted to develop more suitable membrane materials.

4. OSTEOCHONDRAL DAMAGE AND REGENERATION

Damage to the TMJ disc or condyle, which may from trauma, degeneration or arthritic 
conditions, can instigate lifetime pain, restrict the movement of jaw, severely impact 
the daily activities such as yawning, talking, eating, and cause facial asymmetry. The 
repair of osteochondral defects in TMJ is highly challenging due to its limited self-
regenerative potential [30]. Most of current clinical therapies to treat osteochondral 
defect mainly by using various autografts, such as autologous chondrocytes implantation 
[31] and mosaicplasty [32, 33]. These treatments show beneficial effects in the healing of 
osteochondral defects by providing chondrocytes. However, their usage is highly limited 
due to the limited availability of autografts and donor-site pain and morbidity [34]. 
Therefore, developing a viable treatment option to repair the osteochondral defects in TMJ 
is highly challenging, and continuous efforts have been attempted to repair osteochondral 
defects.

APPLICATION OF HYDROGELS IN ORAL HARD TISSUE 
REGENERATION

Hydrogel is one major type of biomaterials for tissue engineering. Hydrogels bear 
three-dimensional interconnected porous networks for cell ingrowth, proliferation and 
differentiation. Their high-water contents enable the efficient exchange of cell nutrients, 
oxygen and metabolites to support cell activities. Furthermore, their sol-gel transition 
allows hydrogels to both flexibly fit into irregular-shaped defects and completely cover 

intended areas. The hydrogels with naturally-derived compositions, such as gelatin and 
hyaluronic acid, are also capable of provide biomimetic microenvironment to support cell 
activities [35].

Methacrylated gelatin (Gel-MA), a photocrosslinkable hydrogel, is one of the most 
widely hydrogels in the field of bone tissue engineering. Gel-MA exhibits excellent 
biocompatibility, processability, tunability, and low immunogenicity [36]. Gelatin contains 
many adhesive ligands, such as arginine-glycine-aspartic acid sequences, which promote 
cell adhesion and migration. Gel-MA bears a good capacity to bond to mineralized tissue 
through non-covalent bonding mechanisms [37], such as molecular interactions [38]. The 
sufficient fluidity of Gel-MA precursor enables its flexible fit into irregular defects or full 
coverage on intended area. Moreover, the sol-gel transition of Gel-MA can be very quick 
after UV exposure, which is completely under control of clinicians. These properties make 
Gel-MA very suitable for the filling of fully exposed defects [39]. In this thesis, we adopted 
Gel-MA in exposed dental pulp and osteochondral defects in TMJ.

On the other hand, the usage of Gel-MA may not be very suitable for the partially exposed 
defects, such as, jumping gap in immediate implantation since the long and narrow 
geometry of, and the bleeding in jumping gap may largely hinder the gelation process 
and lead to insufficient gelation. To approach this situation, we resorted to another 
type of hydrogel — injectable self-healing hydrogels with dynamic crosslinking, which 
can be gelled without the needs of additional chemical/physical initiations. Self-healing 
hydrogels bear a unique reversible network structure through dynamic chemical bonding 
(for example, Schiff base reactions [40], Diels−Alder reactions [41], disulfide bonds [42], 
acylhydrazone bonds [43], phenylboronate esters [44]), that can automatically restore its 
network integrity and original mechanical property after damage. In addition, self-healing 
hydrogels may also repair the potential deformations at the gingival margin caused by the 
mechanical force during oral movements, so as to prevent the potential microgap and 
thus infection. To confirm the successful crosslinking of Schiff base reaction, we adopted 
gelatin and oxidized alginate (OSA) to construct an injectable self-healing hydrogel. We 
characterized the cell viability, in-situ gelation and in-vivo biocompatibility of the hydrogel. 
We also functionalized the self-healing hydrogel with bioactive agent, using sericin (SS) 
and OSA to orchestrate the self-healing hydrogel (SS/OSA) with pro-osteogenic property.

Barrier membrane is an indispensable element in GBR technique to prevent the invasion 
of surrounding connective tissues that bears proliferation advantage over osteoblasts so 
as to facilitate bone tissue regeneration.  Resorbable collagen membranes are widely used 
in clinic, while they have nearly no stickiness to prevent the displacement or deformation 
of the particulate bone grafts, potentially damaging osteogenesis [29]. Gel-MA hydrogel 
may be a potential alternative membrane material since it bears certain stickiness to 
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mineralized tissue and UV crosslinking is also feasible in this application. However, the 
mechanical property of Gel-MA should still be improved to be used as a GBR membrane. 
One viable approach to modify the physicochemical and biofunctional properties of 
a hydrogel is to introduce a hybrid crosslinking mechanism, for example, thermal-
photo-crosslinking [45] and ionically–covalently crosslinking [46]. With the inspiration 
of hybrid crosslinking, we wished to further enhance the mechanical property of Gel-
MA by introducing an additional dynamic bond. For this purpose, we added a modified 
hyaluronic acid (HA) to Gel-MA. We first oxidized HA with sodium periodate to confer 
aldehyde groups to HA. Thereafter, the mixture of OHA and Gel-MA in different ratios was 
subjected to reaction condition with UV light at 37 oC for 2 min so as to achieve a hybrid-
crosslinked (dynamic bond and photo-crosslinking) OHA/Gel-MA hydrogel membrane.

BIO-FUNCTIONALIZATION OF HYDROGELS

In the field of tissue engineering, hydrogels mainly function to provide a biocompatible 
and biodegradable interconnected porous scaffold for bone ingrowth. For oral hard 
tissue regeneration, hydrogels should still be improved in their osteogenic/dentinogenic 
capacities and physicochemical properties, particularly mechanical property, so as to 
meet the clinical demand for promoting healing efficacy. One viable approach is to 
functionalize hydrogels with bioactive agents, such as proteinous growth factors, peptides 
and small molecules. One of the most used proteinous growth factors for oral hard tissue 
regeneration is bone morphogenetic protein-2 (BMP2), a well-established osteoinductive 
growth factor under the TGF-β superfamily [47]. The classical role for BMP2 was considered 
to be the induction of (ectopic) cartilage and bone formation [48, 49]. In the USA, the 
product containing recombinant human (rh)BMP2 in absorbable collagen has already 
been approved for clinical application in nonunion bone fractures and spinal fusions 
[50]. And it is also adopted to promote the formation of reparative dentin [51]. However, 
the use of BMP2 in oral hard tissue regeneration is associated with a series of concerns. 
Firstly, pharmaceutical BMP2 is produced using a gene-recombinant technology, which is 
rather costly for its wide spreading [52]. Secondly, for the repair of osteochondral defects, 
BMP2 induces chondrocyte hypertrophy followed by cartilage calcification [53], which 
compromises the regeneration of cartilage layer. Thirdly, one major concern of BMP2 is 
the induction of postoperative inflammation [54], which may potentially exacerbate the 
inflammation in irritated dental pulp, leading to irreversible inflammation and dental 
pulp necrosis. Furthermore, in most situations, BMP2 can hardly improve physicochemical 
properties [55]. In contrast, most peptides and small-molecules are much cheaper and 
also exhibit various biofunctions, representing promising alternatives to functionalize 
hydrogels for oral hard tissue regeneration.

We adopted notoginsenoside R1 (NGR1) to improve the dentinogenic capacity and 
mechanical property of Gel-MA so as to develop a novel pulp-capping material for 
inducing reparative dentin formation. NGR1 is a bioactive monomer isolated from panax 
notoginseng [56]. It has been widely used for the clinical treatment of cardiovascular 
diseases [57] and osteoporosis [58]. NGR1 can protect cells from inflammation and 
apoptosis by reducing NADPH (nicotinamide adenine dinucleotide phosphate) oxidase 
and mitochondrion-derived superoxide via oestrogen receptor-dependent activation 
of Akt/Nrf2 (nuclear factor-erythroid 2 p45-related factor 2) pathways [59]. In addition, 
NGR1 can dramatically promote the expression of osteocalcin (OCN) (a late dentinogenic 
differentiation marker) and extracellular matrix mineralization [60]. These properties 
of NGR1 are important to protect the dental pulp from pulpal necrosis and periapical 
inflammation.

In this thesis, we used histatin1 (Hst1) to improve the chondrogenic capacity of Gel-
MA so as to provide a viable treatment option for the repair of osteochondral defects in 
TMJ. Hst1 belongs to a cationic and histidine-rich peptide family originally found in the 
saliva of higher primates [61]. Hst1 bears a potent capacity to stimulate the adhesion and 
migration of epithelial cells [62-65], fibroblasts [66] and osteoblasts [67, 68]. Meanwhile, 
it can promote cell metabolic activity [65], maintain cell viability in various conditions 
[67, 68]. Furthermore, Hst1 shows a very strong angiogenetic property [69]. The 
abovementioned Hst1’s cell-activating effects seem to be independent on cell types, thus 
bearing broad applicability. These properties are of paramount importance particularly 
for the application in repairing osteochondral defects, which needs the promotion of the 
functions of both osteoblasts and chondrocytes [50, 70].

We employed salvianolic acid B (SAB) to promote the pro-osteogenic property of the 
SS/OSA hydrogel so as to provide an ideal jumping gap distance-filling material for 
immediate implantation. SAB, a traditional water-soluble Chinese herbal medicine, is 
a potential bioactive molecular, which has been widely used in clinical practice for the 
treatment of cardiovascular disease [71] through its anti-oxidized function [72]. Previous 
studies show that SAB promotes the osteogenic differentiation of mesenchymal stem 
cells [73] by dose-dependently up-regulating the alkaline phosphatase (ALP) activity and 
osteogenesis-related markers, such as osteopontin (OPN), runt-related transcription 
factor 2 (RunX2), osterix (Osx), osteocalcin (OCN), and bone sialoprotein (BSP) [74, 75]. 
This promotion of SAB was achieved by activating the extracellular-signal-regulated 
kinases (ERK) signaling pathway [75]. These properties show a promising potency of SAB 
in promoting osteogenesis.
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Another method for bio-functionalization is to introduce additional materials to 
dramatically change the physicochemical and biological functions. HA is an important 
component of the extracellular matrix (ECM) consisting of D-N-acetylglucosamine and 
D-glucuronic acid repeating units. With excellent biocompatible, biodegradable, and 
nonimmunogenic property [76], HA is commonly used as a scaffold component and 
a pro-osteogenic agent in the field of bone tissue engineering [77, 78]. In chapter 6, we 
first oxidized HA to produce aldehyde groups to realize dynamic bonds, and followed by 
hybrid-crosslinking with Gel-MA to enhance the osteogenic and mechanical properties of 
the hydrogel with an aim to develop a novel GBR membrane.

AIM AND OUTLINE OF THIS THESIS

The main aim of this thesis was to develop biofunctionalized hydrogels to repair and 
promote oral hard tissue regeneration. This thesis is subdivided into five chapters.

1. In chapter 2, we aimed to develop a novel pulp capping material. We prepared a Gel-MA/
NGR1 hydrogel and studied the physicochemical properties and the efficacy of inducing in-
vitro dentinogenesis and in-vivo reparative dentin formation.

2. In chapter 3, we aimed to provide a viable treatment option for repair of osteochondral 
defects in the temporomandibular joint (TMJ). We fabricated a Gel-MA/Histatin 1 hydrogel 
and investigated its repair capability in a critical-size TMJ defects model in a rabbit.

3. In chapter 4, we aimed to design and construct a novel hydrogel with injectable and self-
healing property. We adopted gelatin and alginate to prepare GE/OSA/ADH hydrogels and 
investigated the in-vivo gel forming and self-healing properties and the porous structure 
stability.

4. In chapter 5, we aimed to design an injectable, self-healing, and pro-osteogenic 
hydrogel. We used alginate, sericin, and SAB to prepare a functionalized SS/OSA-SAB 
hydrogel and evaluated the rheological properties, physicochemical properties and in-vitro 
pro-osteogenesis of the hydrogel.

5. In chapter 6, we aimed to develop a hybrid crosslinking hydrogel with enhanced 
mechanical and pro-osteogenic properties for guided bone regeneration. We adopted 
oxidized hyaluronic acid (OHA) and Gel-MA to prepare an OHA/Gel-MA hydrogel and 
studied the physicochemical properties and the in-vitro extracellular mineralization 
capacity of the hydrogel.
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GRAPHICAL ABSTRACT 

1. INTRODUCTION

Dental pulp  is a highly vascularized and innervated connective tissue that provides 
nutritive, protective, defensive and formative functions to teeth [1]. Dental pulp is also 
highly sensitive and vulnerable to pathogenic stimuli such as bacteria, bacterial products 
and injury. When exposed to these stimuli from deep caries or trauma, dental pulp 
may rapidly develop into reversible and then irreversible pulpitis, which leads to pulpal 
necrosis and periapical inflammation [2] as well as potential systemic complications, 
such as osteomyelitis [3] and bacteraemia [4].

To maintain the vitality of dental pulp tissue, pulp-capping materials have been adopted 
in the clinic to cover nearly exposed, accidentally exposed or partially infected pulp [5]. 
A pulp-capping material should meet a series of basic requirements, such as a short 
setting time, adhesion to the tooth substrate, non-carcinogenicity and biocompatibility. 
Furthermore, an ideal pulp-capping material should be bioactive to pacify the 
inflammation of the dental pulp and stimulate the formation of reparative dentin, which 
enables the complete isolation of dental pulp from pathogens, thereby keeping the dental 
pulp vital. Calcium hydroxide has long been used as a pulp-capping material and was 
previously used as one of the gold standard therapies [6]. Additionally, it is frequently 
used as a positive control to test new materials [7]. However, the use of calcium hydroxide 
is associated with a series of clinical concerns, such as high solubility, poor mechanical 
properties and “tunnel defects” [7]. As an alternative, mineral trioxide aggregate (MTA) 
has shown more favourable results than calcium hydroxide in the clinic and is currently 
considered a gold-standard treatment option [6, 8, 9]. However, the use of MTA is also 

ABSTRACT

Pulp-capping materials are commonly adopted in the clinic to form reparative dentin 
and thus protect dental pulp tissues from cases of deep caries, accidentally exposed pulps 
or partial pulpotomy. Some traditional pulp capping materials used in the clinic include 
calcium hydroxide and mineral trioxide aggregates. However, there are limitations 
to thin restorative dentin, and a long period of time is needed to cause degenerative 
changes in dental pulp. In this paper, injectable colloidal gels were developed to induce 
the formation of reparative dentin through a simple UV method from methacrylic acid 
functionalized gelatin loaded with notoginsenoside R1 (Gel-MA/NGR1). The results of 
the physicochemical property examinations showed that the prepared Gel-MA/NGR1 
hydrogel possessed an appropriate interconnected porous microarchitecture with a pore 
size of 10.5 micrometres and suitable mechanical properties with a modulus of 50-60 
kPa, enabling cell adhesion and proliferation. The hydrogel remained hydrophilic with 
sustained drug release performance. In addition, Gel-MA/NGR1 significantly enhanced 
the odontogenetic differentiation of mouse dental papilla cells by elevating the expression 
levels of the dentinogenic markers ALP and OCN and extracellular matrix mineralization. 
In-vivo stimulation was carried out by injecting the precursors into the predrilled alveolar 
cavity of Sprague-Dawley rats followed by immediate in-situ UV crosslinking. The 
results showed that Gel-MA/NGR1 has a strong capacity to promote reparative dentin 
formation. Haematoxylin & eosin, Masson, and immunohistochemical staining (DMP-1, 
DSPP, OCN and RunX2) and micro-CT were employed to illustrate the effectiveness of 
dentinogenesis, and the relative volumes of calcification were found to have increased 
~175-fold. All of the results showed that the Gel-MA/NGR1 hydrogel promoted reparative 
dentin formation, which suggests that this hydrogel provides great potential as a pulp-
capping material to induce dentin formation.

Keywords: Pulp-capping material; Methacrylated gelatin; Reparative dentin; 
Dentinogenesis; Notoginsenoside R1
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(a final dentinogenic differentiation marker) in odontoblast-like cells and human primary 
dental pulp stem cells. This finding suggested the promising application potential of 
NGR1 in pulp-capping therapy [8].

In the current study, we developed a photo-crosslinkable Gel-MA/NGR1 composite 
hydrogel as an alternative pulp-capping material with the potent abilities to pacify 
inflammation and induce reparative dentinogenesis. We investigated the physicochemical 
properties of Gel-MA/NGR1 and its efficacy to induce in-vitro dentinogenesis and in-vivo 
reparative dentin formation.

2. MATERIALS AND METHODS

2.1 Materials
Gelatin (from porcine skin, type A, ~300 g Bloom) was purchased from Sigma-Aldrich 
(USA). Methacrylic anhydride (MAA) and the photoinitiator Irgacure 2959 (I2959) were 
purchased from Sigma Chemical Co. (St. Louis, MO, USA). NGR1 (C47H80O18, molecular 
weight = 933.13, purity ≥ 98%) was purchased from Nanjing Zelang Biological Technology 
Co., Ltd. (Nanjing, Jiangsu, China).

2.2 Hydrogel preparation
First, Gel-MA was synthesized according to our previous report [28]. The modification 
details can be found in the Supplementary Materials (Materials and Methods 1.1). Second, 
the as-prepared Gel-MA was dissolved in phosphate-buffered saline (PBS) to obtain 
10%, 15% and 20% (w/v) precursor solutions. Predefined amounts of Gel-MA and 0.5 wt% 
photoinitiator I2959 (50 mg/mL in 75% ethanol solution) were mixed by vortexing for 30 
seconds followed by full exposure to UV light (ZF-7A, Shanghai Jihui Scientific Analyze 
Instrument Co., Ltd., China). The NGR1-loaded hydrogels (HD: high drug loading, LD: 
low drug loading, ND: no drug loading) were prepared by adding NGR1 (1000 mg/mL in 
dimethyl sulfoxide) to the precursor solution (Table S1).

2.3 Characterization
1H-NMR spectra of gelatin and Gel-MA were recorded on a Bruker AVANCE III HD 
600 spectrometer (Bruker, Germany) at 600 MHz. Attenuated total reflection Fourier 
transform infrared spectroscopy (ATR-FTIR) was recorded on a Bruker Tensor II (Bruker, 
Germany) over the range of 400-4000 cm-1 with 2 cm-1 resolution. Scanning electron 
microscopy (SEM) images of the hydrogels were observed using a scanning electron 
microscope (Nova NanoSEM200, FEI, USA). The prepared hydrogels (Φ 8 mm, distilled 
water was used as solvent when fabricating the SEM samples) were lyophilized for 48 
hours and sputter-coated with gold for 60 seconds before observation. The surface 

associated with concerns, such as discolouration [10], a long setting time [11] and 
handling difficulties [12]. Consequently, continuous efforts have been made in an attempt 
to develop alternative pulp-capping materials [6].

Among these attempted alternative materials, photo-crosslinkable hydrogels show 
promising properties, such as realistic handling and good biocompatibility [13]. 
One major advantage of hydrogels over calcium phosphate-based materials is that 
hydrogels may act as a controlled drug delivery system for various bioactive agents, 
thereby conferring hydrogels with various potent functions [13]. Methacrylated gelatin 
(Gel-MA) is a hydrolyzed form of collagen, and has the same chemical composition as 
collagen, a major component in the extracellular matrix of dental pulp, which bears good 
biocompatibility without the risk of pathogen transmission that is found with collagen 
[14]. Gelatin contains many adhesive ligands, such as arginine-glycine-aspartic acid 
sequences, which promote cell adhesion and migration [15]. The good cytocompatibility 
of Gel-MA can also be suggested by its capacity to support human dental pulp stem 
cells and human umbilical vascular endothelial cells for dental pulp tissue regeneration 
[16]. Gel-MA bears a good capacity to bond to mineralized tissue through non-covalent 
bonding mechanisms [17], such as molecular interactions [18]. Its bonding strength 
may also be further enhanced by amino lysis [19], which can be facilitated by the weak 
acidic environment of irritated dental pulp. The fluidity of Gel-MA enables the complete 
coverage of exposed dental pulp. Immediately after a short photo-crosslinking time, 
Gel-MA can transform from a liquid to a hydrogel and reach a stiffness of 50-60 kPa, 
which is favourable for extracellular matrix mineralization and hard tissue formation 
[20]. To meet the other requirements of a pulp-capping material, the physicochemical 
properties of Gel-MA can be easily modulated through corresponding modifications, 
such as filling with inorganic nanoparticles to increase mechanical properties [21] and 
radiopacity [22]. However, Gel-MA still lacks the intrinsic capacity to pacify inflammation 
and induce dentinogenesis. This problem may be tackled by carrying bioactive agents to 
functionalize Gel-MA.

One promising bioactive agent is notoginsenoside R1 (NGR1), a bioactive monomer 
isolated from Panax notoginseng [23]. NGR1 has been widely used for the clinical 
treatment of cardiovascular diseases [24] and osteoporosis [25]. NGR1 can protect 
cells from inflammation and apoptosis by reducing NADPH (nicotinamide adenine 
dinucleotide phosphate) oxidase and mitochondrion-derived superoxide via oestrogen 
receptor-dependent activation of Akt/Nrf2 (nuclear factor-erythroid 2 p45-related 
factor 2) pathways [26]. On the other hand, our previous finding showed that NGR1 
can dramatically promote the expression of osteocalcin (OCN) (a late dentinogenic 
differentiation marker) and extracellular matrix mineralization [27]. Our preliminary 
studies showed that NGR1 could also potently induce extracellular matrix mineralization 
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staining solution (Yeasen, Shanghai, China) for 20 minutes. The ALP-positive cells were 
stained blue and visualized by microscopy. The supernatant was collected and assessed 
with an OCN ELISA kit (NJJCBIO Co., Ltd, Nanjing, China). The extracellular matrix 
mineralization nodules—the final dentinogenic differentiation marker—were stained 
using an Alizarin red staining (ARS) kit (Cyagen, Guangzhou, China). Briefly, after 17 
days of incubation, the hydrogel constructs were rinsed 3 times with PBS, fixed with 
95% ethanol for 15 minutes, washed with distilled water 3 times and finally stained using 
Alizarin red staining solution for 1 hour at 37 °C. Stained samples were washed with 
distilled water 3 times, with each wash lasting one minute. Pictures of the top surface were 
taken using an optical microscope (Nikon, Japan). The calcified areas were photographed 
and then quantified using Image-Pro Plus 6.0 software (Media cybernetics, USA). For 
these experiments, dentinogenic induction medium (DM) without the presence of NGR1 
or Gel-MA (Cyagen, Guangzhou, China) was used as control.

2.7 Evaluation of mRNA expression using real-time PCR
Odontoblast markers were detected by RT-qPCR. mDPC6T cells were seeded at 3 × 
104 cells/well in 48-well plates. The mRNA expression levels of the dentinogenic genes 
alkaline phosphatase (ALP) and osteocalcin (OCN) were assessed by RT-qPCR (Bio-
Rad CFX96, Bio-Rad Laboratories, Inc., USA). RNA was extracted from the samples 
and control groups using TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Inc.). 
Complementary (c) DNAs were synthesized with 1 μg of total RNA and an oligo-dT primer 
using a Superscript II kit (Invitrogen, Molecular Probes, Eugene, OR). DNA was digested 
with gDNA Eraser (Takara, Otsu, Japan). RT-qPCR was performed with the SYBR Premix 
Ex Taq TM II kit (Takara Bio, Inc., Otsu, Japan). Briefly, the total reaction volume was 
25 μL, and RT-qPCR was performed using 40 cycles with 10 minutes of denaturation at 
95 °C, 15 seconds of annealing at 95 °C and 1 minute of extension at 60 °C. The relative 
expression level of each gene was normalized to ACTIN, and relative quantification of 
gene expression was performed using the 2-ΔΔCq method.

2.8 In-vivo modified pulp-capping model in rats
To further verify the in-vivo ability to induce dentinogenesis and test the biocompatibility 
of the hydrogels, 4-week-old Sprague-Dawley rats weighing 200-300 g were used to create 
a modified pulp-capping model. In the current modified model, we extended the location 
of implantation to the bottom of the dental pulp chamber to enlarge the contact area, thus 
making the subsequent evaluations much easier. The maxillary first and second molars 
were chosen for surgery with n = 6 animals per group. Power analysis was performed 
to confirm the sufficiency of the sample size according to our data. The protocol of the 
study was approved by the ethics committee of the Animal Research Center of Wenzhou 
Medical University (wydw2017-0503). The animal model was chosen in accordance with 
the protocol for pulp capping for new material evaluation [29]. The rats were sedated 

chemical elements of NGR1-loaded Gel-MA hydrogels (ND, LD, and HD) were analysed 
by X-ray photoelectron spectroscopy (XPS) (AXIS ULTRA DLD, Shimadzu, Japan) with a 
standard magnesium X-ray source (1253.6 eV).

2.4 In-vitro biocompatibility
The biocompatibility of the hydrogels was evaluated by directly embedding mouse dental 
papilla cells (mDPC6T) onto the hydrogels. In brief, the hydrogels (Gel-MA was sterilized 
by ethylene oxide and dissolved in sterilized PBS) were UV crosslinked in situ in 96-well 
plates, followed by seeding mDPC6T cells at a density of 1000 cells per well without 
cytokines. At pre-determined time points (days 1, 4, and 7), samples were rinsed with 
PBS and incubated with Cell Counting Kit-8 reagent (CCK-8, Beyotime Biotechnology, 
Shanghai, China) for 3 hours at 37 °C in the dark. OD values were measured using an 
ELISA plate reader (Varioskan LUX, Thermo Fisher, USA).

Furthermore, a Live/Dead assay (Life Technologies, USA) was applied to estimate 
the viability of the cells on the hydrogels. Briefly, mDPC6T cells were seeded onto the 
preformed hydrogels at a density of 1000 cells per well in 96-well TCPs. At specific time 
points, cells were stained with a Live/Dead Viability Cytotoxicity Kit, which the reagent is 
cleaved by metabolically active cells to yield green fluorescence, while dead cells produce 
red fluorescence. Samples treated with 75% ethanol for 10 minutes were used as positive 
controls and normal medium (90% DMEM + 10% FBS +1% penicillin-streptomycin) in 
TCPs were the negative controls. All samples were incubated in Live/Dead dye solution 
(0.25 μL of calcein-AM dye and 1.0 μL of ethidium homodimer-1 dye in 0.5 mL of PBS) for 
30 minutes. After incubation, the samples were washed with PBS 3 times and observed 
under a DMi8 microscope (LEICA, Germany). All experiments were performed in 
triplicate.

2.5 Rheological study and other physical and chemical property studies
The rheological measurements were performed using a Discovery HR-2 rheometer 
(TA Instruments, USA) with a flat plate of 8 mm diameter and a gap of 1 mm. Detailed 
measurements can be found in the Supplementary Materials. Equilibrium water content 
(EWC), in-vitro biodegradation, water wettability, and in-vitro NGR1 release studies were 
performed, and the procedures are shown in the Supplementary Materials.

2.6 In-vitro dentinogenic differentiation assays
The precursors were UV-crosslinked in 48-well plates, and 3 × 104 mDPC6T cells were 
cultured onto the hydrogels. After 17 days of culture, we evaluated dentinogenic markers, 
such as the expression levels of alkaline phosphatase (ALP, an early dentinogenic 
differentiation marker) and osteocalcin (OCN, a late dentinogenic differentiation 
marker). The cells were fixed in 4% paraformaldehyde followed by a reaction with ALP 
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times. The quantitative morphometric characterization and the density of the hard tissue 
were analysed with CT Analyser software (version 1.15.4). These measurements were 
repeated five times.

2.10 Histological and immunohistochemical staining
After micro-CT scanning, samples were decalcified in 10% ethylenediaminetetraacetic 
acid (EDTA), which was changed twice per week for 3 weeks followed by dehydration 
in a series of graded concentrations of ethanol from 70% to 100%. Paraffin embedding 
was subsequently performed with the long axis parallel to the base plane. Longitudinal 
serial sections, 4 mm thick, were cut and mounted onto polylysine-coated microscope 
slides and then subjected to haematoxylin eosin (HE) staining, Masson staining 
and immunohistochemistry (IHC) staining to detect the morphology and levels of 
dentinogenic gene (dentin sialophosphoprotein (DSPP), 1:200 dilution, sc-73632; dentin 
matrix protein 1 (DMP-1), 1:200 dilution, sc-73633; osteocalcin (OCN), 1:200 dilution, sc-
390877; and Runt-related transcription factor 2 (RunX2), 1:200 dilution, sc-101145, Santa 
Cruz Biotechnology) expression. Staining was performed according to the manufacturer’s 
protocols. Finally, examination under microscopic light by using an Olympus DP71 
microscope was performed (Olympus Co., Japan). The mean option density of IHC 
staining was calculated by ImageJ software (version 1.51j8, National Institute of Health, 
USA).

STATISTICAL ANALYSIS

The results are presented as the mean ± standard deviation (SD). Comparisons were 
made using analysis of variance (ANOVA) for multiple comparisons with Tukey’s post hoc 
analysis for parametric data. Nonparametric tests were carried out using Kruskal−Wallis 
ANOVA with Dunn’s post hoc analysis. Statistical significance was accepted for p < 0.05.

thirty minutes prior to the experimental surgery with trichloroacetaldehyde hydrate 
(10%, 3 mL/kg) (Solarbio, Beijing, China). The surgical procedure was as follows: 1) the 
central fossae of the first and second maxillary molars were drilled with a 1/4 rounded 
carbide bur (0.5 mm diameter, SS White Burs Inc., USA) to form a bowl-shaped cavity 
with a depth of approximately 1 mm followed by cooling with physiological saline. 2) An 
occlusal cavity was obtained by a dental reamer (20#, Maillefer Dentsply, Switzerland), 
and the cameral pulp parenchyma was removed with a rotary instrument. The cavity 
was first irrigated with 2% sodium hypochlorite (Longly biotechnology, Wuhan, China) 
followed by 2% chlorhexidine (Lircon, Dezhou, China), and haemostasis was performed 
with a sterilized cotton ball. Simultaneously, 100 mg/mL Gel-MA@NGR1 hydrogel (ND, 
LD, and HD) precursors were prepared as mentioned in section 2.2. 3) The precursors 
were aspirated in 1 mL syringes, and 100 μL was injected into each selected tooth with 
a 26-gauge syringe needle and immediately exposed to UV light (365 nm, 90 mW/cm2 
— a non-harmful radiation dosage [30, 31]) for crosslinking for 3 minutes. The above 
procedures were performed in dark. Dycal (Dentsply, Germany) was used as a control. 
The occlusal cavities in all groups were sealed with glass ionomer cement (GC, Fuji II, 
Japan), a calcium silicate-based restorative cement [32]. We retrieved the samples four 
weeks after transplantation. Four weeks is one of the most commonly used time points 
to evaluate the inducing effects of pulp-capping materials [32-35]. At this time point, 
the newly formed reparative dentin will be easily detected since dentinogenesis starts 
as early as 3 days after pulp-capping therapy [36]. Consequently, in our study, this time 
point was selected to illustrate the dentinogenic efficacy of Gel-MA/NGR1 in comparison 
with other materials. The rats were sacrificed under general anaesthesia by transcardial 
perfusion with 4% paraformaldehyde, and tooth samples were extracted and fixed in 
4% paraformaldehyde for further analysis. To sufficiently fix the tissues, the restorative 
materials were removed to ensure complete penetration of the fixing solution into the 
dental pulp [37].

2.9 Micro-computed tomography imaging and analysis
All harvested teeth were scanned ex vivo 28 days after surgery with an X-ray micro-
computed tomography (micro-CT) device (SkyScan 1176; Bruker, Germany). The micro-CT 
parameters were as follows: 20 × 10 mm field of view, 9 μm voxel size, Al 1 mm, 65 kV, 381 
μA, and 46 minutes of exposure time. All data sets were 3-dimensionally reconstructed 
with NRecon software (Version 1.6.10.4) and exported in BMP format. Newly formed hard 
tissue (dentin bridge) was extracted from the surrounding tissue (tooth structure) with 
VGStudio Max (Version 1.2.1) software, in which a magic bar was used to automatically 
trace the edge of irregular mineralization in the pulp chamber followed by further margin 
correction by two experienced physicians. The above calculation was repeated three 
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3.2 NGR1 could induce extracellular matrix mineralization in mDPC6T 
odontoblast-like cells
Seven days after treatment, 50 and 500 μg/mL NGR1 were associated with a significantly 
greater number of extracellular matrix mineralization nodules (3.6- and 2.8-fold, 
respectively) than the control group (Figure 2a, b). Furthermore, NGR1 at 50 μg/mL 
showed significantly higher efficacy than NGR1 at 500 μg/mL.

Figure 2. a) Alizarin red staining of the in-vitro dentinogenic differentiation of pure NGR1 on mDPC6T 
cells after 7 days of mineralization. b) Statistical analysis of extracellular matrix mineralization 
nodules stained by Alizarin red. c-e) In-vitro cell viability of the Gel-MA/NGR1 hydrogels over 7 days 
(CCK-8 assay, mean ± SD). f-h) Alizarin red staining of the in-vitro dentinogenic differentiation of 
mDPC6T cells on the Gel-MA/NGR1 scaffolds after 17 days of mineralization induction cultured on 
100 mg/mL, 150 mg/mL and 200 mg/mL hydrogels (bar = 200 μm). i-k) Statistical analysis of 
extracellular matrix mineralization nodules stained by Alizarin red.

3. RESULTS

3.1 Gel-MA hydrogel preparation and chemical structure analysis
The two new peaks at 5.34 ppm and 5.60 ppm in the 1H-NMR spectrum of Gel-MA 
represented the acrylic double bonds (Figure 1a, b), which showed the methacrylation of 
gelatin [28]. The calculation of the integral area ratio of a characteristic peak to a specified 
peak [38] showed that the degree of methacrylation was 25.10%. In the FTIR spectra 
(Figure 1c), the incisive absorption peaks at 1650 cm-1 and 1552 cm-1 corresponded to the  
C = O and C-N-H stretching vibrations, respectively, which indicated the presence of 
double bonds in Gel-MA [39]. In addition, the absorption peak from the hydroxyl group 
near 3400 cm-1 became acute in the spectrum of Gel-MA, which represented a reduced 
number of hydrogen bonds due to the consumption of amino groups in gelatin after the 
reaction with methylacrylate acid. The gelatinization process is shown in Figure 1d. The 
injectable Gel-MA solution was crosslinked with the aid of I2959 and uninjurious UV 
irradiation. No significant shrinkage occurred during the photopolymerization (Figure 
1e).

Figure 1. a-b) Modification of gelatin confirmed by 1H-NMR. c) FTIR spectra of Gel-MA and Gel. d) 
Diagram of the UV crosslinking process. e) Photograph of the crosslinked Gel-MA hydrogel.
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Figure 3. Rheological performance. a) G’ and G’’ as a function of angular frequency at 37 °C. b) 
Statistical results of the modulus.

3.6 In-vitro dentinogenesis on Gel-MA/NGR1
A CCK-8 assay was performed to ascertain the biocompatibility of Gel-MA/NGR1 (Figure 
4a). The OD value increased significantly with increasing culture time for all groups 
(p<0.01), from 0.14 ± 0.00 to 0.53 ± 0.02. In addition, the Live/Dead assay showed that 
mDPC6T cells attached well onto or into the hydrogels, presenting a wide-spreading 
morphology after a 48-hour culture and the cell density increased noticeably after a 5-day 
culture compared to the control group. Only very little red fluorescence was observed in 
the hydrogel groups, which indicated that there was not a significant number of dead 
cells in the ND, LD or HD groups (Figure 4b).

Irrespective of NGR1 dose, ALP gene expression in all the Gel-MA groups (ND, LD and 
HD) was significantly higher than that in the DM group (Figure 4c). The LD group showed 
an ALP mRNA expression level similar to that of the ND group, while the HD group 
displayed a significantly lower mRNA expression level of ALP than the LD and ND groups. 
A similar pattern was also found for ALP staining (Figure 4d). The mRNA expression levels 
of OCN in the LD and HD groups were 3.3 ± 0.3-fold and 2.5 ± 1.2-fold higher than that in 
the DM group, respectively (Figure 4e). Consistently, the OCN protein expression level in 
the LD group was similar to that in the HD group and was significantly higher than those 
in the ND and DM groups (Figure 4f).

3.3 In-vitro biocompatibility of the NGR1-loaded hydrogels
The cell viabilities of the hydrogels in the ND groups with solid contents of 100 mg/mL, 
150 mg/mL and 200 mg/mL were all higher than 80% that of the control (cells cultured on 
well plates) (Figure 2c, d). Thereafter, we further inspected the in-vitro biocompatibility of 
Gel-MA incorporating different amounts of NGR1 (Table S1). The viabilities of mDPC6T 
odontoblast-like cells in both the LD and HD groups were also higher than 80% of those in 
the control group (cells cultured on well plates) at 1, 4 and 7 days after treatment (Figure 
2c-e).

3.4 Screening for the optimal combination of Gel-MA and NGR1
To screen the optimal combination of NGR1 (ND, LD and HD) and Gel-MA (with solid 
contents of 100, 150 and 200 mg/mL) to induce in-vitro dentinogenesis, we assessed the 
extracellular matrix mineralization of mDPC6T odontoblast-like cells on various Gel-
MA/NGR1 hydrogels both qualitatively (Figure 2f-h) and quantitatively (Figure 2i-k). 
Our results showed that without NGR1, Gel-MA at different solid contents showed no 
significant differences in the number of extracellular matrix mineralization nodules 
(Figure 2i-k). For Gel-MA with a solid content of 100 mg/mL, the presence of NGR1 
(both LD and HD) significantly promoted the extracellular matrix mineralization of 
mDPC6T cells in comparison with ND (Figure 2i). In contrast, NGR1 failed to promote 
mineralization for the Gel-MA hydrogels with solid contents of 150 and 200 mg/mL 
(Figure 2j, k, p >0.05). Therefore, we chose 100 mg/mL Gel-MA with LD and HD NGR1 in 
the following experiments.

3.5 Chemical structure and physical performance of the NGR1-loaded 
hydrogels
We further explored the potential influence of NGR1 on the physicochemical properties 
of Gel-MA. Figure 3a shows the frequency sweeps for the ND, LD and HD hydrogels. The 
storage modulus (G’) was parallel to and higher than the corresponding loss modulus 
(G’’) for each hydrogel. Furthermore, the storage modulus (G’) was also independent of 
the frequency for all hydrogels. The addition of NGR1 significantly increased the storage 
modulus (G’) by an order of magnitude from 811 ± 21 Pa for ND to 52 ± 2 KPa for LD 
and 56 ± 2 KPa for HD (Figure 3b). Moreover, the water uptake, in-vitro biodegradation, 
morphology, pore size, WCA, crosslinking intensity and NGR1 release properties (Figures 
S1-S3) are shown and described in the Supplementary Materials.
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Figure 5. a) Micro-CT images of the surgical site of different samples via sagittal view on day 28 after 
surgery (BC: blank control, DC: Dycal control, ND: pure hydrogel, LD: hydrogel with low drug loading, 
HD: hydrogel with high drug loading; the white arrows represent the newly formed mineralized 
tissue; bar = 200 μm). b) Statistical relative volume of calcification based on the micro-CT results and 
analysed with CT Analyzer software (version 1.15.4) (*P<0.05, **P<0.01, ***P<0.001). c) Representative 
images from HE and Masson staining slices (at 28 days) of the control and Gel-MA/NGR1 groups 
(BC: blank control, DC: Dycal control, ND: pure hydrogel, LD: hydrogel with low drug loading, HD: 
hydrogel with high drug loading; red arrows represent the reparatively formed dentin; bar = 100 μm).

Figure 4. a) Cell proliferation of mDPC6T cells cultivated on the hydrogels after 1, 4 and 7 days by  
CCK-8 quantitative analysis, *p<0.05. b) Representative Live/Dead fluorescence images of mDPC6T 
cells encapsulated in the hydrogels after 2 and 5 days of culture (live cells: green; dead cells: red;  
bar = 250 μm). c) Relative mRNA expression of ALP in mDPC6T cells encapsulated in 100 mg/mL 
Gel-MA/NGR1 hydrogels after 7 days of mineralization induction culture (**P<0.01, *P<0.05). d) ALP 
staining after 17 days of mineralization induction culture on the LD, ND, HD hydrogels (bar = 200 
μm). e) Relative mRNA expression of OCN in mDPC6T cells encapsulated in 100 mg/mL Gel-MA/
NGR1 hydrogels after 7 days of mineralization induction culture (**P<0.01, *P<0.05). f) Osteocalcin 
concentration in the supernatants of the mDPC6T-encapsulated 100mg/mL Gel-MA/NGR1 hydrogels 
tested by ELISA.

3.7 Micro-CT analysis
The micro-CT results (Figure 5a) showed almost no newly formed mineralization area in 
the blank control group (BC, without any pulp capping material). In contrast, calcified 
shadows (white arrows) were detected surrounding the location of the injected materials 
in the other groups, e.g., Dycal control (DC) (positive control), ND, LD and HD groups. 
The relative volume of calcification in the ND group was 25 ± 6-fold that of the BC group 
(Figure 5b). The relative volumes of calcification in the LD group (155 ± 7-fold) and HD 
group (175 ± 22-fold) were significantly higher than those in the DC group (90 ± 8-fold), as 
presented in Figure 5b.
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Figure 6. a) Representative histological images of DMP-1, OCN, DSPP, and RunX2 (at 28 days) in 
the control and Gel-MA/NGR1 groups (BC: blank control, DC: Dycal control, ND: pure hydrogel, LD: 
hydrogel with low drug loading, HD: hydrogel with high drug loading; red asterisk represents the 
injury site, blue arrow represents the reparatively formed dentin; Scalebar = 100 μm). b-e) Statistical 
mean option density of DMP-1, OCN, DSPP, and RunX2 (*P<0.05, **P<0.01, ***P<0.001).

3.8 HE and IHC analyses
Figure 5c shows the HE and Masson staining results. Immediately after surgery (Figure 
S4a-d), histological processing was performed to identify the distribution of the hydrogels 
within the teeth (Figure S4g) with uninjured teeth (Figure S4e) and unfiled teeth (Figure 
S4f) as controls. The porous hydrogel reached the bottom of the pulp chamber and 
formed a broad interface with the dental pulp on the lateral sides (Figure S4g). The results 
showed that the precursors were loaded into the drilled sites and crosslinked, verifying 
the successful establishment of the in-vivo animal model. All animals were healthy after 
surgery and did not suffer from tooth necrosis. Masson staining showed a much less 
dense gelatinous network structure in the LD and HD groups, which might have resulted 
from the biodegradation of the implanted hydrogel (Figure 5c). In the three non-NGR1-
containing groups (BC, DC and ND), the border of the dental pulp tissue surrounding 
the implantation sites moved towards the lateral sides, which may be caused by necrosis 
of the dental pulp tissues. In contrast, such a phenomenon was not detected in the LD 
and HD groups. Instead, bright blue staining (yellow arrows) was detected in the dental 
pulp tissues in the vicinity of the implanted hydrogels, which indicated the formation 
of mineralized tissue (Figure 5c). HE staining showed much more newly formed 
reparative dentin-like tissue (red arrows) in the DC, LD and HD groups than in the BC 
and ND groups. Immunohistochemical staining of DMP-1, OCN, DSPP and RunX2 and 
their quantitative analyses are shown in Figure 6. Light micrographs showed that much 
larger areas with deeper staining were detected in the dental pulp tissues surrounding 
the implanted sites in the DC, LD and HD groups than in the BC and ND groups. The 
mean option densities of the four markers in the LD and HD groups were higher than 
that in the DC group, while few proteins were expressed in the BC and ND groups, as 
displayed in Figure 6. LD was associated with the highest mean optical densities for all 
dentinogenic markers among all the selected groups.
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In the subsequent extracellular matrix mineralization assay, Gel-MA without NGR1 
showed similar mineralization irrespective of the solid contents. This finding suggested 
that dentinogenesis was not significantly influenced by the different physicochemical 
properties of Gel-MA with different solid contents. Interestingly, the presence of NGR1 
was associated with significantly enhanced in-vitro dentinogenesis on Gel-MA with a solid 
content of 100 mg/mL, while on Gel-MA with solid contents of 150 or 200 mg/mL, the 
addition of NGR1 resulted in compromised dentinogenesis. These findings suggested 
a complicated interaction between Gel-MA and NGR1. However, there is still a lack 
of research to identify the interaction between Gel-MA and NGR1, and further studies 
should be performed to elucidate the potential mechanisms. According to these results, 
we selected 100 mg/mL Gel-MA for the following experiments.

We further characterized the physicochemical properties of Gel-MA/NGR1 (Figures 3 
and S1-S3). Regardless of whether or not NGR1 was present, the hydrogels did not show 
significant shrinkage during the crosslinking process, which is of great significance 
for a pulp-capping material to ensure complete coverage of the dental pulp tissue and 
to prevent any potential mechanical disturbance due to contraction. Irrespective of the 
dose, NGR1 did not significantly change the characteristic FTIR spectral peaks of Gel-MA 
[48], which suggested that there was no significant influence from NGR1 on the chemical 
structure of Gel-MA. XPS analysis confirmed the loading of NGR1 into the hydrogel. 
NGR1 did not significantly influence the water uptake (Figure S2a) or the interconnected 
porous structure (Figure S2c) of Gel-MA, which ensured high permeability for nutrients 
and metabolites to support cell adhesion, migration, proliferation and differentiation 
[49, 50]. On the other hand, the pore size slightly decreased, which could be attributed 
to the more compact network than Gel-MA alone due to the non-covalent interactions 
between NGR1 and Gel-MA [51, 52]_ENREF_39. The addition of NGR1 significantly 
decreased the WCA (Figure S2e), which brought even better hydrophilicity, a prerequisite 
to facilitate the immediate interaction between dental pulp cells and pulp capping 
material [53]. In the presence of collagenase (in the form of MMP-8 in dentin [54, 55]), 
the complete degradation time of Gel-MA/NGR1 _ENREF_27was approximately 20 days, 
which is sufficient to support reparative dentin formation [56, 57]. A slow-release profile 
(Figure S3) facilitates the continuous and stable delivery of bioactive agents to tissues 
to stimulate the dentinogenic differentiation of dental pulp cells. One major advantage 
of Gel-MA/NGR1 over other calcium phosphate-based pulp capping materials lies in its 
capacity to slowly release bioactive agents. It was noted that NGR1 was released via the 
diffusion and swelling mechanism (n > 0.5) [58] with varying release rates in the first 24 
hours when the swelling effect was clearly greater than that of the erosion, degradation 
and dissolution effects.

4. DISCUSSION

As a promising pulp capping material, the Gel-MA hydrogel bears a series of advantageous 
properties, such as easy spreading, short and controllable setting time [7], tooth substrate 
adhesion [40], no carcinogenicity, biodegradability, biocompatibility [41], and, more 
importantly, providing a good carrier to accommodate various bioactive agents for 
functionalization [42]. In this study, we adopted NGR1 to functionalize Gel-MA with the 
aim of developing a potent anti-inflammatory and dentinogenic pulp-capping material. 
Our results showed that the optimized Gel-MA/NGR1 could strongly induce dentinogenic 
differentiation in vitro and newly formed mineralized tissue in dental pulp in vivo. These 
findings suggest the promising application potential of Gel-MA/NGR1 in pulp-capping 
techniques.

In this study, we, for the first time, showed that NGR1 could induce extracellular 
matrix mineralization of odontoblast-like cells — an important biological marker for 
dentinogenesis [43, 44]. The inducing effects of NGR1 at 50 μg/mL were significantly 
higher than that at 500 μg/mL. This result may be explained by the typical bell-shaped 
curve of growth factors [45]. This finding was inconsistent with our previous finding that 
NGR1 dose-dependently enhanced the extracellular matrix mineralization of the mouse 
MC3T3-E1 pre-osteoblast cell line at concentrations less than or equal to 1000 μg/mL 
[27]. In fact, we also found that NGR1 at higher concentrations (>100 μg/mL) inhibited 
the proliferation and ALP activity of pre-osteoblasts while significantly enhancing OCN 
expression [27]. Therefore, such consistency might be due to the greater sensitivity of 
odontoblast-like cells to the inhibitory effects of NGR1 on proliferation and ALP activity at 
500 μg/mL than pre-osteoblasts. On the other hand, compromised in-vitro dentinogenesis 
may also be caused by overdose with DMSO (0.05%, 6.4 mM), the solvent of NGR1. NGR1 
has low solubility in water (1 mg/mL) and therefore needs to be dissolved in an organic 
solvent such as DMSO to reach its pharmacological dosage. DMSO (0.05%) was previously 
shown to significantly compromise the total protein production of odontoblast-like cells 
[46], which may directly prevent the increase in ALP and further ECM mineralization 
[47]. Consequently, optimization of the NGR1 dose is highly important to induce the most 
efficacious dentinogenesis.

Thereafter, we assessed the best combination of Gel-MA and NGR1 for optimal efficacy 
in inducing dentinogenesis. Regardless of the solid contents (100, 150 and 200 mg/
mL) and NGR1 dose (ND, LD and HD), all Gel-MA/NGR1 hydrogels showed sufficient 
cytocompatibility to support the viability and proliferation of mDPC6T odontoblast-
like cells. Furthermore, the Live/Dead assay showed that the addition of NGR1 to 
Gel-MA did not cause cytotoxicity to mDPC6T odontoblast-like cells. These findings 
suggested good cytocompatibility of all selected combinations of Gel-MA and NGR1. 



42 43

Chapter 2. N
otoginsenoside R1 functionalized gelatin hydrogels to prom

ote reparative dentinogenesis

assumed that these concerns could be relieved in the clinic due to the limited contact area 
and much larger dental pulp chamber in real clinical situations. In our future study, we 
will perform large animal studies to determine whether this is a problem.

Four weeks post-surgery [32-35], micro-CT images showed that the newly formed 
mineralized tissue was mainly in the vicinity of the implanted Gel-MA/NGR1 hydrogel 
(white arrows), which was also confirmed by HE and Masson staining analyses. 
Quantitative micro-CT analysis showed that Gel-MA/NGR1 was associated with a 
significantly larger amount of newly formed mineralized tissue than the DC and ND 
groups, which indicated that NGR1 bore a potent capacity to induce in-vivo reparative 
dentin. As there was almost no dislocation of the material/dental pulp border in the LD 
and HD groups, this suggested that there was a potent cytoprotective effect and non-
cytotoxic properties of the Gel-MA/NGR1 hydrogels.

The use of DMP-1, OCN, DSPP and RunX2 as markers allowed us to intuitively observe 
the differences in the dentinogenic capacities of different materials [35] since they 
are expressed during the dentinogenic differentiation process. DMP-1 and DSPP are 
positive regulators of reparative dentin formation, acting as nucleators of apatite crystal 
formation [66] (DSPP induces collagen mineralization; DMP-1 induces the deposition 
of mineral particles along the collagen fibril axis). Moreover, DSPP, one of the key non-
collagenous proteins, is essential for dentin mineralization [35], which is proteolytically 
cleaved into dentin sialoprotein (DSP) and dentin phosphoprotein (DPP). The expression 
of RunX2 and OCN are markers of the dentinogenic differentiation process, indicating 
that the introduction of hydroxyapatite promotes the expression of cell adhesion 
proteins [67]. In our study, the LD group showed the highest mean optical densities of 
all the selected parameters, which was consistent with the data obtained from the in-vitro 
extracellular matrix mineralization assay. All of these findings indicated the promising 
application potential of LD in pulp-capping therapy.

Hitherto, the molecular mechanisms for the inducing effects of NGR1 on dentinogenesis 
remain unclear. NGR1 is a phytoestrogen, and estrogen receptor (ER) has been shown 
to mediate the dentinogenic effects of NGR1 [31]. In another study, NGR1 was shown to 
significantly increase the phosphorylation of MAPK (mitogen-activated protein kinase), 
JAK1 (Janus kinase 1), and STAT3 (signal transducer and activator of transcription 3) [68]. 
Furthermore, NGR1 also upregulates miR-23a expression, which positively modulates 
RunX2 and Osx expression as well as ALP activity. An miR-23a inhibitor has been shown 
to reduce the phosphorylation of MAPK, JAK1 and STAT3 induced by NGR1 [68]. Further 
studies are needed to illustrate the potential roles of ER, MAPK, JAK1, STAT3 and miR23 
in the dentinogenic effects of NGR1.

G’ slightly increased at higher frequencies on account of the failure movement and 
rearrangement of polymer chains in less time, which led to the properties of stiffness and 
solid-like behaviour [59]. The results indicated that the hydrogel formed in an ideal type 
[60, 61]. Gel-MA/NGR1 was associated with significantly enhanced mechanical properties 
(from 811 ± 21 Pa for ND to 52 ± 2 KPa for LD and 56 ± 2 KPa for HD) compared with Gel-
MA alone. Such a phenomenon might be attributed to the non-covalent adsorption of 
NGR1 into the Gel-MA network, leading to a more compact structure, as shown by the 
SEM results (Figure S2c). Such a change in mechanical properties is highly meaningful 
for a pulp capping material to provide sufficient resistant force to protect the underlying 
dental pulp and support further restoration. From a biological point of view, hydrogels 
with an elastic modulus of 50-60 kPa have been shown to be favourable for supporting cell 
migration and proliferation [62].

We further evaluated the capacity of Gel-MA/NGR1 to induce other dentinogenic 
differentiation markers. Our results showed that Gel-MA could significantly promote ALP 
mRNA expression and ALP staining, which was consistent with previous findings [63]. On 
the other hand, the presence of NGR1 in the LD and HD groups did not further increase 
the ALP activity. This finding was consistent with our previous finding that NGR1 does 
not significantly promote ALP activity during osteoblastogenesis [27]. In contrast, ND did 
not influence the expression of OCN (a late dentinogenic marker [64]), while LD and HD 
were associated with significantly higher OCN levels than ND or DM (Figure 4e, f). This 
finding was also consistent with our previous finding that NGR1 significantly promoted 
OCN expression [27]. All of these findings lead us to conclude that the complementary 
capacities of Gel-MA and NGR1 in inducing ALP and OCN truly made the Gel-MA/NGR1 
hydrogel an optimal combination to induce dentinogenesis.

To investigate whether the Gel-MA/NGR1 hydrogel could induce reparative dentin 
formation in vivo, a modified direct pulp capping model was adopted (Figure S4). In 
the conventional direct pulp capping rat model, implanted materials lie on the border 
between the dentin and dental pulp to mimic the clinical situation of direct pulp capping 
[65]. However, due to the much smaller volume of rat teeth than human teeth, the contact 
area between biomaterials and dental pulp is rather limited, which makes subsequent 
micro-CT and histological evaluation much more difficult. In the current modified 
model, we extended the location of implantation to the bottom of the dental pulp chamber 
to enlarge the contact area, thus making the subsequent evaluations much easier. On the 
other hand, the enlarged contact area also resulted in slightly more spreading area of the 
newly formed mineralized tissue in the dental chamber in some cases, which may raise 
concerns for clinicians due to the potential blocking of the root canals. In fact, HE staining 
showed that the newly formed reparative dentin did not actually enter the root canal. We 

https://www-sciencedirect-com.vu-nl.idm.oclc.org/topics/biochemistry-genetics-and-molecular-biology/phytoestrogens
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1. MATERIALS AND METHODS

1.1 Modification of gelatin with Methylacrylic anhydride (Gel-MA)
Gel-MA was synthesized according to our previous report [1]. Briefly, gelatin was dissolved 
in phosphate buffered saline (PBS) at 50 oC to form a 10% (w/v) solution. MAA was added 
to the gelatin solution at a rate of 0.5 mL min-1 under rigorous stirring (800 rpm) until the 
final concentration of MAA was 1% (v/v). Then, 5M NaOH was used to adjust the pH value 
of the reacting mixture to a value of 7.4–8 and the mixture was allowed to react for 3 h at 
50 oC. The samples were dialyzed against deionized water for 5 days at 50 oC using 3.5 kDa 
cut-off dialysis tubes to remove unreacted MAA and additional by-products. The dialyzed 
samples were frozen at -80 oC, freeze-dried for 48 h and stored at room temperature in 
the dark.

1.2 Preparation of the Gel-MA/NGR1 hydrogels
The NGR1 loaded hydrogel (HD: high drug loading, LD: low drug loading, ND: no drug 
loading) was prepared ditto by adding NGR1 (1000 mg/mL in dimethylsulfoxide) in the 
precursor solution (Table S1).

Table S1. Hydrogel preparation

Sample Name Concentration of Gel-
MA (mg/mL)

Gel-MA
(μL) NGR1 concentration I2959 

(μL)

200mg/mL-HD

200

100 2 wt%-0.4 μL 2.0

200mg/mL-LD 100 1 wt%-0.2 μL 2.0

200mg/mL-ND 100 0 wt%-0 μL 2.0

150mg/mL-HD

150

100 2 wt%-0.4 μL 1.5

150mg/mL-LD 100 1 wt%-0.2 μL 1.5

150mg/mL-ND 100 0 wt%-0 μL 1.5

100mg/mL-HD

100

100 2 wt%-0.4 μL 1.0

100mg/mL-LD 100 1 wt%-0.2 μL 1.0

100mg/mL-ND 100 0 wt%-0 μL 1.0

1.3 Rheological study
The rheological measurements were performed using a Discovery HR-2 rheometer (TA 
Instruments, USA) with a flat plate of 8 mm diameter and a gap of 1 mm. An oscillatory 
sweep experiment was carried out to determine the mechanical properties of the 
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50-ml BD tube and 20 ml phosphate-buffered saline solution (PBS, pH 7.4) was added 
as the release medium. The system was placed in an air shaker at 37 °C with gentle 
stirring (100 rpm) for periodical study. At predetermined time points (1, 2, 4, 8, 24, 72, 
120, 192, 240, 480 and 720 h), 1 ml of release medium was withdrawn and quantified by 
high-performance liquid chromatography (HPLC; Waters Alliance 2695; Milford, MA, 
USA) and all release medium was replaced with pre-warmed fresh PBS. HPLC analysis 
was performed on a reverse-phase C18 column (4.6 X 150 mm, 5 mm, Sunfire Analysis 
column; Milford, MA, USA) at room temperature. The mobile phase was acetonitrile, 
which was filtered through a 0.22-mm Millipore filter and degassed before use. The flow-
rate was 0.8 ml/min and the eluent was detected by Waters PDA detector at 203 nm. All 
measurements were performed in triplicate and the results were expressed as a mean 
value ± S.D.

2 RESULTS

2.1 ATR-FTIR and XPS
The ATR-FTIR of Gel-MA and Gel-MA/NGR1 hydrogel with solid content at 100 mg/mL was 
shown in Figure S1a. In ATR-FTIR spectra, the peak at 2350 cm-1 corresponded to the C-N 
bond of gelatin. The peaks at 1635 cm-1 and 1535 cm-1 corresponded to the C = O stretching 
vibration and NH2, respectively [3]. Instead, the peak of 1635 cm-1 blue shifted to 1654 cm-1 
and 1688 cm-1 in the spectra of LD and HD, respectively due to the steric hindrance of NGR1 
to the hydrogel [4], indicating the effective loading of NGR1. The XPS survey spectra of ND, 
LD and HD with binding energy ranging from 1200 to 0 eV were present in Figure S1b. All 
XPS spectra showed the presence of O1s (534 eV), N1s (401 eV) and C1s (287 eV) due to the 
same constitution of Gel-MA and Gel-MA/NGR1. The N1s peak (6.35%) was less intense 
in the XPS spectrum of HD than that of ND (16.05%), which revealed the conjunction of 
the NGR1 to the hydrogel since there was no nitrogen in NGR1 (Figure S1c). The surface 
elemental compositions determined by XPS are listed in Table S2. The mass ratio of oxygen 
to nitrogen in LD (44.51%) and HD (48.20%) was higher than ND (36.87%) because pure NGR1 
(mO/mC  = 51.1%) contained a large number of oxygen-containing groups, such as hydroxyl 
and ester bond in comparison with Gel-MA.

2.2 Water uptake and in-vitro biodegradation
The water uptake ability of Gel-MA/NGR1 was evaluated by measuring the equilibrium 
water content (EWC). The EWCs ranged from 85.3 ± 3.9% to 90.3 ± 3.0% for Gel-MA hydrogel 
(Figure S2a). The in-vitro biodegradation pattern of all the hydrogels appeared to be similar 
to each other, as shown in Figure S2b. In the first 48 h, the hydrogel degraded quickly 
with 36.6% degradation. Thereafter, a plateau period lasted about 10 days with an average 
degradation rate of 3.56% per day. 12 days post incubation, a second rapid degradation 

hydrogels. The G’ and G” as a function of frequency at 37 oC were recorded. The frequency 
sweep experiment was conducted under a fixed strain of 0.4%, and the angular frequency 
was swept from 0.01 to 100 rad s−1.

1.4 Equilibrium water content (EWC)
Since the swelling ratio of pure hydrogels reaches the equilibrium point after 24 h 
immersing into PBS solution, the equilibrium water content of drug-loaded hydrogels 
was calculated according to mass addition at the point of 24 h. The dried hydrogel 
was weighed (mo) and immersed in PBS (pH 7.4) for 24 h at 37 oC for fully swelling to 
equilibrium. Then, the excess PBS on the surface was removed and the hydrogel with 
equilibrium swelling state was weighed (me). The equilibrium water content of hydrogels 
was calculated as equation (1):

EWC = (me − mo) ∕ me ×100%            (1)

Where me was the weight of the fully swelled hydrogel, mo was the dried weight. Each 
sample was repeated three times.

1.5 In-vitro biodegradation 
The degradation profile of hydrogels was followed in vitro by measuring the weight loss in 
PBS with 10 IU collagenase (type Ⅱ, MP Biomedicals, USA) at 37 oC over time. After wiping 
away excess water on the surfaces, the weight of the hydrogel samples was measured 
immediately at specified time points. The degradation rate was calculated using equation 
(2), where Wt is the weight of the hydrogel after degradation and Wo, the weight of 
hydrogel after incubating for 24 h, was chosen to be the initial weight of degradation 
because of its swelling behavior:

Remaining Weight (%) = Wt/Wo ×100%         (2)

1.6 Water wettability of the hydrogels 
A water wettability test was performed following a method described previously [2] by 
a water contact angle (WCA) analyzer (Theta, Biolinscientific, Sweden) using the static 
sessile drop manner. In brief, a drop of 2 μL deionized water was applied on the surface 
of the scaffolds and then immediately photographed for contact angle calculation. All the 
scaffolds were tested in triplicate.

1.7 In-vitro NGR1 release profile
The in-vitro release behavior of NGR1 from the hydrogel was studied by using a dialysis 
method. Briefly, 200 μg or 400 μg NGR1 loaded hydrogels were enclosed into a dialysis 
bag (molecular weight cut-off: 3500 Da). Then the dialysis bags were transferred into a 
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FIGURES

Figure S1. a) ATR-FTIR of Gel-MA and Gel-MA/NGR1 hydrogels. b) XPS wide spectra of the ND, LD, 
and HD. c) Molecular structure of NGR1.

Figure S2. Physical performance of the NGR1-loaded hydrogel. a) Equilibrium water content.  
b) In-vitro degradation. c) SEM. d) Pore size. e) Water contact angle properties of the hydrogels.  
Scale bar = 50 μm

stage occurred with an average degradation rate of 2.71% till complete degradation at 20 
days when samples broke into pieces with visible debris in media and were not possible to 
weigh. The biodegradation profile of Gel-MA/NGR1 composite hydrogel was similar to Gel-
MA hydrogel.

2.3 SEM and WCA
SEM results (Figure S2c) showed that all the crosslinked hydrogels displayed interconnected 
and porous network structures and the pore size remained within micrometer ranges from 
6.4 to 10.5 micrometers (Figure S2d). Compared with the ND groups, the pore size of LD 
and HD hydrogels decreased as presented in Figure S2d. As shown in Figure S2e, all the 
groups of the Gel-MA hydrogels exhibited excellent hydrophilicity with WCAs below 15 
degrees. The addition of NGR1 into Gel-MA resulted in a significant decrease in WCA with 
the lowest value occurred at LD.

2.4 The NGR1 release profile
The release profiles of NGR1 from LD and HD Gel-MA hydrogels were shown in Figure S3. 
At the first 8 h, 14.7 ± 1.9% NGR1 and 7.6 ± 0.6% were released from HD and LD respectively, 
which should be ascribed to the initial burst release drugs from superficial matrix of 
hydrogels in the early stage. After 24h, the release percentage of LD hydrogels remained 
higher than that of HD, reaching 47.8 ± 3.8% for LD and 38.7 ± 5.0% for HD at 30 days post 
incubation. 

There are four probable mechanisms for drug release: 1) Fickian diffusion, 2) polymer 
swelling, 3) polymer swelling and dissolution of the polymer and drug and 4) the erosion and 
degradation of the polymer [5]. To explore the drug release kinetics and for further applied 
to subsequent in-vivo experiments, the release curves were fitted by a power Korsmeyer–
Peppas model [6]:

Mt/ M∞ = κtn          (3)

Log Mt/M∞ = nlogt+ logκ          (4)

where Mt/M∞ is defined as the fraction of drug released at time t, κ is release constants 
(depends on the polymer characteristics), n represents the release exponents (defines 
the mechanism of drug release: diffusion-controlled or diffusion, swelling, degradation 
and erosion controlled). The value of n was determined from the slope of the plot of the 
logarithm of release rate and the logarithm of time (t) (Equation 4, Figure S3). Table S3 
showed the values of the kinetic exponent (n) and regression coefficient (R2) for all the 
groups before 24 h while the values of n were all below 0.5 after 24 h release (data not shown, 
non-covalent interaction affect mechanism attribution, which cannot be explained by 
simple mechanism model).
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TABLES

Table S1. Hydrogel preparation

Sample Name Solid content of 
 Gel-MA (mg/mL)

Gel-MA
(μL) NGR1 concentration I2959 

(μL)
200mg/mL-HD

200
100 2 wt%-0.4 μL 2.0

200mg/mL-LD 100 1 wt%-0.2 μL 2.0
200mg/mL-ND 100 0 wt%-0 μL 2.0

150mg/mL-HD
150

100 2 wt%-0.4 μL 1.5
150mg/mL-LD 100 1 wt%-0.2 μL 1.5
150mg/mL-ND 100 0 wt%-0 μL 1.5

100mg/mL-HD
100

100 2 wt%-0.4 μL 1.0
100mg/mL-LD 100 1 wt%-0.2 μL 1.0
100mg/mL-ND 100 0 wt%-0 μL 1.0

Table S2. The Elemental Composition of ND, LD, and HD.

Groups Atomic concentration (%) Mass concentration (%) mO/mC (%)
O 1s N 1s C 1s O 1s N 1s C 1s

ND 18.45 14.94 66.61 22.62 16.05 61.33 36.87

LD 21.35 14.73 63.92 25.97 15.68 58.35 44.51
HD 24.99 5.95 69.06 30.46 6.35 63.19 48.20

Table S3. Release kinetics of NGR1 from the prepared hydrogels; expression of diffusional exponent 
(n) and regression value (R2) with the probable release pattern.

Groups Diffusion exponent value 
(n)

Regression coefficient 
(R2) Release mechanism

LD 0.7652 0.9972 Diffusion and swelling

HD 0.5586 0.8646 Diffusion and swelling

Figure S3. a) Cumulative release of NGR1. b) The plot of log % cumulative release versus log time, 
according to the Korsmeyer–Peppas model for LD and HD groups. 

Figure S4. a-d) Digital photographs showing the surgical procedure for implantation of hydrogels 
injected into dentin of rat (a: alveolar bone defect in SD rat. b: injection of Gel-MA/NGR1 hydrogel. c: 
in-situ UV crosslinking. d: filled with glass ionomer cement. e-g): Representative histological images 
of different process (e: normal group. black arrow represented surgical site. f: after being drilled. red 
arrow represented the drilled hole. g: filled with Gel-MA/NGR1. blue arrow represented the gelled 
hydrogel). Scale bar = 100 μm
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1. INTRODUCTION

Osteochondral defects in temporomandibular joint (TMJ) can be resulted from acute 
injury, overloading or abnormal immune response [1, 2]. Patients suffering from 
osteochondral defects may lead to a lifetime of pain and restricted jaw motion even in 
daily activities such as talking, eating, and yawning [3].

The repair of osteochondral defects in TMJ is highly challenging due to its limited self-
regenerative potential [1]. Firstly, the avascular property of condyle cartilage tissue 
leads to the lacking of classic healing cascade, such as coagulation, inflammation, 
blood invasion, and accumulation of pluripotent mesenchymal stem cells (MSCs) [4]. 
Secondly, the chondrocytes in the surrounding cartilage tissue show poor migration 
and proliferation [4, 5]. All these properties result in nearly no healing occurring to TMJ 
cartilage. Thirdly, when defects further enlarge to affect subchondral bone tissues, the 
blood supplies from bone tissues may, to some extent, trigger classic healing pattern and 
enhance MSCs’ migration [6]. However, such a blood supply and migration of MSCs are 
too limited to facilitate the complete repair of osteochondral defects [7]. Meanwhile, the 
reduced TMJ area will result in mechanical overloading on the rest TMJ tissues, which 
may cause secondary mechanical damage to TMJ [1]. In clinic, osteochondral defects are 
managed mainly using various autografts, such as autologous chondrocytes implantation 
[8] and mosaicplasty [9, 10]. These treatments show beneficial effects in the healing of 
osteochondral defects by providing chondrocytes. However, their usage is highly limited 
due to the limited availability of autografts and donor-site pain and morbidity [11]. 
Consequently, continuous efforts have been attempted to repair osteochondral defects.

Cartilage tissue engineering (TE) is a promising technique that elaborately involves 
various combinations of biomaterial scaffolds, bioactive agents and stem cells to 
facilitate tissue reconstruction [12]. Scaffolds are the essential part of TE, for they provide 
a scaffolding matrix for cell migration and neo-tissue generation in the repair site. 
One of the most commonly used TE scaffolds is methacrylated gelatin (Gel-MA) that is 
a hydrolyzed form of, and has the same chemical composition as collagen, thus bearing 
good biocompatibility without the risk of pathogen transmission as collagen [13]. Gelatin 
contains lots of adhesive ligands, such as arginine-glycine-aspartic acid sequences so 
as to promote cell adhesion and migration [14]. Its excellent fluidity before crosslinking 
makes Gel-MA flexibly fit into the complicated form of defects [15]. Right after a short 
photo-crosslinking time, Gel-MA can transit from liquid to hydrogel and reach 50-60 KPa 
stiffness, which is favorable for cartilage and bone tissue formation [16]. Albeit so, Gel-
MA still lacks intrinsic capacities of inducing angiogenesis and MSCs homing, thus being 
unable to facilitate sufficient repair of osteochondral defects [17]. This limitation of Gel-
MA may be approached by encapsulating MSCs [18] or bioactive agents [19]. In contrast to 

ABSTRACT

The avascular structure and lack of regenerative cells make the repair of osteochondral 
defects in the temporomandibular joint (TMJ) highly challenging in clinic. To provide 
a viable treatment option, we developed a gelatin-Methacryloyl (Gel-MA) hydrogel 
functionalized with human salivary histatin-1 (Hst1). Gel-MA is highly biocompatible, 
biodegradable, and cost-effective. Hst1 is capable of activating a series of cell activities, 
such as adhesion, migration, differentiation, and angiogenesis. To evaluate the efficacy 
of Hst1/Gel-MA, critical-size osteochondral defects (3mm in diameter and 3 mm in depth) 
of TMJ in New Zealand White rabbits were surgically created and randomly assigned to 
the three treatment groups: 1) control (no filling material); 2) Gel-MA hydrogel; 3) Hst1/
Gel-MA hydrogel. Samples were retrieved 1, 2, and 4 weeks post-surgery and subjected 
to gross examination and a series of histomorphometric and immunological analyses. 
In comparison with the control and Gel-MA alone groups, Hst1/Gel-MA hydrogel was 
associated with significantly higher International Cartilage Repair Society score, 
Modified O ‘Driscoll Score, area percentages of newly formed bone, cartilage, collagen 
fiber and glycosaminoglycan, and expressions of collagen II and aggrecan expression. 
In conclusion, Hst1/Gel-MA hydrogels significantly enhance bone and cartilage 
regeneration, thus bearing promising application potential in repairing osteochondral 
defects.

Keywords: Histatin-1; Gel-MA hydrogels; Cartilage repair; Tissue engineering; 
Temporomandibular joint
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2. RESULTS

2.1 Postoperative course
All the animals recovered well postoperatively and had adequate food intake to maintain 
baseline body weight. There were no significant postoperative complications within the 
4-week monitoring span. 

2.2 Selection of Hst1’s dosage
To determine the optimal dosage of Hst1 to promote osteochondral repair, preliminary 
study was carried out to explore the repair effects of Gel-MA with 3 different dosages of 
Hst1: 50, 500 and 1000 (μg) per defect. At 2 weeks, only mild new bone formation but not 
cartilage formation was detected in the defects with 50 μg Hst1/Gel-MA (Figure. 1 A-A1, 
D-D1). In contrast, much more new bone formation and several islands of newborn 
cartilage could be observed in the defects treated with 500 μg Hst1/Gel-MA (Figure. 
1 B-B1, E-E1). Interestingly, the defects treated with 1000 μg Hst1/Gel-MA were almost 
fulfilled with tremendous new bone tissue (Figure. 1 C-C1, F-F1), while newly formed 
cartilage tissue was rarely detected. Thus, we chose 500 μg Hst1 per defect in the following 
experiments.

Figure 1. Light micrographs of H&E-stained (A-C) and toluidine blue stained (D-F) tissue sections of 
rabbit condyles with critical-size (3 mm in diameter and 3 mm in depth) osteochondral defects that 
were treated using Gel-MA with 3 different dosages of Hst1 (A, D) 50, (B, E) 500 and (C, F) 1000 (μg) 
per defect. The tissues were retrieved at 2 weeks post-operation and then subjected to histologic 
processing and sectioning. The dotted square area indicated the original defect area. Black star: 
immature cartilage cells; Black arrow: newly formed subchondral bone; White arrow: Hst1/Gel-MA 
materials. Scale bar = 500 μm in A-F; Scale bar = 50 μm in A1-F1.

MSCs-based TE, bioactive agents-based TE technique bears a series of advantages, such 
as low cost, wide sources, and low regulatory barriers in clinical translation [20, 21]. An 
ideal bioactive agent should be able to induce both angiogenesis and MSCs migration 
from bone defect area to cartilage lesion site so as to facilitate the repair of osteochondral 
defects.

One of such bioactive agents is Histatin-1 (Hst1) that belongs to a cationic and histidine-
rich peptide family originally found in the saliva of higher primates [22]. Hst1 bears 
a potent capacity to stimulate the adhesion and migration of epithelial cells [23-26], 
fibroblasts [27] and osteoblasts [28, 29]. Meanwhile, it can promote cell metabolic 
activity [26] and maintain cell viability in various conditions [28, 29]. Furthermore, Hst1 
shows a very strong angiogenetic property [30]. Recently, in an ectopic bone induction 
model, we show that Hst1 significantly promotes bone morphogenetic protein 2 (BMP2)-
induced angiogenesis and osteogenesis [31]. However, the effect of Hst1 on the repair 
of osteochondral defects remains unexplored. In this study, we hypothesized that Hst1-
functionalized Gel-MA hydrogels could sufficiently promote the repair of critical-size 
osteochondral defects in TMJ.



66 67

Chapter 3. H
um

an salivary histatin-1-functionalized G
elatin M

ethacrylate H
ydrogels prom

otes the regeneration of cartilage and subchondral bone in tem
porom

andibular joint

Figure 2. Photographs and macroscopic evaluation of rabbit condyle osteochondral defects of TMJ, 
which were treated as control group (A, D, G), Gel-MA group (B, E, H) and Hst1/Gel-MA group (C, F, I). 
The tissues were retrieved at 1, 2 and 4 weeks post operation and then photographed and scored 
using ICRS macroscopic scores (J-L). The red circle area represents the original defect area, and the 
blue irregular area represents the enlarged absorption area. (n = 6, *P < 0.05; **P < 0.01; ***P < 0.001 
and NS = not significant).

2.4 Histologic observation and histomorphometric analysis on HE-
stained tissue sections
At 1 week, in control group, nearly no newly regenerated tissue could be detected in 
the defects of the control group with the bone surface uncovered. There were still a 
large amount of porous Gel-MA materials in both Gel-MA group and Hst1/Gel-MA 
group. However, only in the Hst1/Gel-MA group, some immature chondrocytes and 
other cells infiltrated into the porous structures of Gel-MA. The area percentages of the 
newly formed subchondral bone tissue and cartilage in the Hst1/Gel-MA group were 
significantly higher than Gel-MA group (P < 0.05) and control group (P < 0.01). However, 
there were no significant difference between Gel-MA group and control group (Figure. 
4 A-B). Meanwhile, the Modified O‘Driscoll Score (MODS) in the groups of Hst1/Gel-MA 

2.3 Macroscopic evaluation
At 1 week, the defects were still hollow and showed distinct edges from the surrounding 
cartilage in the control group (Figure. 2 A). In Gel-MA group, the defects were filled with 
white rough tissue with a clear border. The surface of the defects remained concave 
(Figure. 2 B). Moreover, the defects of Hst1/Gel-MA group were filled with pale pinkish 
tissue. There was little depression in the defects and the margin with normal cartilage was 
indistinct (Figure. 2 C). The International Cartilage Repair Society (ICRS) macroscopic 
scores of Hst1/Gel-MA group were significantly higher than the scores of Gel-MA group 
and control group (P < 0.05) (Figure. 2 J).

At 2 weeks, the tissues in the vicinity of the original defect further collapsed, resulting in a 
pronounced extension of the defect order and the enlargement of the defect area (Figure. 
2 D). The defect surfaces of Gel-MA group showed a red, irregular, depressed morphology 
without visible collapse of the surrounding tissues (Figure. 2 E). The defect border was 
still sharply defined. In comparison, cartilage defects were filled with pale red tissue with 
obscure demarcation from surrounding cartilage in Hst1/Gel-MA group (Figure. 2 F). 
The ICRS macroscopic scores of Hst1/Gel-MA group were significantly higher than those 
of Gel-MA group and control group. Statistically significant differences could be found 
between each two groups at this time point (P < 0.05) (Figure. 2 K).

At 4 weeks, further enlargement of the defect border could be observed in the control 
group. Irregular fibrous-like tissue formation was found in the defects (Figure. 2 G). In 
comparison, the defects of Gel-MA group were filled with reddish tissue, and the surface 
remained depressed (Figure. 2 H). In contrast, in Hst1/Gel-MA group, there was firm, 
smooth, cartilage-like tissue filled in the defects. Additionally, the color and morphology 
of the newly regenerated tissue were similar to the adjacent normal cartilage (Figure. 2 I). 
The ICRS macroscopic scores of Hst1/Gel-MA group were significantly higher than those 
of Gel-MA group (P < 0.05) and control group (P < 0.001). Notably, the mean score of Hst1/
Gel-MA group was three times that of control group (Figure. 2 L).
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Figure 3. Light micrographs of H&E-stained tissue sections of rabbit condyles with critical-size (3 mm 
in diameter and 3 mm in depth) osteochondral defects that were treated as control group (A, A1-A2), 
Gel-MA group (B, B1-B2) and Hst1/Gel-MA group (C, C1 -C2). The tissues were retrieved at 4 weeks 
and then subjected to histologic processing and sectioning. The dotted square area is the original 
defect area (3mm*3mm). The newly formed cartilage is delineated by the red dotted line, and the 
new subchondral bone is delineated by the blue dotted line. Solid arrow: osteoclasts; Hollow arrow: 
osteoblasts; Black star: immature cartilage cells; Triangle: neovascularization. Scale bar = 500 μm in 
A-C; Scale bar = 50 μm in A1-C2.

and Gel-MA were significantly higher than that MODS in the control group. Whereas no 
significant difference in MODS could be detected between Hst1/Gel-MA group and Gel-
MA group (Figure. 4 C).

At 2 weeks, the defects in control group still showed the absence of tissue repair with 
the subchondral bone surface still exposed. In Gel-MA group, few cells infiltrated into 
the porous Gel-MA materials. In comparison, new cartilage and bone tissue formed and 
replaced the Gel-MA materials gradually in Hst1/Gel-MA group. The area percentages of 
the newly formed cartilage in Hst1/Gel-MA group and Gel-MA group were significantly 
higher than control group (P < 0.01) (Figure. 4 A). Whereas no significant difference 
in the area percentages of the newly formed cartilage could be detected between Hst1/
Gel-MA group and Gel-MA group (Figure. 4 A). Meanwhile, the area percentages of the 
newly formed subchondral bone tissue in Hst1/Gel-MA group were significantly higher 
than Gel-MA group (P < 0.01) and control group (P < 0.001) (Figure. 4 B). Whereas, there 
were no significant difference between Gel-MA group and control group (Figure. 4 B). 
In addition, Hst1/Gel-MA group and Gel-MA group had significantly higher MODS than 
control group (P < 0.01) (Figure. 4 D). However, no significant difference in MODS could 
be detected between Hst1/Gel-MA group and Gel-MA group (Figure. 4 D).

At 4 weeks, the defect area in control group was significantly enlarged and remained 
hollow with a layer of fibrous tissue on its surface (Figure. 3 A-A1). In Gel-MA group, only 
a few cells could be detected within the remained Gel-MA materials. There was mainly 
fibrous tissue along with Gel-MA materials in the defects (Figure. 3 B-B1). Meanwhile, 
the new subchondral bone formation could be detected (Figure. 3 B-B2). In comparison, 
large areas of newly formed cartilage were detected in Hst1/Gel-MA group (Figure. 3 C). 
Notably, chondrocytes exhibited a typical lacunae structure with columnar alignment 
(Figure. 3 C1). Besides, right above the newly formed chondrocyte layer, there appeared 
to be a fibrous layer – similar to that found in the native mandibular condylar cartilage 
(Figure. 3 C1). At the bottom of the defect, improved subchondral bone remodeling with 
a large number of osteoblasts and osteoclasts infiltrated was observed (Figure. 3 C2). 
Evidence of neovascularization was detected in the junction between subchondral bone 
and hydrogel (Figure. 3 C2). Additionally, the mean area percentage of newly formed 
cartilage in Hst1/Gel-MA group was almost two times that of the Gel-MA group (P < 0.01), 
and they were both significantly higher than control group (P < 0.001) (Figure. 4 A). The 
area percentages of the newly formed subchondral bone tissue in Hst1/Gel-MA group 
were significantly higher than Gel-MA group (P < 0.05) and control group (p < 0.001) 
(Figure. 4 B). Meanwhile, Hst1/Gel-MA group had significantly higher MODS compared 
to Gel-MA group (P < 0.01) and control group (P < 0.001). Gel-MA group had significantly 
higher MODS than control group (P < 0.01) (Figure. 4 E).
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in the ECM in the newly formed cartilage (Figure. 5 H-H1). Histomorphometric analysis 
showed Hst1/Gel-MA group had significantly higher GAG and collagen fibers content 
than Gel-MA group and control group (P < 0.001) (Figure. 6 B, D, F).

Figure 5. Light micrographs of alcian blue stained and Masson’s trichrome stained tissue sections 
of repaired osteochondral defects in Gel-MA group and Hst1/Gel-MA group. Masson’s trichrome 
staining at 2 weeks (A, B) and 4 weeks (E, F); alcian blue staining at 2 weeks (C, D) and 4 weeks (G, H). 
The dotted square area indicated the original defect area (3mm*3mm). Scale bar = 1 mm in A-H; Scale 
bar = 100 μm in A1-H1.

Figure 4. Quantitative analysis of newly formed cartilage (A) and subchondral bone area (B), and the 
MODS evaluation for repaired osteochondral defects at 1, 2, and 4 weeks post-implantation (C-E). (n = 
6, ⁎P < 0.05, ⁎⁎⁎P < 0.01, ⁎⁎⁎P < 0.001 and NS = not significant).

2.5 Histologic observation and histomorphometric analysis on sections 
with alcian blue staining or Masson’s trichrome staining
At 2 weeks, the Masson’s trichrome staining exhibited very little blue staining in the Gel-
MA materials, which revealed that nearly no collagen fibers especially collagen type II 
formation (Figure. 5 A-A1). Alcian blue staining also showed little to no glycosaminoglycan 
(GAG) production with staining was almost absent in the defects (Figure. 5 C-C1). In 
comparison, the existence of collagen fibers especially collagen type II in the newly formed 
cartilage was proved by Masson’s trichrome staining in Hst1/Gel-MA group (Figure. 5 
B-B1). The alcian blue staining also revealed the content of GAG of the extracellular matrix 
(ECM) in the cartilage islands in the defects (Figure. 5 D-D1). Histomorphometric analysis 
displayed Hst1/Gel-MA group had significantly higher GAG and collagen fibers content 
than Gel-MA group and control group (P < 0.001) (Figure. 6 A, C, E).

At 4 weeks, in Gel-MA group, little collagen deposition, which was stained blue by 
Masson’s trichrome staining, was found in the Gel-MA materials (Figure. 5 E-E1). Alcian 
blue staining exhibited rare GAG formation in the defects (Figure. 5 G-G1). In Hst1/
Gel-MA group, Masson’s trichrome staining showed strongly blue staining in the newly 
formed cartilage, indicating collagen fibers were produced in the ECM in the repair 
tissues (Figure. 5 F-F1). Meanwhile, alcian blue staining confirmed the presence of GAG 
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2.6 Immunohistochemical Evaluation
In Hst1/Gel-MA group, the expression of collagen II and aggrecan increased gradually 
over time, approaching that of normal cartilage by 4 weeks after implantation (Figure. 7 
C-D). However, in Gel-MA group, there was almost no presentation of collagen II and 
aggrecan in the repaired tissue at 1 and 2 weeks. While slight staining of collagen II and 
aggrecan is visible in Gel-MA group at 4 weeks (Figure. 7 A-B). No positive immunostaining 
for collagen II and aggrecan was observed in control group at all time points. The Hst1/
Gel-MA group has statistically higher collagen II and aggrecan expression compared to 
Gel-MA group and control group at 4 weeks (P < 0.001) (Figure. 7 E-F).

Figure 7. Light micrographs of immunohistochemical-stained tissue sections of collagen II (A, C) 
and aggrecan (B, D) in Gel-MA group (A, B) and Hst1/Gel-MA group (C, D). The tissues were retrieved 
at 4 weeks post-operation and then subjected to immunohistochemical processing and sectioning. 
Quantitative analysis of collagen II (E) and aggrecan (F) expression at 4 weeks. Scale bar = 100 μm in 
A-D. (n = 6, ⁎⁎⁎P < 0.001).

Figure 6. Quantitative analysis of the formation of GAG, collagen fiber in new cartilage and 
subchondral bone in defect area at 2 and 4 weeks. Percentage of GAG area in defect area at 2 (A) and 
4 weeks (B). Percentage of collagen fiber area in new cartilage in defect area at 2 (C) and 4 weeks (D). 
Percentage of collagen fiber area in subchondral bone in defect area at 2 (E) and 4 weeks (F). (n = 6,  
⁎⁎P < 0.01, ⁎⁎⁎P < 0.001 and NS = not significant).
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As alternative to the auto-transplantations in clinic, a large variety of TE techniques have 
been developed to repair osteochondral defects. Scaffold material is an indispensable 
element for TE to facilitate cell migration, proliferation and differentiation as well as the 
slow release of bioactive agents [36]. In recent TE techniques, there is a trend in the design 
of material scaffolds to contain three parts with different physicochemical and biological 
properties in order to facilitate the regeneration of bone, cartilage, and the osteochondral 
interface, separately [37]. However, such complicated designs are less favorable for their 
industrial fabrication and clinical application. To develop a filling material with more 
promise for clinical application, we adopted Gel-MA hydrogels as the scaffold material. 
Gel-MA hydrogels possess a series of advantages, such as biocompatible, biodegradable, 
nonimmunogenic, physicochemical modifiable, and cost-effective [38]. They are highly 
similar to the natural ECM both to provide a free entrance for nutrients and to support 
cellular growth [39]. Furthermore, Gel-MA can also support its encapsulated chondrocytes 
to produce the ECM such as, proteoglycan and type II collagen deposition as well as 
chondrogenesis-related gene expression [40]. In our study, compared with the absence 
of tissue repair in the defects and even further breakdown of the surrounding tissues in 
control group, in Gel-MA group, cell infiltration in the non-degraded scaffold could be 
detected with subchondral bone deposition at 4 weeks. In addition, Masson’s trichrome 
staining and alcian blue staining confirmed that there were little collagen fibers and 
GAG formation in the defects, which indicated that Gel-MA supported the cartilage ECM 
formation. Meanwhile, the score of ICRS and MODS of Gel-MA group were significantly 
higher than the control group (P<0.05). However, Gel-MA hydrogel alone is not sufficient 
to heal the critical-size osteochondral defects in TMJ.

To further promote the healing efficacy, scaffold materials need to be functionalized by 
bioactive agents, particularly proteinous growth factors, such as BMP2 and transforming 
growth factor-β (TGF-β). Osteochondral regeneration is delicately regulated by several 
macromolecular protein growth factors, such as bone morphogenetic proteins (BMPs). 
BMP2 belongs to BMP family, a group of proteinaceous growth factors under the 
TGF-β superfamily [41]. The classical role for BMP2 was considered to be the induction 
of (ectopic) cartilage and bone formation [42, 43]. In the USA, the product containing 
recombinant human (rh)BMP2 in absorbable collagen has already been approved for 
clinical application in nonunion bone fractures and spinal fusions [44]. However, the 
use of BMP2 is associated with the concern that BMP2 induces chondrocyte hypertrophy 
followed by cartilage calcification [45], which compromises the regeneration of cartilage 
layer. In the field of TE, there is a trend to combine growth factors to specifically induce 
and maintain the zonal phenotypes of cartilage. For example, cultivation of MSCs with 
TGF-β1 (3 ng/mL) and BMP7 (300 ng/mL) induced the synthesis of superficial zone protein, 
a marker for chondrocytes in the superficial zone [46], whereas insulin-like growth 
factor-1 (IGF-1) did not [47, 48]. Cultivation of chondrocytes isolated from the middle zone 

3. DISCUSSION

The major difficulty in the repair of critical-size osteochondral defects in TMJ mainly 
lies in insufficient self-regenerative cells in lesion areas [32]. Most of current clinical 
therapies try to approach this problem by auto-transplanting chondrocytes or cartilage, 
which is, whereas, restricted by its very limited availability and donor site morbidity [11]. 
In this study, to provide a viable treatment option, we developed a Hst1-functionalized 
Gel-MA hydrogel to combine the chondroconductive property of Gel-MA and the potent 
angiogenetic and cell-activating capacity of Hst1. To our best knowledge, this was the 
first study to show the effects of Hst1 on the repair of osteochondral defects in TMJ. 
Our data showed that Hst1/Gel-MA hydrogel group possessed a significant higher ICRS 
score and MODS in comparison with the Gel-MA group and control group. Furthermore, 
histomorphometric analysis showed significantly higher expression of collagen II, 
aggrecan, collagen fiber, GAG, and more newly formed subchondral bone and cartilage 
in Hst1/Gel-MA hydrogel group than the Gel-MA group and control group. Our data 
suggested a promising application potential of Hst1/Gel-MA hydrogels in promoting the 
repair of critical-size osteochondral defects in TMJ.

The spontaneous healing efficacy of osteochondral defects in TMJ is highly dependent 
on the size, shape and depth of the lesions. For example, nearly no spontaneous tissue 
repair can be detected in a 2-mm-diameter and 2-mm-deep defect in rabbit TMJ 3 
weeks postoperatively since the lesions are largely restricted in cartilage or on bone-
cartilage interface that bears limited resources of blood supply and regenerative cells [33]. 
When defects are deeper and affect the subchondral bone area, the blood supply from 
subchondral bone area will trigger classical healing cascade and bring self-regenerative 
MSCs [6]. In this situation, the healing efficacy shows a diameter-dependent pattern. 
In a deep (3-mm in-depth) and non-critical-size (1-mm in diameter) defect, the healing 
efficacy varied with some defects filled with disorganized fibrocartilage and others filled 
with a nearly continuous layer of cartilage at 6 weeks post-operation [3]. Most in-vivo 
studies reported that when the defects with a diameter of less than 3 mm, may partially 
heal [34, 35]. Therefore, the osteochondral defects with a 3-mm depth and 3-mm diameter 
in rabbit TMJ can be considered as critical-size defects. In our current study, we surgically 
created critical-size osteochondral defects (3 mm in depth and 3 mm in diameter) in the 
TMJ of rabbits to investigate the healing efficacy of Hst1/Gel-MA hydrogel. We found that 
only some bone formation but nearly no newly formed cartilage in the untreated defects. 
This finding suggested that blooding and blood-borne MSCs from subchondral bone 
were insufficient to trigger chondrogenesis. Instead, the defects further collapsed and 
caused the breakdown of the surrounding tissues. This phenomenon might be attributed 
to the secondary mechanical damages and further breakdown surrounding the lesions [1] 
since the loading of TMJ may be redistributed to a much less surface area of TMJ condyle.
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osteoclasts in the subchondral bone could be observed in our study, indicating a high level 
of metabolism and remodeling. Consequently, 500 μg Hst1/Gel-MA hydrogel proves to 
be the most efficacious in repairing osteochondral defects in TMJ. In comparison with 
the complicated designed osteochondral constructs, the 500 μg Hst1/Gel-MA hydrogel is 
much more feasible and simpler, thus bearing more promising potential in biomedical 
application.

However, hitherto, there is no report about the effect on how Hst1 facilitate 
chondrogenesis. One mechanism can be its well-established promoting effect on the 
adhesion, spreading and migration of hematopoietic stem cells from subchondral bone 
and/or the chondrocytes from adjacent cartilage. The latter may be possible since that 
newly formed cartilage islands first occurred in the vicinity of the remaining cartilage. 
However, it is also well known that mature chondrocytes hardly migrate to repair cartilage 
defect [4]. Therefore, it may also be explained that Hst1 induced the secretion of growth 
factors and cytokines from mature chondrocytes so as to stimulate the chondrogenic 
differentiation of hematopoietic stem cells. It is recently established that Hst1 promoted 
osteogenic differentiation [58, 59]. Furthermore, our recent study shows that Hst1 
significantly promotes BMP2-induced angiogenesis and osteogenesis [31]. Therefore, 
the interaction of exogenous Hst1 and endogenous BMP2 may be also responsible for 
the promotion of cartilage formation in the current study. Previous studies suggested 
that Hst’s effect is associated with several signaling pathways, such as RAC1 [30], ERK 
[23], p38 [58], NF-ĸB [59], etc. However, there has been no report on the effect of Hst1 on 
chondrocytes.

4. MATERIALS AND METHODS

4.1 The preparation of hydrogel prepolymer solution and Hst1
The freeze-dried Gel-MA was purchased from Wenzhou institute (Wenzhou institute, 
Wenzhou, China). 200 mg of freeze-dried Gel-MA macromer was dissolved in 1 ml of 
PBS containing 0.5% (w/v) 2-hydroxy-1-(4-(hydroxyethoxy)phenyl)-2-methyl-1-propanone 
(Irgacure2959, CIBA Chemicals, Basel, Switzerland) at 80 °C and then filtered with a 
bacteria filter. The prepolymer solution was stored at 40 °C in a constant temperature 
water bath. It was prepared freshly before surgery and stored in bacteria-free bottles. 

The lyophilized linear Hst1 peptide was obtained from the University of Amsterdam 
(Amsterdam, Holland) and stored at -20 °C. 500 μg Hst1 peptide was dissolving in 21.1 μL 
(defect volume) prepolymer solution to prepare as the implantation. 

with TGF-β1 (30 ng/mL) and IGF-1 (100 ng/mL) significantly increased collagen synthesis 
[49, 50]. TGF-β1 also contributes to the maintenance of calcified cartilage zone as deletion 
of TGF-β1 receptor gene from chondrocytes delayed endochondral ossification [51] and 
cultivation of bovine hypertrophic chondrocytes with a combination of TGF-β1 (30 ng/
mL) and 3% (w/v) hydroxyapatite (HA) increased matrix deposition and mineralization 
[51, 52]. However, such complex of zonal arrange of growth factors is less feasible for 
biomedical application. In addition, proteinous growth factors bear low production yield, 
thus high cost, which further limits their clinical application. As promising alternatives 
to the macromolecular protein growth factors, peptides can be chemically and standardly 
synthesized, thus bearing better reproducibility and yielding efficiency [53].

In this study, we adopted Hst1 — a salary bioactive peptide that can promote a series 
of cell activities, such as cell adhesion [23, 24, 27, 30, 54], spreading [23, 24], migration 
[22], cell-cell adhesion [24, 55], angiogenesis [30] and metabolic activity [26, 28, 29, 56]. 
Furthermore, Hst1’s cell-activating effects seem to be independent on cell types, thus 
bearing broad applicability. Such a property is of paramount importance particularly 
for the application in repairing osteochondral defects, which needs the promotion 
of the functions of both osteoblast and chondrocytes [44, 45]. To identify the optimal 
concentration of Hst1, we first performed a preliminary study to investigate the dose-
dependent effects of Hst1 on the repair of critical-size osteochondral defects. We 
found that 50 μg Hst1/Gel-MA was associated with insufficient new bone and cartilage 
formation, while 1000 μg Hst1/Gel-MA resulted in overstimulation of bone regeneration 
with compromised cartilage formation. It seems that over-dosed Hst1 will be more 
beneficial for bone regeneration and detrimental for cartilage formation. This may be due 
to the angiogenetic effect of Hst1. As for other cell types, Hst1 can promote the adhesion, 
spreading, and migration of endothelial cells [30]. Furthermore, Hst1 can also promote 
vascular morphogenesis and angiogenesis through activating Rac1 via a “RIN2/Rab5/Rac1 
signaling pathway axis [30]. And it is well established that overstimulated angiogenesis 
can cause cartilage resorption and bone deposition [57]. Consequently, overdosed Hst1 
may harm cartilage regeneration through overstimulated angiogenesis.

On the other hand, angiogenesis is an indispensable biological event to deliver 
nutrients, oxygen and hematopoietic stem cells to cartilage defect, thereby facilitating 
cartilage regeneration. Consequently, elaborate modulation of Hst1 dosage is critical 
for balanced bone and cartilage formation. In this study, we showed that 500 μg Hst1/
Gel-MA hydrogels significantly promoted the deposition of ECM compositions (collagen 
II and aggrecan) and the formation of zonally-structured cartilage in the defects in 
comparison with Gel-MA hydrogels and the control (P<0.05). The score of ICRS and 
MODS in Hst1/Gel-MA group were also significantly higher than Gel-MA group. In 
addition, numerous chondroblasts in the newly formed cartilage layer, osteoblasts and 
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all procedures were finished, animals were returned to the animal facility. Penicillin  
(1 : 100000) was intraperitoneally administered every 24 hours in the first three days after 
surgery.

Figure 8. The schematic diagram of the rabbit mandibular joint condyle critical-size (3 mm in 
diameter and 3 mm in depth) osteochondral defects model (3 mm*3 mm) established procedure.

4.4 Macroscopic score evaluation
The right TMJ and surrounding tissues were retrieved for macroscopic score evaluation. 
The gross appearance of the defect sites was photographed and blindly scored by 3 
independent observers using ICRS macroscopic scoring system which contains four 
categories: the degree of repair, integration to border zone, macroscopic appearance, and 
overall repair assessment [60].

4.5 Histological examination
The specimens for histological analysis were fixed in 10% neutral formalin (Sigma-
Aldrich, USA) after macroscopic evaluation for 24 h at 4 °C, and then decalcified with 
10% ethylenediaminetetraacetate (EDTA) - buffered saline solution (Sigma-Aldrich, 
USA) for 28 days. The specimens were cut into 4 μm thickness after embedded in 
paraffin (Sigma-Aldrich, USA). The sagittal sections were stained with Hematoxylin 
Eosin, Masson’s trichrome, and Alcian blue (Sigma-Aldrich, USA). At the same time, the 
sections were immunohistochemistry for type II collagen (COL II) and Aggrecan content, 
which were performed following the manufacturer’s protocol. Under a light microscope 
(CX51; Olympus), all slices were examined, and a digital charge-coupled device camera 
(TrueChrome Metrics; Tucson Photonics) was used for recording. The sections were 
blindly scored by 3 different experienced pathologists using MODS [61]. 

4.2 Group set-up
In order to screen the optimal dosage of Hst1, we first performed a preliminary 
experiment, where we selected three dosages of Hst1: 50, 500, and 1000 μg per defect 
according to the findings in our recent publication [31]. In that study, we evaluated the 
promoting effect of Hst1 at 50, 200, 500 μg/sample on BMP2-induced osteogenesis and 
angiogenesis. Micro-CT analysis showed that Hst1 dose-dependently increased the total 
volume of BMP2-induced newly formed bone. Furthermore, 50 μg of Hst1 per sample 
could already significantly enhance trabecular number of, and decrease trabecular 
separation of new bone. Immunostaining analysis showed that 500 μg of Hst1 per 
sample significantly enhanced the BMP2-induced osteogenic markers (RunX2, Collagen) 
and angiogenic markers (FGF-2, CD105 and CD31). According to these results, in the 
preliminary experiment of the current study, we chose 50 and 500 μg, and also added 
1000 μg to see whether we could get more beneficial effects with the higher dosage. 
Two weeks post-surgery, animals were sacrificed and subjected to histological process. 
According to the histological staining result, 500 μg Hst1/Gel-MA was associated with  
a sufficient and balanced bone and cartilage formation in comparison with 50 μg Hst1/
Gel-MA and 1000 μg Hst1/Gel-MA (see details in the section 2.2). Consequently, we chose 
500 μg Hst1 per defect in the following experiments.

In the formal experiments, we set up 3 groups: Control group (the defects receiving no 
filling material); Gel-MA alone group (the defects filled with Gel-MA hydrogels without 
Hst1); and 500 μg Hst1/Gel-MA group (the defects filled with 500 μg Hst1-functionalized 
Gel-MA hydrogels). Fifty-four adult male New Zealand white rabbits (Zhejiang Chinese 
Medical University, China) were randomly divided into the 3 groups with 18 animals in 
each group. Six animals per group per time point were euthanized at 1, 2, and 4 weeks 
post-surgery.

4.3 Animal surgery
The animal study was reviewed and approved by the Institutional Animal Care and Use 
Committee of Zhejiang Chinese Medical University (no. IACUC-20180625-04). With the 
animals under general anesthesia, a pre-auricular skin incision was per-formed over the 
right TMJ. Then the condyle was exposed, and an osteochondral defect, 3 mm in diameter 
and 3 mm in depth, was created in the condyle with a 3 mm diameter drill. Surgery was 
performed on the right condyle of TMJ in all 54 animals, and the left remained intact. 
In Control group, the defects were created but not treated. Gel-MA group was given 
Gel-MA hydrogels. Hst1-functionalized Gel-MA hydrogels were injected into the defect 
sites in Hst1/Gel-MA group. The Gel-MA prepolymer solution was photopolymerized 
by Ultraviolet rays (365 nm, 90 s) in Gel-MA group and Hst1/Gel-MA group (Figure. 8). 
The articular capsule and skin were closed independently with nylon sutures. After 
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4.6 Histomorphometry analysis
The original defect area is bounded by a 3*3 mm square in all slices of the samples. The 
top of the square is aligned with the cartilage surface on both sides. Percentage of newly 
formed subchondral bone area, new cartilage area, collagen fiber area and GAG area in 
defect area was detected and calculated by Image Analysis Software (image pro plus 6.0). 
The areas of newly formed subchondral bone and new cartilage were selected through a 
manual delineation by researchers (as indicated by the blue (for bone tissue) and red (for 
cartilage tissue) dotted lines in Figure 3) but not the grey value-based automatic selection 
by software. The content of collagen II and aggrecan was expressed by integrated optical 
density (IOD) measured using image pro plus 6.0.

4.7 Statistical analysis
Statistical analysis between all groups was performed using One-way ANOVA and Tukey’s 
HSD post hoc test using the SPSS 18.0 statistical analytical software (SPSS Inc, USA). All 
the data were presented as mean ± standard deviation (SD). In all cases, P-values < 0.05 
were considered to indicate a statistically significant difference, and P-values < 0.01 and 
0.001 were considered highly significant differences.

5. CONCLUSION

In this study, we, for the first time, demonstrated that Hst1-functionalized Gel-MA 
hydrogel was a simple, feasible and efficacious construct to facilitate the repair of 
osteochondral defects of TMJ in rabbits. In contrast to the current therapies, such as auto-
transplantation of chondrocytes or cartilages, Hst1/Gel-MA bears unlimited availability 
and no donor-site morbidity. All these properties conferred Hst1/Gel-MA a promising 
potential in biomedical application. Further studies should be performed to investigate 
the effects and molecular mechanisms of Hst1 on chondrogenesis.
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Figure S1. Light micrographs of H&E-stained tissue sections of rabbit condyles with critical-size (3 
mm in diameter and 3 mm in depth) osteochondral defects that were treated as control group (A1–
A6), Gel-MA group (B1–B6) and Hst1/Gel-MA group (C1–C6). N = 6 animals per group. The tissues 
were retrieved at 4 weeks post operation and then subjected to histologic processing and sectioning. 
The dotted square area is the original defect area (3 mm*3 mm). Scale bar = 500 μm.
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1. INTRODUCTION

In the past years, the development of minimally invasive surgical (MIS) techniques has 
undergone exponential growth, as evidenced by the increasing number of related reports 
[1]. MIS are performed through a small incision, and when compared to traditional 
surgical techniques, are characterized by a reduced tissue exposure to pathogens, reduced 
skin disturbance, and reduced operative site dead space [2]. Consequently, MIS have the 
advantages of a shorter hospitalization period, reduced discomfort, and reduced risks of 
postoperative infections [3]. The rapid development of MIS requires the establishment of 
different injectable biomaterials to meet its clinical needs. Ideally, injectable materials 
are administered as a flowable liquid that can travel through needles, fit to complicated 
tissue defects, achieve good contact with neighboring tissues, and solidify by chemical 
cross-linking or physical gelation in situ [4]. Furthermore, injectable biomaterials must 
be biocompatible, biologically stable, biodegradable, mechanically robust, and have 
beneficial therapeutic effects by promoting the regeneration of new tissue. 

For such complex applications, an injectable hydrogel is ideal. However, the pores in 
injectable hydrogels are generally smaller than mammalian cells, which are typically 
around 20-30μm, therefore cellular infiltration is limited and the regeneration of 
new tissues is impaired. Thus, injectable hydrogels should be prepared containing 
macropores with a size of 50-300 μm, and a high degree of interconnectivity to facilitate 
transport of nutrients and oxygen, as well as cell migration and attachment [5, 6]. In 
the past, several approaches have been employed to generate injectable macroporous 
hydrogels, including cryogelation techniques [6, 7] and porogens co-encapsulations [8-
10]. Cryogelation seemed promising in terms of preparation of injectable macroporous 
hydrogels because the formed hydrogels contained shape memory properties, and ice 
crystals are biocompatible porogens that would leach out during reaction [11]. However, 
this method required that prior to polymerization precursors are kept in a semi-frozen 
state, which severely affects their injectability. In addition, stable reaction kinetics cannot 
be ensured in all conditions [12]. Regarding porogens co-encapsulations, generation of a 
homogeneous mix of porogens and uniform dispersion are major challenges. Moreover, 
insufficient diffusion of fluids through the hydrogels may leave porogens undissolved, 
thereby posing threats to the structural integrity and biocompatibility of the hydrogels.

Inevitably, a macroporous structure would weaken the inherent strength of injectable 
hydrogels, making them susceptible to mechanical fracture. However, the mechanical 
strength of hydrogels can be modulated by several toughening techniques, such as the 
formation of a double-network hydrogel [13], sliding-ring hydrogels [14], hydrophobically-
associated hydrogels [15], hydrogen-bonding enhanced hydrogels [16], and nano [17] or 
micro composite hydrogels [18]. Among them, double-network hydrogels have shown 

ABSTRACT

Because of their ease of handling and excellent biocompatibility, injectable macroporous 
hydrogels have received a considerable interest in the fields of tissue engineering and 
drug delivery systems because of their unique application in minimally invasive surgical 
procedures. In this study, in-situ forming, injectable, macroporous, self-healing gelatin 
(GE)/oxidized alginate (OSA)/adipic acid dihydrazide (ADH) hydrogels were prepared 
using a high-speed shearing treatment and were stabilized by Schiff base reaction and 
acylhydrazone bonds. Their injectability, self-healing ability, rheology, microstructure, 
equilibrium water content, and in-vitro biodegradation were investigated. We found 
that the injectable GE/OSA/ADH precursors remained in a liquid form, flowed easily 
for several minutes, and gelled rapidly at body temperature. The gelation time could 
be regulated by varying the ratio of GE, OSA and ADH. The obtained hydrogels had an 
interconnected macroporous structure and self-healing ability. Human epidermal growth 
factor was loaded by in-situ mixing in GE/OSA/ADH hydrogels and was released with 
good bioactivity as evaluated by ELISA. Moreover, L929 cells proliferated on GE/OSA/
ADH hydrogels, as verified by Cell Counting Kit-8 and Live/Dead assays. Furthermore, 
encapsulation of NIH 3T3 cells within GE/OSA/ADH hydrogels demonstrated that the 
hydrogel promoted cell survival, proliferation, and migration. In-vivo studies showed 
that the hydrogels had a good injectability, in-situ gelation, and tissue biocompatibility. 
Therefore, GE/OSA/ADH hydrogel represented a novel and safe injectable macroporous 
self-healing hydrogel for tissue engineering scaffold and drug delivery vehicle purposes. 

Keywords: Macroporous hydrogel; Gelatin/oxidized alginate/adipic acid dihydrazide; 
Injectable; Self-healing; Drug release; Cell encapsulation; Tissue engineering
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2. EXPERIMENTAL PROCEDURES

2.1 Materials 
GE (Bloom 300), sodium alginate, ADH, sodium metaperiodate (NaIO4) and human 
epidermal growth factor (hEGF) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). The human EGF ELISA kit was purchased from Thermo-Fisher (Waltham, MA, 
USA). Mouse fibroblast cell lines L929 and NIH 3T3 were obtained from the institute 
of Biochemistry and Cell Biology (Chinese Academy of Sciences, China). Dulbecco’s 
modified Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin 
solution; Live/Dead viability assay kit and Cell Counting Kit-8 (CCK-8) were purchased 
from Life Technology (Carlsbad, CA, USA). All aqueous solutions were prepared from 
analytical grade reagents (Sigma-Aldrich, St. Louis, MO, USA).

2.2 Oxidized Sodium Alginate Synthesis
OSA was synthesized as previously described.35 In brief, 5 g sodium alginate was 
dispersed in 25 mL ethanol. NaIO4 (~4.32 g) was dissolved in 25 mL ultrapure water to 
prepare NaIO4 solution, which was added dropwise to the sodium alginate dispersion 
and stirred at room temperature for 8 hours. The reaction was quenched by addition of 
equimolar ethylene glycol (1.124 mL) under continuous stirring for 30 min. The resultant 
suspension was dialyzed against ultrapure water (UPT-11-20T, Ulupure, China) using a 
dialysis membrane (MWCO: 3500 Da, Spectrum Lab, USA) for 7 days. Ultrapure water 
was changed several times until periodate was no longer detected. OSA was obtained by 
lyophilizing the dialysate. 

The oxidation degree of sodium alginate was determined by quantifying the 
concentration of unconsumed periodates by iodometry as described previously [35]. In 
brief, 1 mL reaction mixture was mixed with a sufficient quantity of potassium iodide 
solution, and allowed to react for 10 min to consume all unreacted periodate ions. Next, 
liberated iodine was titrated with a standardized sodium thiosulphate solution using 
starch as the indicator. The titration volume of used sodium thiosulphate was monitored 
and indicated by disappearance of the color. Oxidation degree values were calculated as 
the average of three independent oxidation experiments. 

great potential in the production of hydrogels with versatile mechanical properties 
[19, 20]. Instead of gelation by the formation of covalent bonds, such as photo [21, 22], 
redox initiated polymerization [22, 23] and additional cross-linking reactions [24, 25], 
double-network hydrogels are cross-linked by non-covalent bonds, (for example ionic 
crosslinking [26], hydrogen bonding [16]) or dynamic covalent bonds (for example Diels-
Alder reactions [27], disulfide bonds [28], acylhydrazone bonds [29], phenylboronate 
esters [30]), which enable the hydrogels to autonomously repair cracks, thereby 
maintaining network integrity and stability of mechanical properties, and meeting the 
requirements of long-term use [25].

In this study, we designed a novel macroporous gelatin (GE)/oxidized alginate (OSA)/ 
adipic acid dihydrazide (ADH) hydrogel, which was prepared in situ by mixing of OSA, GE, 
and ADH solutions via one-pot synthesis. Alginate, a natural polysaccharide, is composed 
of two uronic acid units, such as β-(1,4), that are linked to D-mannuronic acid (M) and 
α-(1–4) linked L-guluronic acid (G), extracted from brown sea algae that have been widely 
used to fabricate hydrogels for tissue engineering purposes [31, 31]. Due to its excellent 
biocompatibility and biodegradation properties, gelatin, a partial derivative of collagen, 
has been extensively used in the field of tissue engineering and drug delivery [33, 34]. A 
macroporous structure was obtained by a high-speed shearing treatment, in which air is 
blended into the precursors’ mixture to produce macro pores without using any porogens, 
templates, or other treatments. The self-healing ability of hydrogels was ascribed to two 
coexisting dynamic covalent bonds in the network, including an imine linkage formed 
by a Schiff base reaction between OSA and GE, as well as acyldrazone bonds between 
OSA and ADH. The self-healing ability of hydrogels not only better dissipates energy and 
helps them recover after fractures, but also strengthens their mechanical properties when 
macropores weaken the structural integrity of hydrogels. To the best of our knowledge, 
we were the first to realize injectable self-healing hydrogels with an in situ-forming 
macroporous structure, thereby taking advantage of our ingenuous high-speed shearing 
method. We hypothesize that our novel strategy and simple one-pot approach, along 
with the versatile gel system, may have great potential in the development of a novel 
generation of injectable self-healing hydrogels with a macroporous structure. These 
injectable macroporous self-healing hydrogels may be used in biomedical applications in 
the fields of tissue engineering, drug delivery, or regenerative medicine.
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(1Hz), continuous step change of oscillatory strain between 1% and 1000% was used to 
assess the strain-induced damage and self-healing behavior of the hydrogel. To prevent 
water evaporation, a thin layer of silicon oil was used to seal the samples.

2.5 Injectability and self-healing properties of hydrogels
To verify the injectability of hydrogels prior to the gelation and self-healing process after 
crosslinking, each formulation was prepared and drawn into 26-gauge syringes. Hydrogel 
precursors were slowly injected into petri dishes and molds of different shapes. The self-
healing characteristics of GE/OSA/ADH hydrogels were evaluated by keeping the surfaces 
at moist conditions for 5 min at room temperature without any external intervention. To 
monitor the injecting and self-healing process of the hydrogels, representative images 
were taken at specific time intervals. 

2.6 Porosity and pore size
The pore volume was estimated by immersing the frozen dried samples of the hydrogels 
(volume of the hydrogel in swollen state was 1 mL) into the cyclohexane for 2h followed 
by measurement of the weight of the swollen samples. The porosity was calculated as 
follows: 

Porosity = (mswollen gel –mdried gel)/ mswollen gel ×100%          (1)

All groups were done in triplicate and average value was shown. 

The pore size of hydrogel scaffolds was characterized by using a field-emission scanning 
electron microscope (Nova NanoSEM200, FEI, USA). 6 images were taken for each 
sample. Average pore size of the hydrogel was calculated by Image J. 

2.7 Scanning electron microscopy
Fractured lyophilized pieces of macroporous hydrogels were sputter-coated with gold for 
60s. Both the surface and cross-sectional morphology were captured using a scanning 
electron microscope (Nova Nano SEM200, FEI, USA) at 15 kV.

2.8 Micro-computed tomography
Micro-computed tomography (micro-CT) Scanner (Y. Cheetah, YXLON International 
GmbH, Germany) was performed to create a three-dimensional image of the 
macroporous structure. The parameters for scanning were as follows: X-ray voltage = 55 
kV, X-ray current = 90 μA, detector size = 1024×1024, and voxel resolution = 20 μm. The 
obtained images were reconstructed to create 3D geometry using VG Studio Max (Volume 
Graphics, Germany).

Table 1. Formulations of GE/OSA/ADH hydrogels

Samples

GE:
OSA GE OSA ADH ADH 

Concentration (%)
(w/w) (20%, μL) (10%, μL) (50%, μL)

GE1/OSA1/ADH4 1: 1 100 200 26

4%

GE1/OSA2/ADH4 1: 2 50 200 21.7

GE1/OSA5/ADH4 1: 5 30 300 28.7

GE2/OSA1/ADH4 2: 1 200 200 34.8

GE5/OSA1/ADH4 5: 1 150 60 18.3

GE1/OSA1/ADH8 1: 1 100 200 57

8%

GE1/OSA2/ADH8 1: 2 50 200 47.6

GE1/OSA5/ADH8 1: 5 30 300 62.9

GE2/OSA1/ADH8 2: 1 200 200 76.2

GE5/OSA1/ADH8 5: 1 150 60 40

2.3 Fabrication of hydrogels
Desired amounts of precursors (GE, OSA, and ADH) were dissolved in phosphate 
buffered saline (PBS) to prepare 20%, 10%, and 50% (w/v) solutions, respectively. 
Then, pre-determined volumes of these solutions (Table 1) were pipetted into plastic 
tubes to obtain different formulations, which immediately underwent high-speed 
shearing treatment (IKA T10, Germany) for 60 s to produce the macroporous structure. 
Subsequently, macroporous formulations were placed in a water bath at 37 oC for 5 min to 
generate macroporous hydrogels. The gelation time was determined using the inverted 
tube test. To investigate the influence of formulation, shearing frequency and treatment 
time on the structure and morphology of hydrogels, different formulation, frequency 
and duration were adopted to prepare hydrogels. For each sample, the measurement was 
performed in triplicate.

2.4 Rheological characterization
Rheological characterization of hydrogels was performed using a rheometer (AR-2000, TA 
instrument, USA). The storage modulus (Gʹ) and loss modulus (Gʹʹ) of the hydrogels were 
tested in the oscillatory mode using a parallel plate configuration (25 mm in diameter) 
at 37 oC. Gʹ and Gʹʹ were quantified as a function of time at a constant angular frequency 
of 1 Hz and a constant strain of 1% from start to 10 min. Using a fixed strain level of 1%, 
the angular frequency was swept from 0.01 rad s-1 to 100 rad s-1. Using a same frequency 
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2.12 In-vitro biocompatibility 
L929 cells were used to test the in-vitro cytocompatibility of macroporous hydrogels, 
and were directly seeded onto hydrogel surfaces. OSA, GE, and ADH were sterilized by 
ethylene oxide and dissolved in sterilized PBS. L929 mouse fibroblasts (ATCC, USA) were 
cultured in medium (90% DMEM + 10% FBS + 1% penicillin–streptomycin) and seeded 
onto preformed hydrogels at a density of 1000 cells per well of 96-well tissue culture 
plate (TCPs). Cells that were cultured on TCP with same medium, in culture medium 
containing 10% DMSO and culture medium alone were set as negative control, positive 
control respectively. At indicated time points (1 day, 3 days, 5 days, and 7 days), samples 
were washed with PBS and incubated with CCK-8 for 3 h at 37 oC in the dark. OD values 
were measured using an ELISA plate reader (Varioskan LUX, Thermo-Fisher, USA) and 
cell viability (%) was calculated using the following equation: 

Cell viability (%) = ODtest/ODcontrol × 100%.          (4)

In addition, a Live/Dead assay was carried out to evaluate the viability of cells on the 
hydrogels. Briefly, L929 cells were seeded onto preformed hydrogels at a density of 1000 
cells per well of 96-well TCPs. At specific time intervals, cells were stained with “Live/
Dead” solution, containing 2 mM calcein AM and 4 mM ethD-1 in PBS for 30 min at  
37 oC. Cells treated with 75% ethanol for 10 min were set as positive controls. After 30 min 
of incubation, cells were rinsed 3 times with pre-warmed PBS and observed under a DMi8 
microscope (LEICA, Germany). Experiments were performed in triplicate.

2.13 Encapsulation and proliferation of cells within hydrogels
To evaluate the proliferation of cells that were encapsulated within hydrogels, a lipophilic 
dye, CM-DiI (Molecular Probes/Invitrogen detection technologies, USA) was used to track 
CM-DiI-staineded NIH 3T3 cells. First, 10 μg/mL CM-DiI solution was prepared using the 
same medium as that of L929 cells and added to a 80% confluent cell monolayer. After 
incubation for 60 min at 37 oC, CM-DiI-containing medium was removed and cells were 
rinsed thoroughly with PBS. CM-DiI-stained cells were detached from the flask using 
trypsin and resuspended in fresh medium. Secondly, the CM-DiI stained cell suspension 
was added to the high-speed shearing treated GE1/OSA1/ADH4 precursor solution under 
gentle vortexing to a final cell density of 2.5×105 cells/mL. The mixture was added to 24-
well TCPs (200 μL/well) and after incubation for 5 min at 37 °C, cell-encapsulated hydrogels 
were formed. Next, 1 mL of fresh medium was added to each hydrogel and hydrogels were 
cultured for specific time intervals, during which the medium was changed every other 
day. At day 1, day 4, and day 8, cells inside the hydrogels were observed using a scanning 
laser confocal microscope (A1, Nikon, Japan), equipped with an argon laser. A series of 
images were collected throughout the z direction, and a three-dimensional composite 
image was created.

2.9 Equilibrium water content
To perform water content measurements, hydrogels were frozen dried to obtain a 
constant weight and immersed in PBS (pH 7.4) at 37 oC. At specific intervals, swollen 
hydrogels were removed from PBS and weighed until equilibrium was reached. The 
equilibrium water content of the hydrogels was calculated using the following equation:

EWC = (We- Wd) / Wd ×100%          (2)

Where We and Wd represented the weights of the equilibrium-swollen and dry hydrogels, 
respectively. The equilibrium water content (EWC) was the mean ± standard deviation of 
three individual measurements.

2.10 In-vitro biodegradation 
The degradation profile of hydrogels was followed in vitro by measuring the weight loss 
in PBS containing 10 IU/mL collagenase at 37 oC over time. After the removal of excess 
water on the surfaces, the weight of the hydrogel samples was immediately measured at 
indicated time points. The degradation rate was calculated using equation (3), in which 
Wt represented the weight of the hydrogel after degradation and Wo (the weight of 
hydrogel after incubating for 6 h) was chosen as the initial weight of degradation because 
of its swelling behavior:

Remaining weight (%) = Wt/W0 ×100%          (3)

2.11 Human epidermal growth factor release profile
HEGF was used as a model drug to investigate the in-vitro protein release ability of the 
hydrogels. To prepare hEGF-loaded hydrogels, hEGF was dissolved at different ratios in 
hydrogel precursor solution. In brief, similar volumes of the solutions (Table 1) and 10 μL 
of 20 μg/mL hEGF in PBS were mixed and pipetted into a micro centrifuge tube to obtain 
uniform solutions, which immediately underwent high-speed dispersion treatment 
(IKA T10) for 60 s, and were incubated at 37 oC for 5 min to form macroporous hydrogels. 
Hydrogels were transferred into dialysis membranes (MWCO: 10000 Da, Spectrum Lab, 
USA) and immersed into 20 mL PBS solution at 37 oC. One mL slow-released liquid was 
collected at 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h, and 96 h and stored at −80 °C. The removed 
liquid was replaced with 1 mL fresh pre-warmed solution, and the level of released hEGF 
was determined by ELISA at designated time points (eBioscience, USA). Experiments 
were performed in triplicate.
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3. RESULTS AND DISCUSSION

3.1 Preparation of hydrogels
Periodate breaks vicinal glycols in sodium alginate to produce its dialdehyde derivatives (Figure 
1a) [37]. The obtained OSA has an oxidation degree of 80.16% as confirmed by a titrimetric 
approach [35]. Macroporous GE/OSA/ADH hydrogels were prepared by homogeneously 
mixing solutions of OSA, GE, and ADH at 25o C with high-speed shearing. After high-speed 
shearing, the transparent solutions turned into milky precursors. When warmed to 37 oC, the 
precursors were solidified to be opaque hydrogels with the help of two dynamic bonds (imine 
bonds and acylhydrazone bonds), which were obtained via the reaction of aldehyde groups 
(from OSA) with amino groups (from GE) and hydrazides (from ADH) (Figure 1b). The gelation 
of GE/OSA/ADH hydrogels was confirmed by the tube inversion method. 

To form ideal injectable hydrogels, an appropriate gelation rate is very important. A fast 
gelation process would lead to difficulties during injection, whereas a slow gelation rate may 
result in diffusion of the hydrogel precursors, encapsulated drug, or cells away from the 
desired site [38]. As determined by the tube inversion method, the gelation time of injectable 
hydrogels roughly increased from several seconds to 5 min, except for GE5/OSA1/ADH4, which 
needed more than 10 min to cure (Figure 2a-e). 

Figure 1. Synthesis of hydrogel : (a) the synthesis scheme of oxidized sodium alginate; (b) 
construction of macroporous GE/OSA/ADH hydrogels with high-speed shearing based on imine 
bonds and acylhydrazone bonds.

2.14 In-vivo biocompatibility 
To further verify the in-vivo hydrogel formation ability and tissue biocompatibility of 
GE/OSA/ADH hydrogels, 500 μL of GE1/OSA1/ADH4 hydrogels were subcutaneously 
injected into the dorsal area of Sprague Dawley rats using a 26-gauge syringe needle. 
The experimental procedures were performed in accordance with the international 
regulations for the care and use of laboratory animals as approved by the Chinese 
government (GB14925-2010). Sixteen male Sprague Dawley rats (age: 2 weeks; mean 
weight: 150±10 g) were randomly divided into two groups: a hydrogel group and a saline 
group. Rats were anesthetized by intravenous injection of chloral hydrate (10%, 30 mg/
kg) (Leigen Biotechnology Company, Beijing, China), and hydrogels were subcutaneously 
injected into the dorsal area, which was shaved, marked, and sterilized prior to injection. 
At designated time points, two animals per group were sacrificed, and the hydrogel 
and its surrounding tissue were surgically removed and collected. The inflammatory 
responses were evaluated by hematoxylin & eosin (H&E) staining of tissue sections 
according to a standard protocol [36].

2.15 Statistical analysis
Data are expressed as the mean ± standard deviation (SD). To test the significance of 
differences between groups, one-way analysis of variance (ANOVA) was performed.  
P < 0.05 was considered statistically significant.
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The mechanical properties of different hydrogels were analyzed by measuring the 
mechanical response to deformation under an oscillatory strain when different OSA 
and GE ratios were used. The quantitative information of GE/OSA/ADH4 hydrogels is 
presented in Figure 2f-g. In a frequency sweep test, crossover frequency (ωc) referred to 
the frequency at which the elastic modulus was equivalent to the viscous modulus. The 
G′ of the hydrogels was greater than G″ and remained unchanged in the frequency range 
tested, indicating the gel-like character of the hydrogels. Moreover, the G′ of all hydrogels 
increased with increasing ADH content, as a higher cross-linking density was obtained, 
demonstrating better mechanical properties (Figure 2h). Hydrogels with an ADH ratio 
of 8% were also tested and exhibited a similar rheological behavior in frequency sweep 
test (Figure S1). For time sweep test, the gelation of these hydrogels processed too soon 
to be recorded which make them inappropriate for clinical operation. All the partial 
formulations were tested as control. As shown in Figure S2, all of the partial formed 
hydrogels were mechanically weaker than GE/OSA/ADH hydrogels, thereby, posing 
certain limitation on their applications in injectable hydrogels.  

3.3 Injectability and self-healing properties of hydrogels
It is critical that injectable hydrogels that are used in the bioengineering field can 
be injected into desired site via a small incision, so as to form a gel in situ allowing for 
damage recovery to maintain structural and functional integrity. By using a 26-gauge 
syringe, macroporous hydrogel precursors were injected into molds of different shapes, 
and after 5 min, hydrogels were formed at 37 oC without any external intervention (Figure 
3a-d). Thus, the injectability characteristics of hydrogels make them highly suitable for 
MIS techniques.

The visual evidence of the self-healing properties is shown in Figure 3e-h, where a 
triangular hydrogel was cut into half and the two fragments immediately healed into one 
piece when brought together under moist conditions. All of the hydrogels exhibited self-
healing behavior, and the self-healed hydrogels could be lifted vertically and horizontally 
without a problem. Rheology analyses were also conducted to confirm the self-healing 
properties of the hydrogel. Structure destruction was induced via application of 1000% 
strain for 2 min. Then, the strain was decreased to 1% for 2 min to allow the hydrogel 
to recover from damage. The step strain measurements of the hydrogel (GE1/OSA1/
ADH4Hydrogel) under low (1%) and high (1000%) strain were conducted as shown in 
figure 3i. Under 1% strain, G′ is larger than G″, suggesting a sol-to-gel transition and the 
formation of hydrogel network. Under a 1000% strain, G′ and G″ decreased quickly and 
inverted, indicating the hydrogel was converted to sol state. This self-healing behavior 
was ascribed to the storage of dynamic imine bonds and acylhydrazone existing in the 

3.2 Rheology behavior
Rheometer was adopted to confirm the sol-to-gel transition of injectable macroporous 
hydrogels and their mechanical properties. The viscoelastic characteristics of injectable 
macroporous hydrogels were evaluated by monitoring the variations of G′ and G″ against 
time and frequency at 37 oC. As shown in Figure 2 (a-e), using a 4% ADH ratio, G′ and 
G″ increased with time; however, G′ increased faster than G″ and finally went beyond G″. 
As expected, a faster gelation was observed for hydrogels with a higher OSA content. 
Precursors with a low modulus and rapid gelation characteristics made hydrogels 
injectable.

Figure 2. Rheological characterizations of the hydrogels. (a-e) GE/OSA/ADH4 hydrogels formation 
was monitored by dynamic time sweep measurements using an oscillatory rehometer; (f,g) Storage 
modulus G′ and loss modulus G″ of as-prepared hydrogels (ADH 4%) as function of frequency. 
(h) Storage modulus G′ and loss modulus G″ of hydrogels with different ADH ratio as function of 
frequency.
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reaction and acylhydrazone bonds. Additional crosslinking is not required, therefore the 
number of steps required for scaffold preparation and the risks of toxic crosslinking is 
reduced [41].

Morphological analysis of the hydrogels showed well-interconnected pores with a 
diameter ranging between 100-300 μm, which may contribute to enhanced cell migration 
and penetration inside the hydrogels and drug release from the hydrogels. Cyclohexane 
uptake results indicated that most of the hydrogels exhibited proper porosities (60-80%) 
required by favoring tissue engineered scaffold, because as reported that porous scaffolds 
exhibiting a porosity greater than 80% cannot sustain in-vivo load-bearing mechanical 
strain [42]. Rheological characterization also proved that G′ and G″ did not vary 
significantly with compositions of formulations, shearing frequency and time (Figure 
S6). Therefore, 30000 rpm/60 s was chosen to prepare macroporous hydrogels for the 
following study.

Figure 3. Injectable and self-healing properties of the hydrogels (GE1/OSA1/AHD4 hydrogels are shown 
as examples). (a–d) photographs demonstrating the injectability of the hydrogel; (e-h) photograph 
of the self-healing process of the hydrogel; (i) the self-healing property of hydrogels demonstrated by 
the continuous step strain (1%→1000%→1%) measurements at 37 oC.

network as was reported previously [39]. Furthermore, because of the macroporous 
structure, the surface energy of the hydrogel increased and facilitated mutual molecular 
recognition on the surface of the hydrogels during the process of self-healing.

The integrity of injectable hydrogels can be damaged by stress from several 
environmentally and therapeutically-related instruments, surgeries, pharmaceuticals, 
and biological species. For injectable hydrogels that are used as cell delivery carriers 
or drug depots, the damage would induce random dispersion of therapeutic agents 
to neighboring tissues, thereby causing unexpected problems. Moreover, the damage 
could cause diffusion of the precursor or rapid degradation of implanted hydrogels. In 
our design, the self-healing ability of OSA/GE/ADH macroporous hydrogels allows for 
structural recovery upon damage, providing mechanical support or protection, and a 
suitable microenvironment for cell proliferation and drug release.

3.4 Porosity and morphology 
It is believed that macroporous structure can facilitate cellular infiltration, nutrient 
diffusion and provide sufficient space for tissue in-growth [40]. For this purpose, 
macroporous structure were fabricated using high-speed shearing method. The effect 
of formulation, shearing frequency and treatment time on the macrostructure, porosity, 
pore size and morphology were studied respectively.

The morphology of the hydrogels was evaluated using scanning electron microscopy 
(SEM), and representative results are shown in Figure S3, S4. As expected, all hydrogels 
displayed a continuous and macroporous three-dimensional structure compared to non-
treatment group. However, the average pores diameter increased with shearing frequency 
and treatment time for all hydrogels as shown in Figure S5a. After high-speed shearing 
treatment, the average pore diameters of hydrogels were enlarged from approximately 
50μm to 300μm. However, as shown in Figure S5b, porosity of hydrogels didn’t continue 
to grow with shearing frequency and treatment time with 30000 rpm/30 s showing a 
porosity of approx. 83%, and decrease slowly to approx. 60% for 30000 rpm/120 s. For 
compositions of precursors formulations, we observed that pore sizes were similar in size 
irrespective of the ratios of GE, OSA, and ADH, but porosities ranged from 60%-80% as 
displayed in Figure 4a, b. A representative image of the as-prepared hydrogels obtained by 
X-ray micro-computer tomography is shown in Figure 4c, d. The macroporous structure 
of the hydrogels was generated by blending air bubbles to the original composition via 
high-speed shearing. Compared to organic or inorganic porogens, the high-speed 
shearing approach as used in our study avoids freeze-drying or additional washing steps 
of the scaffold. Moreover, hydrogels can be gelled at body temperature by a Schiff-base 
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that an excessive gelatin content was present in GE2/OSA1/ADH4 and GE5/OSA1/ADH4 
hydrogels that had a greater capacity to hold water compared to OSA, and contributed to 
a greater water uptake.

3.6 In-vitro biodegradation
The in-vitro enzymatic degradation of hydrogels was evaluated by incubating the 
hydrogels in the presence of collagenase and monitoring the variation of the dry mass of 
the hydrogels as a function of time. In the presence of collagenase, gelatin will degrade 
[43], whereas alginate can be broken down by hydrolytic degradation [44]. Since all 
hydrogels contain different amounts of OSA, GE, and ADH, their in-vitro degradation 
appeared similar, as shown in Figure 5b and c. The GE to OSA ratio was the dominant 
factor of hydrogel degradation in vitro. In both GE/OSA/ADH4 and GE/OSA/ADH8 groups, 
when GE: OSA = 1:2 and 1:5, hydrogels degraded at a slower rate and exhibited a reduction 
in mass loss after 20 days; however, when GE: OSA = 2:1 and 5:1, hydrogels greatly reduced 
in weight at 24 hrs. Furthermore, after 20 days, GE1/OSA2/ADH4 and GE1/OSA2/ADH8 

hydrogels exhibited a larger remaining weight compared to GE1/OSA1/ADH4, GE1/OSA5/
ADH4, GE1/OSA1/ADH8 and GE1/OSA5/ADH8, which was ascribed to higher gelatin content 
and crosslinking density. Moreover, the in-vitro biodegradation profile at 20 days proved 
that the hydrogels provided enough time for new tissues to grow and therapeutic agents 
to be released [36].

3.7 In-vitro drug release kinetics
Injectable hydrogels are a unique tool in the field of regenerative medicine for the delivery 
of bioactive drugs and cells [45, 46]. The potential of GE/OSA/ADH hydrogels for tuning 
drug release was observed in PBS at 37 °C using hEGF as model drug in vitro. As shown in 
Figure 6, hEGF was slowly released and increased with time thereby avoiding the problem 
of local drug accumulation [47]. After pelleting the hydrogels in PBS, approximately 2% of 
hEGF from the gels was detected in 1 hour. After 96 h, the cumulative release percentage 
was 30% to 50% in the GE/OSA/ADH4 group, and 40% to 60% in the GE/OSA/ADH8 group, 
indicating efficient entrapment of hEGF in GE/OSA/ADH macroporous hydrogels. The 
release of hEGF from hydrogels was based on the diffusion and internal structure change 
of the hydrogels. Partial erosion of the crosslinked structure was gradually induced by 
hydrolysis and degradation when hydrogels were placed in a large amount of release 
medium for an indicated time interval. Consequently, hEGF was slowly released from the 
hydrogels and was accompanied by partial dissociation of the framework. 

Figure 4. (a) Pore size of lyophilized hydrogels prepared with different formulations; (b) porosity of 
hydrogels with different formulations evaluated by cyclohexane uptake; (c,d) representative micro-
CT photos of the hydrogel; (e) representative SEM image of the hydrogel. Value represents mean ± 
SD. An asterisk represents p<0.05.

3.5 Water content
Hydrogels are three-dimensional macromolecular networks, capable of maintaining a 
high amount of biological fluids at a relatively stable state. The water content of GE/OSA/
ADH hydrogels at 37 °C was evaluated and was shown in Figure 5a. All hydrogels had a high 
water content, which was contributed by the many hydrophilic groups in the structures of 
OSA and GE that help the hydrogels to be fully hydrated. The great water content may 
facilitate maintaining a significant extent of fluid and nutrients for the tissue-engineered 
scaffold, make hydrogels suitable for encapsulation of cells, and provide proper structural 
cues to cells to proliferate and migrate.

In our study, the water content was affected by crosslinking density and network 
composition. In general, the water content of GE/OSA/ADH8 was lower compared to that 
of GE/OSA/ADH4, which could be ascribed to a higher ADH ratio in higher crosslinking 
density and reduced liquid uptake by hydrogels. However, in the GE/OSA/ADH4 group, 
the water content in GE2/OSA1/ADH4 and GE5/OSA1/ADH4 hydrogels was higher compared 
to that of GE1/OSA5/ADH4, GE1/OSA2/ADH4, and GE1/OSA1/ADH4 hydrogels. This indicated 
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Figure 7. In-vitro cell cytotoxicity of GE/OSA/ADH4 (a) and GE/OSA/ADH8 (b) in 7 days (CCK-8 assay, 
mean ± SD. *P < 0.05); (c) microscopic images of cells on GE/OSA/ADH4 and GE/OSA/ADH8 hydrogels 
stained with Live/Dead assay (green/red, respectively) after 48 h culture. Scale bar = 100 μm.

Figure 5. (a) hydrogels’ EWC at physiological pH and 37 oC; (b, c) weight loss of GE/OSA/ADH4 (b) and 
GE/OSA/ADH8 (c) hydrogels as a function of time at 37 oC in PBS, respectively. 

Figure 6. Drug release kinetics of GE/OSA/ADH hydrogels. HEGF Loaded hydrogels showed 
sustained HEGF release behavior in GE/OSA/ADH4 (a) and GE/OSA/ADH8 (b) hydrogels.
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Figure 8. Representative images of the encapsulated NIH 3T3 cells in GE1/OSA1 hydrogels at 1, 4, and 8 
days after cell seeding (scale bar = 500μm).

3.9 In-vivo hydrogel biocompatibility
The in-vivo biocompatibility of GE1/OSA1/ADH4 hydrogels was evaluated by dorsal 
subcutaneous injection in Sprague Dawley rats. The formation of in-situ hydrogels was 
observed in the subcutaneous layer at 5 min post injection, indicating that GE1/OSA1/
ADH4 hydrogels could easily be delivered into the body, rapidly forming a hydrogel in vivo. 
Precursors were sterilized without the requirement of special equipment. All surgeries 
were performed without complications and no signs of local irritation were observed 
during the course of the study. During gross observation, no abnormal behavior, 
infections, or local inflammatory responses were found at the surgical site, and normal 
weight gain was observed in the experimental group when compared to saline control 
group. The hydrogels and surrounding tissues were collected and stained with H&E for 
qualitative histological examination. Figure 9 showed that the precursor formed a visible 
hydrogel mass in the subcutaneous space. At 1 week post injection, no clear differences 
were observed at the injected site between the hydrogel group and the saline group, 
however slight signs of inflammation were observed in the peri-implanted tissue. After 
2 weeks, several parts of the hydrogel were infiltrated by immune cells, which were 
stained in a red color, such as macrophages and neutrophils, and indeed, an appreciable 
inflammatory response in the implanted tissue and peri-implanted tissue was observed. 
After 3-4 weeks, the hydrogels were gradually replaced by vascularized connective tissue, 
indicating clearance of cell-mediated components. In addition, at the injection site, 
no signs of inflammation, tissue damage, or chronic effects were observed, which was 
consistent with that of a typical foreign body reaction to an implanted biomaterial [50].

3.8 In-vitro biocompatibility of hydrogels
To investigate the biocompatibility of GE/OSA/ADH hydrogels, the response of cells 
to the hydrogels was evaluated using L929 and NIH 3T3 cells. As shown in Figure 7a, b, 
cells cultured on hydrogels or TCPS showed continuous proliferation, except for those 
that proliferated on GE1/OSA5/ADH4 hydrogels. This may be due to unreacted aldehyde 
groups in OSA, leading to an adverse condition for the proliferation of L929 cells [48]. 
Our findings revealed that GE/OSA/ADH hydrogels did not have an obvious deleterious 
effect on cellular growth. These data were further proven by a Live/Dead assay after 48 
hrs, in which living cells were stained in green and dead cells were stained in red. In 
Figure 7c, it is shown that L929 cells were uniformly dispersed on or into the hydrogels 
and showed a typical spread morphology. Only viable cells were visible, and no cells on 
the hydrogels showed red fluorescence. The number of living cells increased with the 
ratio of GE to OSA, which may be due to its advantageous natural properties, e.g., bio-
responsive behavior [49]. In addition, few dead cells were observed in almost every group. 
These results indicated that GE/OSA/ADH hydrogels did not have a significant adverse 
effect on proliferation, morphology and viability of L929 cells, and demonstrated that GE/
OSA/ADH hydrogels may be promising biocompatible scaffolds for tissue engineering or 
potential carriers of therapeutic agents.

To confirm the possibility of using GE/OSA/ADH hydrogels as cell carriers, NIH 3T3 cells 
were encapsulated inside GE1/OSA1/ADH4 and GE1/OSA1/ADH8 hydrogels and viability, 
proliferation, and distribution were investigated (Figure 8). Cell-encapsulated hydrogels 
were easily fabricated by blending NIH 3T3 cell suspension with hydrogels precursors 
that were pre-dissolved in cell culture medium under physiological conditions. NIH 3T3 
cells were uniformly distributed in macroporous hydrogels and exhibited good viability 
for 8 days. In addition, in the three-dimensional environment of the hydrogels, cell 
numbers significantly increased with time, indicating that hydrogels provided excellent 
pore connectivity and efficient nutrient/metabolic waste transportation for live cell to 
adhere, proliferate, and migrate within the network. The total number of cells in GE1/
OSA1/ADH8 hydrogels was less compared to that of GE1/OSA1/ADH4 hydrogels at day 8, 
which may be due to the more compact network of GE1/OSA1/ADH8 hydrogels, preventing 
cell migration and the transport of nutrients. Together, these results demonstrated 
that hydrogels did not have an obvious deleterious effect on entrapped cells and their 
proliferative ability, thereby suggesting that the hydrogels may be used as vehicles for 
delivery of therapeutic cells.
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SUPPORTING INFORMATION

Storage modulus G′ and loss modulus G″ of as-prepared hydrogels (ADH 8%) as 
function of frequency; rheological characterizations of partial formulations as control; 
representative SEM images of GE1/OSA1/ADH4 with different shearing speed and time; 
representative SEM images with different GE, OSA and ADH ratio at 30000 RPM/60 s; 
pore size and cyclohexane uptake of GE1/OSA1/ADH4 with different shearing speed and 
time; storage modulus G′ and loss modulus G″ of hydrogels with different shearing speed 
and time.

Figure 9. Post-injection histological examination of subcutaneous tissue by H&E staining at week 1, 
2, 3 and 4. (E: hydrogel group, C: saline group)

4. CONCLUSION

In this study, we demonstrated a novel approach to prepare injectable, template-free, 
and self-healed macroporous hydrogels that promoted cell survival, proliferation, and 
migration and were able to hold a drug and slowly release it. The effect of the precursor’s 
composition on the gelation, injectable and rheologic behavior was investigated. The 
water content and in-vitro biodegradation characteristics can be regulated by the ratio 
of GE, OSA, and ADH, and hydrogels were able to autonomously heal within several 
minutes. Cells were co-cultured with hydrogels by direct seeding and encapsulation 
and sufficient viability was achieved. HEGF could be loaded within the hydrogel and 
was slowly released with good bioactivity. Finally, hydrogels were proven to be in-vivo 
biodegradable and caused mild inflammatory and toxic responses when subcutaneously 
injected in a Sprague Dawley rat model. We hypothesized that our approach for 
fabricating self-healing hydrogels without molds under modest conditions has potential 
for applications in tissue engineering, including biological scaffolds, cell encapsulation, 
and drug delivery.
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Figure S3. Representative SEM images of GE1/OSA1/ADH4 with different shearing speed and time.

Figure S4. Representative SEM images with different GE, OSA and ADH ratio at 30000 rpm/60 s.

Figure S5. Pore size and cyclohexane uptake of GE1/OSA1/ADH4 with different shearing speed and 
time.

Figure S1. Storage modulus G′ and loss modulus G″ of as-prepared hydrogels (ADH 8%) as a function 
of frequency.

Figure S2. Rheological characterizations of partial formulations as control.
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Figure S6. Storage modulus G′ and loss modulus G″ of hydrogels with different shearing speed and 
time.

Figure S7. The porosity structure of the GE1/OSA1/ADH4 hydrogel after being subcutaneous injection. 
(a-top, b-bottom, c-middle)
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1. INTRODUCTION

Immediate implantation is a clinical technique to install dental implants in fresh 
extraction sockets to minimize alveolar reports, aiming to both reduce visit times and 
achieve optimal aesthetics and functions. In these cases, due to imperfect matching 
between implants and tooth extraction socket, a space, called jumping gap or jumping 
distance, may occur between the implant surface and surrounding bone, resulting in 
unsupported bone plates. The bone plates, particularly the buccal ones, may undergo 
resorption due to the destruction of periodontal membrane-borne blood supply, which 
can cause soft tissue recession and thus aesthetic risk. Clinical data show that the 
height and width of the mean buccal plate reduce 1.07 mm and 0.78 mm respectively [1], 
which may lead to a midfacial recession in the long term. The resorption may become 
much pronounced to about 7.5 mm [2] for the thin-wall bone phenotype. In these cases, 
maintaining buccal bone height is critical to achieve desired aesthetics. In the clinic, 
particulate CaP-based bone grafts are used to fill the large (>2 mm) jumping distance in 
order to prevent buccal bone resorption, which is, whereas, associated with a series of 
concerns, such as incomplete filling and easily being wrapped with connective tissues. 
Furthermore, most of the CaP-based bone grafts bear only certain osteoconductivity but 
no intrinsic osteoinductivity so that they cannot efficaciously prevent bone resorption. 
Therefore, a more suitable jumping distance-filling material with excellent filling 
adaptability and pro-osteogenic properties is highly needed to prevent bone resorption of 
the buccal bone plate, thereby minimizing aesthetic risks.

Among several candidate materials, injectable and self-healing hydrogels may be 
highly promising for filling jumping distance. Self-healing hydrogels bear a unique 
reversible network structure through dynamic chemical bonding (for example, Schiff 
base reactions [3], Diels−Alder reactions [4], disulfide bonds [5], acylhydrazone bonds 
[6], phenylboronate esters [7]), that can automatically restore its network integrity and 
original mechanical property after damage. Firstly, hydrogels, particularly the ones 
containing naturally-derived components, bear excellent biocompatibility and tunable 
biodegradability. The high fluidity of hydrogel precursors can easily enable the adaptive 
fit into the irregular, deep and narrow defects in the jumping distance and can be gelled 
without the needs of additional chemical/physical initiations. In addition, the self-
healing hydrogel may also repair the potential deformations at the gingival margin 
caused by the mechanical force during oral movements, so as to prevent the potential 
microgap and thus infection. Importantly, hydrogels may act as a controlled drug delivery 
system for various bioactive agents to acquire intended biological functions, thereby 
further promoting bone regeneration.

ABSTRACT

Due to the excellent biocompatibility and microporous property, naturally derived self-
healing hydrogels become promising candidate scaffolds for guided bone regeneration. 
In this paper, an injectable, self-healing, pro-osteogenic hydrogel was developed using 
naturally-derived polymers (alginate and sericin) and bioactive agent (salvianolic 
acid B, SAB). The physicochemical property studies showed that the pore size and the 
mechanical moduli could be regulated by adjusting the formulations of the hydrogels. 
The pore size was ranged from 50 micrometers to 200 micrometers. The mechanical 
properties described in terms of storage modulus was 6.8 KPa to 22 KPa. The hydrogel 
enabled cell adhesion and proliferation. The hydrogel remained hydrophilic with 
sustained drug release performance of SAB. In addition, the drug-loaded hydrogel (SS/
OSA-SAB) has a strong capacity to promote osteogenesis. It significantly enhanced the 
osteogenic differentiation of bone marrow mesenchymal stem cells by elevating the 
expression levels of osteogenic markers (ALP, OPN, RunX2, and OCN), and extracellular 
matrix mineralization. Furthermore, the enhancement of osteogenesis was dependent 
on the ratio of SS/OSA. In summary, the developed injectable self-healing SS/OSA 
hydrogel is provided with a step-release capacity of drug, good biocompatibility, and easy 
osteogenesis controllability, which may be a promising jumping gap filling material.

Keywords: Injectable, Self-healing hydrogel, Alginate, Sericin, Salvianolic acid B, 
Osteogenesis
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2. MATERIALS AND METHODS

2.1 Materials
Sericin was purchased from Silk energy Biology & Technology. Sodium alginate, adipic 
acid dihydrazide (ADH), sodium metaperiodate (NaIO4), Alizarin red S mono sodium 
salt were purchased from Sigma-Aldrich (St. Louis, MO). Salvianolic acid B (SAB) was 
purchased from Yuanye (Shanghai yuanye Bio-Technology Co., Ltd, China). Bone marrow 
stromal cells (BMSCs) were obtained from Cyagen (Guangzhou Cyagen Biosciences 
Inc, China). Dulbecco’s modified eagle medium (DMEM), Fetal Bovine Serum (FBS), 
Penicillin-Streptomycin, Live/Dead assay was purchased from Life Technology (Thermo 
Fisher Scientific Inc. USA), Cell Counting Kit 8 (CCK-8) was purchased from Beyotime 
(Shanghai Beyontime Biotechnology, China). ALP activity Kit and ALP staining kit were 
purchased from Jiancheng (NJJCBIO Co., Ltd, Nanjing, China).

2.2 Hydrogel Preparation
2.2.1 Modification of alginate
Alginate was oxidized according to the previous study [20]. Briefly, 5 g alginate was 
dispersed in 25 mL ethanol and 4.32 g NaIO4 was dissolved in 25 mL ultrapure water to 
prepare oxidization solution. The NaIO4 solution was added to the alginate dispersion 
and stirred at room temperature for 8 h. Equimolar ethylene glycol (1.124 mL) was 
added with continuous stirring of 30 minutes to quench the reaction. The resultant 
suspension was dialyzed against ultrapure water (UPT-11-20T, Ulupure, China) using a 
dialysis membrane with molecular 3500 Da (Spectru Lab, USA) for 7 days. Ultrapure 
water was changed several times until periodate was no longer detected. The oxidized 
sodium alginate (OSA) was obtained by lyophilizing the dialysate. The oxidation degree 
of alginate was determined by quantifying the concentration of unconsumed periodates 
by iodometry as described previously [21]. In brief, 1 mL of the reaction mixture was 
mixed with a sufficient quantity of potassium iodide solution and allowed to react for 
10 min to consume all unreacted periodate ions. Next, liberated iodine was titrated with 
a standardized sodium thiosulfate solution using starch as the indicator. The titration 
volume of used sodium thiosulfate was monitored and indicated by the disappearance 
of the color. Oxidation degree values were calculated as the average of three independent 
oxidation experiments.

2.2.2 Preparation of SS/OSA hydrogels
The sericin (SS), OSA, ADH were dissolved in phosphate-buffered saline (PBS) to prepare 
20%, 10%, 50% (w/v) solutions, respectively. Then three of the solutions was pipetted into 
plastic tubes according to our predesigned ratio (Table 1) to obtain serious formulations, 
which immediately underwent high-speed shearing treatment (IKA T10, Germany) 
for 10-30 seconds (based on our previous research [20]) to produce the microporous 

In this study, we wished to design a novel injectable, self-healing, and pro-osteogenic 
hydrogel with naturally-derived polymers (alginate and sericin) and bioactive agent 
in order to provide an ideal jumping distance-filling material. Alginate is a natural 
polysaccharide, composed of two kinds of uronic acid units, β-(1,4), linked to 
D-mannuronic acid (M) and α-(1-4)-linked L-guluronic acid (G). Alginate is biocompatible, 
biodegradable, and low immunogenic [8], thus has become one of the most widely used 
biomaterials in the field of bone tissue engineering. Moreover, the adjacent double 
hydroxyl groups are abundantly available in alginate and can be oxidized into aldehyde 
groups, one indispensable chemical group for the Schiff base reaction. We adopted sericin 
— a naturally-derived, biocompatible, and hydrophilic glycoprotein — to provide plenty 
of side amino groups for Schiff base reaction. In addition, sericin bears many bioactive 
motifs (serine-rich repetitive domains and fibrous structure of binding ligands to cell 
surface receptors) to favor cell attachment and growth [9, 10], which can compensate the 
lack of cell attachment sites in alginate [11]. Moreover, sericin is also shown to promote 
osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) [12, 13] as 
evidenced by significantly enhanced osteogenic differentiation markers, such as bone 
sialoprotein, osteocalcin, and alkaline phosphatase [14]. In this study, we, for the first 
time, synthesized SS/OSA hydrogel and evaluated its physicochemical and biological 
properties to identify its potential as a jumping distance-filling material.

To further promote the pro-osteogenic property of the SS/OSA hydrogel, we incorporated 
salvianolic acid B (SAB), a traditional water-soluble Chinese herbal medicine into the 
SS/OSA hydrogel. SAB has been widely used in clinical practice for the treatment of 
cardiovascular disease [15] through its anti-oxidized function [16]. Previous studies show 
that SAB promotes the osteogenic differentiation of mesenchymal stem cells [17] by dose-
dependently up-regulating the alkaline phosphatase (ALP) activity and osteogenesis-
related markers, such as osteopontin (OPN), runt-related transcription factor 2 (RunX2), 
osterix (Osx), osteocalcin (OCN), and bone sialoprotein (BSP) [18, 19]. This promotion of 
SAB was achieved by activating the extracellular-signal-regulated kinases (ERK) signaling 
pathway [19].

In the current study, we wished to identify the feasibility and efficacy of SS/OSA-SAB 
hydrogel in order to illustrate the application potential in filling the large jumping 
distance area. We characterized the rheological properties, the surface morphology, the 
swelling and degradation performances, and the SAB release profile of the hydrogel. The 
cytocompatibility of the hydrogel was evaluated by culturing L929 cells and BMSCs onto 
the SS/OSA hydrogel. Live/Dead staining was further adopted to assess the cell adhesion 
behavior on the hydrogel. The osteogenic differentiation of BMSCs on the hydrogel was 
estimated using alizarin red staining. Real-time PCR was also employed to study the 
osteogenic differentiation mechanism using ALP, OPN, OCN, and RunX2 as biomarkers.
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2.5 Equilibrium water content (EWC)
The swelling process was maintained by the weighing method. All the hydrogels reach the 
equilibrium point after 24 h immersing into PBS solution. The equilibrium water content of 
the hydrogels was calculated according to mass addition at the time point of 24 h. The dried 
hydrogels were weighed (m0) and immersed into PBS (pH 7.4) for 24 h at 37 oC for fully swelling 
to equilibrium. Then, the excess PBS on the surface was removed and the hydrogel with 
equilibrium swelling state was weighed (me). The equilibrium water content of hydrogels was 
calculated as equation (1) [22]:

EWC = (me − mo) ∕ me ×100%          (1)

Where me was the weight of the fully swelled hydrogel, mo was the dried weight. Each sample 
was repeated three times.

2.6 In-vitro degradation kinetics
The degradation profile of hydrogels was followed in vitro by measuring the weight loss in PBS 
(pH 7.4) at 37 oC over time according to a previous study [23]. After wiping away excess water 
on the surfaces, the weight of the hydrogel samples was measured immediately at specified 
time points. The degradation rate was calculated using equation (2), where Wt is the weight of 
the hydrogel after degradation and Wo, the weight of hydrogel after incubating for 24 h, was 
chosen to be the initial weight of degradation because of its swelling behavior:

Remaining Weight (%) = Wt/Wo ×100%          (2)

2.7 SAB release study
To analyze the release property of the SS/OSA-SAB scaffolds, one 8-mm-diameter scaffold 
loaded with 10 ug SAB was packed into a dialysis bag with molecular weight cut-off of 3500 
Da and then immersed into a 50-mL BD tube. 20 mL PBS (pH 7.4) was added into the tube 
as the release medium. The system was shaken on a table concentrator at 100 rpm at 37 oC. 
At the time point of 0.5 h, 1 h, 2 h, 4 h, 8 h, 1 d, 3 d, 5 d, 7 d, 11 d, 14 d, 23 d, 33 d, 3 mL release 
medium was obtained and equal volumetric pre-warmed fresh PBS was added. The release of 
SAB was assessed by Ultraviolet-visible near-infrared spectrometer (CARY5000, Agilent, USA) 
at a wavelength of 286 nm. The cumulative amount and percentage rate of SAB released from 
the SS/OSA-SAB scaffolds were computed according to a SAB standard concentration curve.

2.8 In-vitro biocompatibility
L929 mouse fibroblasts (ATCC, USA) were used to test the in-vitro cytocompatibility of the 
hydrogels. SS, OSA, and ADH were sterilized by ethylene oxide and dissolved in sterilized 
PBS. Before gel-forming, a 60 μL mixture of the precursor solution is absorbed and spread 
on the bottom of the 96-well plate. Then the plate was put into the incubator for 10 minutes at 

structure. Subsequently, the tubes were placed in a water bath at 37 oC for 5 min to 
generate microporous hydrogels. The gelation time was determined using the inverted 
tube test. The drug-loaded hydrogel was prepared via the same procedure as described 
while adding SAB solution before high-speed shearing.

Table 1. Formulations of SS/OSA hydrogels

SS: OSA SS OSA ADH

(w/w) (20%, μL) (10%, μL) (50%, μL)

5: 1 150 60 18.3

2: 1 200 200 34.8

1: 1 100 200 26

1: 2 50 200 21.7

1: 5 30 300 28.7

2.3 Rheological characterization
A rheometer (Discovery HR-2, TA Instruments, USA) was used to characterize the 
rheological properties of the hydrogel. The storage modulus (G’) and loss modulus (G’’) of 
the hydrogels were tested in the oscillatory mode using a parallel plate configuration (25 
mm in diameter) at 37 oC. G’ and G’’ were quantified as a function of time at a constant 
angular frequency of 1Hz and a constant strain of 1% from the start to 10 minutes. Using 
a fixed strain level of 1%, the angular frequency was swept from 0.01 rad s−1 to 100 rad s−1. 
Using the same frequency (1 Hz), continuous step change of oscillatory strain between 1% 
and 1000% was used to assess the strain-induced damage and self-healing behavior of the 
hydrogel. The critical strain (γcritical) was defined as the stain value at the cross point of G’ 
and G’’.

2.4 Characterization
Attenuated total reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR, Bruker 
Tensor II, Bruker, Germany) was used to assess the chemical composition of OSA. The 
microstructure of the hydrogels was assessed using scanning electron microscopy (SEM, 
Nova NanoSEM200, FEI, USA). The hydrogels were prepared using distilled water as 
solvent when fabricating the SEM samples. Then the hydrogels were lyophilized for 48 
hours and sputter-coated with gold for 60 seconds before observation. The average 
pore size of the lyophilized hydrogels was quantified using Image-Pro Plus 6.0 software 
(Media Cybernetics, USA). Six pictures for each site, 5 samples for each group.
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The supernatant was collected and assessed with an OCN ELISA kit (NJJCBIO Co., Ltd, 
Nanjing, China). The mineralization nodules were stained using an Alizarin red staining 
(ARS) kit (Cyagen, Guangzhou, China). In brief, after 17 days of incubation, the hydrogel 
constructs were rinsed three times with PBS, fixed with 95% ethanol for 15 minutes, washed 
with distilled water three times, and finally stained using Alizarin red staining solution for 
1 hour at 37 oC. Stained samples were washed with water three times with each was lasting 
one minute. Pictures of the top surface were taken using an optical microscope (Nikon, 
Japan). For these experiments, an osteogenic induction medium (OM) without the presence 
of SAB or SS/OSA hydrogel was used as control. For quantification, the stained mineralization 
nodules were eluted with 10% (w/v) cetylpyridine chloride (CPC), and the absorbance of the 
supernatants was measured at 550 nm using a micro reader (Synergy NEO2, BioTek, USA).

2.10 Evaluation of mRNA expression using real-time PCR
Osteogenic differentiation markers were detected by RT-PCR. BMSCs were seeded at 4 × 
104 cells per well in 48-well plates. The mRNA expression levels for the alkaline phosphatase 
(ALP), osteogenic genes osteopontin (OPN), Runt-related transcription factor 2 (RunX2), 
and osteocalcin (OCN) were assessed by RT-PCR (Bio-Rad CFX96, Bio-Rad Laboratories, 
Inc., USA) according to our former study [24]. In brief, RNA was extracted from the 
samples and control groups using TRIzol reagent (Invitrogen, Thermo Fisher Scientific, 
Inc.). Complementary (c) DNAs were synthesized with 1 μg of total RNA and an oligo-dT 
primer using a Superscript II kit (Invitrogen, Molecular Probes, Eugene, OR). DNA was 
digested with gDNA Eraser (Takara, Otsu, Japan). RT-qPCR was performed with the SYBR 
Premix Ex Taq TM II kit (Takara Bio, Inc., Otsu, Japan). Briefly, the total reaction volume 
was 25 μL, and RT- qPCR was performed using 40 cycles with 10 minutes of denaturation 
at 95 °C, 15 seconds of annealing at 95 °C and 1 minute of extension at 60 °C. The relative 
expression level of each gene was normalized to GAPDH, and relative quantification of gene 
expression was performed using the 2 −∆∆Cq method. The primers used were as follows: ALP, 
5’-GGGACTGGTACTCGGACAAT-3’ (forward) and 5’-GGC-CTTCTCATCCAGTTCAT-3’ (reverse); 
OCN, 5′-GGCGCTACCTCAACAATGGA-3′ (forward) and 5′-TAGATGCGCTTGTAGGCGTC-3′ 
(reverse); OPN, 5′-CTCACCTCCCGCATGAAGAG-3′ (forward) and 5′-CTTCCCGTTGCTGT 
CCTGAT-3′ (reverse); RunX2, 5′- GCACCCAGCCCATAATAGA-3′ (forward) and 
5′-TTGGAGCAAGGAGAACCC-3′ (reverse); GAPDH, 5′-AGCCCAAGATGC CCTTCAGT-3′ 
(forward) and 5′-CCGTGTTCCTAC CCCCAATG-3′ (reverse).

2.11 Statistical analysis
The results are presented as the mean ± standard deviation (SD). Comparisons were made 
using analysis of variance (ANOVA) for multiple comparisons with Tukey’s post hoc analysis 
for parametric data. Nonparametric tests were carried out using Kruskal −Wallis ANOVA with 
Dunn’s post hoc analysis. Statistical significance was accepted for P < 0.05.

37 oC for further crosslinking. L929 cells were cultured with the medium of 90% RPMI 1640 + 
10% FBS + 1% penicillin-streptomycin and seeded onto the hydrogels at a density of 1000 cells 
per well. Cells that were cultured on TCP with the same medium were set as control. After 
24 h culture, samples were washed with PBS and incubated with Cell Counting Kit 8 (CCK-
8, Beyotime, China) for 3 h at 37 oC in dark. OD values were measured using an ELISA plate 
reader (Synergy NEO2, BioTek, USA), and cell viability (%) was calculated using the following 
equation:

Cell viability (%) = ODtest/ODcontrol × 100          (3)

In addition, a Live/Dead assay was carried out to evaluate the adherence and proliferation of 
cells on the hydrogels. In brief, L929 cells were seeded onto the hydrogels at a density of 1000 
cells per well of 96-well TCPs. On Day 4 and Day 8, cells were stained with Live/Dead Viability 
and Cytotoxicity Kit for 30 min at 37 oC. Cells without hydrogels and treated with normal and 
treated with 75% ethanol for 10 min were set as negative and positive controls, respectively. 
After incubation for 30 min, cells were rinsed with prewarmed PBS for 3 times and observed 
under a fluorescence microscope (DMi8, Leica, Germany). Experiments were performed in 
triplicate.

2.9 In-vitro osteogenesis
To determine the capacity of different SS/OSA hydrogel (1:2, 1:5, 2:1) on promoting the in-
vitro osteogenic differentiation, BMSCs were used for verification. Hydrogels were prepared 
in the 48-well plate sterilely according to paragraph of 2.8. BMSCs were cultured onto the 
hydrogels with a density of 4 × 104 cells per well. The cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) containing 1000 mg/L of glucose, 10% fetal bovine serum (FBS), and 
1% penicillin/streptomycin. After 24 hours of spreading, the cultured medium was changed 
by mineralized medium and changed every two days. After 17 days of culture, we evaluated 
osteogenic markers, such as the expression level of osteocalcin (OCN, a late osteogenic 
differentiation marker) and the activity of alkaline phosphatase (ALP). 

For the ALP activity study of BMSCs embedded hydrogels, the detection was administrated 
according to the instructions for the ALP activity kit (TE0005, Leagene). Briefly, the 
mediums were removed and washed with 500 μL PBS. The culture system was lysed in radio-
immunoprecipitation assay (RIPA) buffer (150 mM NaCl, 10 mM Tris, pH 7.4, 2 mM EDTA, 
0.5% Igepal/NP40, 0.1% SDS, 1% Triton X-100, protease inhibitor mixture). The bicinchoninic 
acid assay (BCA Protein Assay Kit, Pierce) was used to determine protein concentration. The 
absorbance at 405 nm was measured using an ELISA plate reader (Synergy NEO2, BioTek, 
USA).
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3.2 Rheology Behavior
As shown in Figure 2B, storage moduli (G’) of 2:1, 1:1, 1:2, and 1:5 hydrogels were greater 
than loss moduli (G’’) and remained unchanged in the frequency range tests, indicating 
the gel-like character of the hydrogels. However, G’ of the 5:1 hydrogel group decreased 
with the increase of angular frequency when the angular frequency was above 25 rad/s. 
When the ratio of OSA to SS was below 1:1, there was no significant difference of G’ among 
the three groups with values of 6.81 ± 0.54 KPa, 5.93 ± 0.47 KPa, and 5.91 ± 0.46 KPa for 5:1, 
2:1, and 1:1 hydrogel respectively (Figure 2C). Compared with these three groups, G’ was 
significantly higher for 1:2 (15.03 ± 1.01 KPa) and 1:5 hydrogel group (22.0 ± 1.76 KPa). The 
G’ of the 1:5 hydrogel group was significantly higher than that of the 1:2 hydrogel group.

Figure 2. Rheological characterization of the hydrogels: (A) Hydrogel formation as monitored 
by dynamic time sweep measurement using an oscillatory rheometer; (B) Frequency-sweep 
measurements of SS/OSA hydrogels; (C) Storage modulus (G’) and loss modulus (G’’) at 1Hz, 1% strain 
of the hydrogels.

3.3 Self-healing properties of the hydrogels
Figure 3A showed the visual evidence of self-healing property. A sphere form hydrogel 
was cut into two pieces and the two fragments immediately healed into one piece 
when brought together. And the self-healed hydrogel could be easily lifted vertically 
and horizontally without splitting apart. Furthermore, the quantitatively multi-step 
oscillatory rheological result (Figure 3B-F) showed the self-healing property of the 
prepared hydrogel. For all the 5:1, 2:1, 1:1, 1:2, and 1:5 hydrogels, G’ was larger than G’’ 
under a 1% strain. G’ and G’’ decreased quickly under a 1000% strain, and G’ was lower 
than G’’. When the strain decreased to 1% again, G’ and G’’ recovered. The same variation 
tendency occurred with the strain increased and decreased for five cycles. Notably, there 
was a cross point of G’ and G’’, namely critical strain (γcritical). G’ remained larger than G’’ 
when the strain was smaller than the critical strain. When the strain was higher than the 
critical strain, G’ became smaller than G’’. The γcritical of 5:1, 2:1, 1:1, 1:2, and 1:5 hydrogel was 
402.78%, 173.26%, 483.66%, 205.08%, and 143.62% respectively. The self-healing efficiency 
was calculated by comparing the storage modulus of the healed hydrogels with the 

3. RESULTS

3.1 Preparation of hydrogels
Oxidized sodium alginate (OSA) was prepared using sodium periodate through 
transforming adjacent -OH groups into -CH = O groups. The oxidation degree of OSA 
was 80.16% (Figure 1A). The precursors, OSA, SS, and ADH were mixed with yellowish and 
cloudy state and turned into solid opaque hydrogel when warmed to 37 oC (Figure 1B-C). 
The gelation time ranged from several seconds to 5 minutes.

The sol-to-gel transition was further confirmed by rheological method as shown in Figure 
2A. The storage modulus (G’) and loss modulus (G’’) increased with time, G’ increased 
faster than G’’ and finally went beyond G’’, which means the precursors gelled and formed 
an ideal gelation state of hydogel. The time at the cross point of G’ and G’’ was the gelling 
time. All formulations ran the same tendency (data not shown) when applied to the 
rheological study at the condition of 1Hz and 1% strain.

Figure 1. Synthesis of hydrogel: (A) synthesis scheme of oxidized sodium alginate; (B) schematic 
diagram of construction of SS/OSA hydrogels with high-speed shearing treatment based on imine 
bonds and acylhydrazone bonds; (C) tube inversion to confirm the hydrogel formation.
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Figure 4. (A) Swelling behavior of the hydrogels with time; (B) Equilibrium water content (EWC) at 
physiological pH and 37 oC; (C) Degradation kinetics of the hydrogels as a function of time at 37 oC in 
PBS.

3.4 Morphology of the hydrogel
The morphology of the lyophilized hydrogel scaffolds was shown in Figure 5. Inner-
connective porous structures were observed for all the hydrogels. The pore size was 96.7 
± 26.1 μm, 52.1 ± 16.4 μm, 198.6 ± 44.1 μm, 136.3 ± 26.2 μm and 84.5 ± 18.4 μm for the 5:1, 
2:1, 1:1, 1:2, and 1:5 hydrogels respectively. When the ratio of SS to OSA increased from 5:1 
to 2:1, the pore size decreased significantly. However, there was a significant increase in 
pore size when the ratio of SS to OSA increased to 1:1. The pore size of the 1:5 hydrogel 
group was significantly lower than that of the 1:2 hydrogel group.

Figure 5. (A) Inner structure of the lyophilized hydrogel by SEM (bar = 200 μm); (B) The pore size of 
the prepared hydrogels calculated by Image J. Value represented as mean ± SD. Asterisk represents  
P < 0.05.

original one [25]. The percent of mechanical self-healing efficiency was calculated by SH / 
SO X 100%. SH represented the storage modulus of the healed hydrogel and SO the original 
one. The mechanical self-healing efficiency was 72.9 ± 6.09%, 99.9 ± 12.9%, 90.8 ± 6.9%, 
95.3 ± 18.8%, 74.0 ± 44.9% for 5:1, 2:1, 1:1, 1:2 and 1:5 hydrogel respectively.

Figure 3. Self-healing property of the hydrogels: (A) Photographs of the self-healing process of the 
hydrogels; (B-F) Alternate step strain sweep test with strain from 1% to 1000% for every strain interval 
at an invariable angular frequency (1Hz) at 37 oC for 5:1, 2:1, 1:1, 1:2 and 1:5 hydrogels respectively.

3.4 Swelling behavior and in-vitro biodegradation
All the hydrogels swelled quickly in the first four hours and reached a balance at eight 
hours with the swelling ratio of 1000%-2600%. The equilibrium water content (Figure 4B) 
of the hydrogels was above 90%, with no significant difference among the five groups. As 
shown in Figure 4C, all the hydrogels, except the 1:1 hydrogel, degraded gradually with 
the remaining weight of 10% at 33 days. At first 2 days, the 5:1, 2:1, 1:2 and 1:5 hydrogels 
degraded slowly with the remaining weight of 67.7 ± 17.1%, 78.5 ± 1.5%, 84.9 ± 15.7% and 
79.6 ± 10.1% respectively. However, the remaining weight was 7.8 ± 1.9% for 1:1 hydrogel at 
day 2. And then the 5:1, 2:1, 1:2, and 1:5 hydrogel groups degraded in a relatively rapid way 
in the following 3 days. At degradation time of day 11, the remaining weight was 34.7 ± 
4.3%, 32.4 ± 2.9%, 70.6 ± 16.2%, 56.4 ± 10.8% for 5:1, 2:1, 1:2, and 1:5 hydrogels respectively. 
The remaining weight decreased to less than 10% in the following 22 days, and finally 
couldn’t be handled to weigh.
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BMSCs were also cultured onto the hydrogel to further confirm the viability and 
morphology of the cells (Figure 8). The cell viability of all the hydrogel was above 80% 
and increased with culture time. The Live/Dead staining results showed that all the 
BMSCs were spreading onto or into the hydrogel and no red fluoresce was detected. For 
optimization, we selected 1:2, 1:5 and 2:1 hydrogel for further study of extracellular matrix 
mineralization.

Figure 7. In-vitro biocompatibility of the hydrogels using L929 cells: (A) Cell viability of the hydrogels 
after cocultured for 24 hours; (B) Live/Dead staining of L929 cells in or on the hydrogels after 48 hours 
of culture, in which live cells were stained in green and dead cells were stained in red (bar = 250 μm).

3.7 Screening for the optimal combination of SS/OSA and SAB
To screen the optimal combination of SAB (0.1 μM, 0.5 μM, 1.0 μM and 5.0 μM) and 
SS/OSA (2:1, 1:2 and 1:5) to induce in-vitro osteogenesis, we separately assessed the 
extracellular matrix mineralization of BMSCs on various SS/OSA hydrogels (Figure 9A-B) 
and with different concentrations of SAB culture medium (Figure 9C-D) both qualitatively 
and quantitatively. Our results showed that the 1:2 SS/OSA hydrogel showed a significant 
improvement of extracellular matrix mineralization in comparison with OM, 2:1 and 5:1 
hydrogels after 31 days. SAB could significantly improve the osteogenic differentiation of 
BMSCs after 21 days, but without significant difference among various concentrations.

3.5 In-vitro drug release profile
The potential of the prepared hydrogels in tuning drug release was observed in PBS at 
37 oC and the results were shown in Figure 6. SAB was slowly released from the scaffold 
in all groups. In the first 2 hours, the percentage of SAB in PBS was below 22.0% with 
no significant difference among all the hydrogels. The release slowed down in the next 
48 hours with the cumulative release of 21.3 ± 0.8%, 24.8 ± 6.4%, 23.5 ± 10.5%, 35.4 ± 
7.7%, and 28.6 ± 0.7% for the 5:1, 2:1, 1:1, 1:2, and 1:5 hydrogel groups respectively without 
significant difference among groups. The cumulative release of SAB from all groups of 
hydrogels reached a platform between 96 h and 120 h followed by slowly increase with 
different rates. After 11 days of incubating, the release rates of 2:1, 1:2, and 1:5 hydrogel 
were significantly higher than that of 5:1 and 1:1 hydrogel groups. At day 33, the cumulative 
release of SAB was 33.4 ± 0.8% (1:1 hydrogel) and 38.2 ± 14.1% (5:1 hydrogel), while 64.4 ± 
5.9%, 72.9 ± 5.5%, and 67.9 ± 1.9% for 2:1, 1:2, and 1:5 hydrogel groups respectively. The 
values of the cumulative release of 2:1, 1:2, and 1:5 hydrogel groups were significantly 
higher than that of 5:1 and 1:1 hydrogel groups.

Figure 6. The release profile of the SS/OSA-SAB hydrogel.

3.6 In-vitro biocompatibility of the hydrogels
The cell viability of L929 cells was above 100% without significant difference among all 
hydrogel groups after 24 hours of incubation (Figure 7A). The Live/Dead staining (live 
cells were stained green and dead cells were stained red) showed that all the cells on/in 
the hydrogel were green, and no cells on the hydrogels showed red fluorescence (Figure 
7B). The cells were uniformly attached to the hydrogel with an outstretched morphology 
and the density of the live cells increased with culture time.
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To confirm the mechanism of the optimized 1:2 SS/OSA-SAB hydrogel in inducing 
osteogenic differentiation, we detected ALP, OPN, OCN and RunX2 gene expression of 
BMSCs on the hydrogel scaffold after culturing for 2 days, 4 days and 7 days, and the 
result was shown in Figure 11. The ALP gene expression of SS/OSA-SAB hydrogel group 
was significantly higher than that of OM group at day 2 and day 7 (Figure 11A). The relative 
expression of mRNA of OPN in the hydrogel groups was higher than that of OM group 
at day 2, day 4 and day 7 (Figure 11B). However, there was a significant decrease of OPN 
expression with the increase of time in the hydrogel group. Figure 11C showed that the 
SS/OSA-SAB hydrogel significantly increased the OCN expression of BMSCs at day 2 and 
day 7 compared with OM group. There was no significant difference of RunX2 expression 
between SS/OSA-SAB hydrogel group and OM group at day 2 and day 4. Moreover, the 
relative RunX2 expression in SS/OSA-SAB hydrogel group was significantly increased at 
day 7 and higher than that of OM group.

Figure 9. (A) In-vitro mineralization of BMSCs on hydrogels without SAB; (B) Quantitative analysis of 
the alizarin staining of A; (C) Alizarin red staining of BMSC cells after treating with SAB with various 
concentrations; (D) Quantitative analysis of the alizarin staining of C. (Scale bar = 200 μm)

Figure 8. (A) Cell viability of BMSCs on the hydrogels tested on day 1, day 2 and day 3; (B) Representative 
images of BMSCs on the hydrogels after 3 days culture (Live/Dead staining, Scale bar = 250 μm).

Thereafter, we chose 0.1 μM as loading concentration of SAB to prepare the SS/OSA-
SAB hydrogel and evaluated the in-vitro mineralization of the composite hydrogel. The 
mineralized nodules occurred in 17 days, which was shorter than of SS/OSA hydrogel 
group (31 days) and that of SAB alone group (21 days). Figure 10A showed that the 1:2 
hydrogel exhibited a significant larger area of mineralized extracellular matrix nodules 
than that of OM, 1:5 and 2:1 hydrogel. The result was consistent with the quantitative 
results while the mineralized nodules were eluted with 10% (w/v) cetylpyridine chloride 
(CPC) as shown in Figure 10B. The ALP activity of 1:2 hydrogel group was significantly 
higher than that of OM, 2:1 and 1:5 hydrogel groups (Figure 10C). The OCN concentration 
of 1:2 hydrogel group was higher than that of OM, 2:1 and 1:5 hydrogel groups with 
significant difference (Figure 10D).
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4. DISCUSSION

In comparison with conventional osteconductive CaP-based bone filling materials, an 
injectable, self-healing and pro-osteogenic hydrogel will be more suitable to fill large 
jumping distance and preserve buccal bone. In this study, we prepared an injectable self-
healing pro-osteogenic SS/OSA-SAB hydrogel with an aim of developing an ideal jumping 
distance filling material to maintain the height of the buccal bone plate. Our results 
showed that the storage moduli of SS/OSA at the ratios of 1:2 and 1:5 were significantly 
higher than the other ratios (5:1, 2:1 and 1:1) and the 1:2 SS/OSA hydrogel showed the 
highest extracellular matrix mineralization nodules of BMSCs. The addition of 0.1 μM 
SAB to the 1:2 SS/OSA hydrogel showed the highest enhancement in extracellular matrix 
mineralization nodules. These findings suggested a promising application potential of 
SS/OSA-SAB hydrogel to preserve buccal bone in the jumping distance. 

In clinic, a jumping distance forms between bone wall of fresh extraction socket and 
dental implant, with a typical geometry of a wide opening and sharp narrowing down 
to apex. Such a geometry may cause handling difficulties and incomplete filling 
when filling with granular CaP-based bone grafts for bone regeneration and implant 
osteointegration. In comparison with granular CaP-based bone grafts, hydrogel holds 
a better handling property since in its liquid state, hydrogel precursor can be easily 
injected and spread to reach the bottom of a jumping distance and thereafter gel into 
solid state. Furthermore, hydrogels bear a better biodegradation than granular CaP-
based bone grafts, thereby facilitating an earlier and more robust host bone replacement 
and implant osteointegration. One of the most widely used hydrogels in bone tissue 
engineering is photo-crosslinkable naturally-derived gelatin mechacryloyl (Gel-MA) due 
to its remarkable biocompatibility, processability, tunability, and low immunogenicity 
[26]. However, insufficient and inhomogeneous gelation may occur since UV radiation 
may be largely hindered by the long and narrow geometry of, and the bleeding in jumping 
gap. Self-healing hydrogel can be forced through the syringe and maintain a stable state 
after injection [27]. Consequently, in this study, to provide a biocompatible and applicable 
filling material specifically for jumping gap, we developed a self-healing hydrogel by 
adopting two naturally-derived polymers.

The biological goal of a jumping gap-filling material is to provide a favorable 
microenvironment for rapid bone regeneration so as to preserve buccal bone and 
enhance osteointegration. Such a microenvironment may be potentially challenged by 
mechanical instability caused by both the micromovement of broken buccal bone and 
oral dynamic occlusion. Therefore, the mechanical stability and self-healing property are 
important parameters to evaluate a hydrogel-based jumping gap-filling material. Our 
in-vitro characterization data showed that we successfully prepared a SS/OSA hydrogel 

Figure 10. In-vitro mineralization of BMSCs. (A) Alizarin red staining of BMSC cells on 1:2, 1:5 and 
2:1 hydrogel, inserts are representative images of the morphology of the scaffold after osteogenic 
differentiation, (B) Quantitative analysis of the alizarin staining of A, (C) ALP activity of BMSC after 
cultured on the hydrogel for 17 days, (D) OCN expression in the supernatant of BMSC cultured on the 
hydrogels (Scale bar = 200 μm).

Figure 11. Effects of SS/OSA-SAB hydrogel scaffold on osteogenic gene expression. Real-time analysis 
of ALP (A), OPN (B), OCN (C), and RunX2 (D) expression of BMSCs after cultured with the scaffold for 
2 days, 4 days and 7 days.
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behavior was controlled by drug diffusion and hydrogel swelling, while it could not be 
simply explained by diffusion, swelling, degradation or erosion after 48 hours release, 
according to the power Korsmeyer–Peppas model [38].

We further evaluated the cytotoxicity of the SS/OSA hydrogels (Figure 7A-B). In 
comparison with the control group, the viabilities of L929 cells on all the hydrogels were 
all above 100%, which showed the noncytotoxicity of all the hydrogels according to ISO 
10993-5. This property was also confirmed by the facts that nearly no dead cells were 
found on the hydrogels in the Live/Dead staining. Furthermore, we investigated the 
adhesion and spreading of BMSCs on the SS/OSA hydrogels (Figure 8B). After culture for 
3 days, the highest cell viability was detected on the 1:2 SS/OSA hydrogel. No visible dead 
BMSCs were detected for all the hydrogels.

Thereafter, we evaluated the influence of the 1:2, 1:5 and 2:1 hydrogel in the osteogenic 
differentiation activities of BMSCs using extracellular matrix mineralization (Figure 9A-
B). Our results showed that, after a 31-day osteogenic differentiation, the 1:2 hydrogel 
was associated with significantly enhanced extracellular matrix mineralization than 
1:5 and 2:1 hydrogels. We also tested the osteogenic differentiation of BMSCs in a serial 
concentration of SAB. Results (Figure 9C-D) showed that 0.1 μM SAB significantly 
improved extracellular mineralization of BMSCs. As for the SS/OSA-SAB hydrogel, our 
results (Figure 10A-B) showed that the 2:1, 1:2 and 1:5 SS/OSA-SAB hydrogel significantly 
promoted the extracellular matrix mineralization of BMSCs by 7.5, 13.6, and 8.4 
folds respectively, in comparison with the cell on culture plate. Besides, the period of 
mineralization induction was shortened, suggesting the potency of the SS/OSA-SAB 
hydrogel in inducing a faster bone formation. In addition, the 1:2 SS/OSA-SAB hydrogel 
exhibited significant increase of ALP activity and OCN expression, compared with 1:5 and 
2:1 SS/OSA-SAB hydrogels. One possible explanation might be that the porous structure 
(Figure 10A, insert images) of the 1:2 SS/OSA-SAB hydrogel was still stable after culturing. 
In contrast, the 1:5 and 2:1 SS/OSA-SAB hydrogel groups showed collapsed or contracted 
inner porous structures, which may hinder the BMSCs to adhere and differentiation [39, 
40]. These data combined with the results of mechanical modulus and the self-healing 
efficiency, highlighted the 1:2 SS/OSA-SAB hydrogel can be a promising candidate for full 
fill the jumping gap with enhanced pro-osteogenic property.

To elucidate the potential mechanism of the hydrogel on inducing mineralization, we 
further tested the relative ALP, OPN, OCN and RunX2 genes of BMSCs on the 1:2 SS/
OSA hydrogel (Figure 10). Our results showed that the relative ALP gene expression of 
the hydrogel group was significantly higher than that of OM group after 7 days culture, 
indicating that the SS/OSA-SAB hydrogel have a strong effect on promoting osteogenic 
differentiation in the early stage of bone formation [41]. The SS/OSA-SAB hydrogels 

(Figure 1 and 2). The 1:2 and 1:5 SS/OSA hydrogels showed significantly higher storage 
moduli (Figure 2C) than the hydrogels at the other ratios, which helped to provide a more 
mechanically stable microenvironment for cell migration and osteogenic differentiation 
[28]. Rheological characterization (Figure 3) showed that all of the hydrogel structures 
were destroyed under a high strain but rebuilt under a small strain, indicating that the 
hydrogels can restore their functions in the case of physical damage. The self-healing 
efficiency of 2:1 (100.0 ± 12.9%), 1:1 (90.8 ± 6,9%), and 1:2 (95.3 ± 18.8%) SS/OSA hydrogel 
was significantly higher than that of 1:5 (74.0 ± 44.9%) and 5:1 (72.9 ± 6.0 %) hydrogel. 
This result indicated the optimal crosslinking of sericin and oxidized alginate when 
the ratio of SS to OSA was 2:1, 1:1 and 1:2. Thereafter, we characterized the swelling/
degradation behavior and morphology of the SS/OSA hydrogels. The EWCs of all the SS/
OSA hydrogels were above 90%, which might be attributed to the hydrophilic carboxyl 
and hydroxyl groups in the structures of sericin and OSA. Among the five hydrogels, 
the 1:2 SS/OSA hydrogel showed the least degradation with 52% remained after 14 days, 
providing sufficient time for surrounding osteogenic cells in-growing [29] and form 
new osteogenic tissue [30, 31]. While the 1:1 SS/OSA hydrogel degraded the most with 
92% depleted after 2 days, which may due to the most loosen porous network (consistent 
with the result of SEM (Figure 5A)). Besides, the slow biodegradation process of the 
hydrogel was responsible for the stepwise drug release behavior. An interconnected 
porous microstructure was observed for all SS/OSA hydrogels with pore size between 
52.1 ± 16.4 μm to 198.6 ± 44.1 μm (Figure 5). The great water content and interconnected 
porous structure may enable maintaining a significant extent of fluid and nutrients in 
interconnected porous structures, which provides a favorable microenvironment [32, 33] 
for not only the penetration of blood vessels from periosteum and the bone tissue but also 
the adhesion, migration, proliferation and differentiation of osteogenic cells [34]. 

To further confer the hydrogels the capacity of rapidly induce bone regeneration, we 
adopted SAB to functionalize SS/OSA hydrogels. In this study, we observed a slow-
release profile of SAB from the SS/OSA-SAB hydrogel (Figure 6A), which enabled the 
continuous and stable delivery of the SAB to tissue to stimulate the osteogenesis [35]. 
There were three types of interactions between SAB and SS/OSA scaffold [36]: hydrogen 
bonds, hydrophobic associations, electrostatic interactions (Figure 6B), which were 
contributory to the long retention of SAB. These three interactions were derived from the 
large number of hydroxyl groups in SAB and amino, carboxyl and hydroxyl groups in the 
scaffold polymers (Figure 6C). The mechanism for SAB release from the scaffold might be 
the following four probabilities [37]: 1) Fickian diffusion, 2) polymer swelling, 3) polymer 
swelling and dissolution of the polymer and drug composite scaffold, and 4) the erosion 
and degradation of the polymer, in the next 33 days. In the beginning 24 hours the release 
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5. CONCLUSION

In summary, a novel injectable self-healing SS/OSA hydrogel was developed via Schiff ’s 
base reaction with enhanced pro-osteogenic property by incorporating SAB. The 
mechanical property of the prepared hydrogel could be modulated via altering the ratio 
of sericin and oxidized alginate, showing storage modulus reaching kilo pascals when the 
ratio of OSA to SS was higher than 2. The 2:1, 1:1 and 1:2 SS/OSA hydrogel showed self-
healing efficiency higher than 90%. The SS/OSA hydrogels exhibited an inter-connective 
porous structure with pore size distributed between 50 μm and 200 μm with sustained 
drug release performance. In-vitro cytocompatibility study demonstrated that the SS/
OSA hydrogel are non-cytotoxic. Live/Dead staining certificated that the BMSCs adhere 
to the hydrogel with spreading morphology. The result of the in-vitro extracellular matrix 
mineralization of BMSCs demonstrated that the 1:2 SS/OSA hydrogel can accelerate the 
formation of mineralized nodules with improved ALP staining and alizarin red staining. 
The bone-related gene expression, ALP, OPN, OCN and RunX2, was significantly 
promoted by 1:2 SS/OSA-SAB hydrogels. In conclusion, the newly formed injectable self-
healing hydrogel may serve as a promising jumping gap filling material to promote bone 
formation and preserve the buccal bone.
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showed significantly higher expression level of OPN during culture time, indicating the 
promotion effect of the SS/OSA hydrogel on BMSCs attachment and mineralization 
[42, 43]. The relative gene expression of OCN of the SS/OSA-SAB hydrogel group was 
significantly higher at day 2 and day 7 compared with the OM group, which confirmed 
the promotion capacity of the SS/OSA-SAB hydrogel on osteogenic differentiation of 
BMSCs. Runt related transcription factor 2 (RunX2), a critical transcriptional regulator of 
osteoblast differentiation, was significantly increased at Day 7, indicating the capacity of 
the SS/OSA-SAB hydrogels to enhance osteoblast-related genes and finally promote the 
regenerative bone formation [44]. All the bone-related genes, ALP, OPN, OCN, and RunX2 
were expressed significantly higher of hydrogel group than that of OM group, leading 
to increased osteogenesis of the SS/OSA-SAB hydrogel. Taken together, we believe that 
the 1:2 SS/OSA-SAB hydrogel might be a good candidate for facilitating osteogenic gene 
expression and subsequently drive osteogenic differentiation of BMSCs.

One limitation of this study is that, for its application as bone regeneration material, 
the self-healing SS/OSA-SAB hydrogels still need to be optimized with respect to its 
mechanical strength and osteogenic capacity, possibly by incorporating inorganic 
bioactive agents without hindering the injectable and self-healing properties. After such 
optimization, further studies should also be performed to evaluate the in-vivo effect of 
bone regeneration and ulterior comparison with clinical materials. In addition, the 
molecular mechanism of osteogenic differentiation of the SS/OSA-SAB hydrogels are to 
be further certificated.
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1. INTRODUCTION

In the field of implant dentistry, guided bone regeneration (GBR) technique is widely 
used reconstructive procedure that adopts barrier membranes and particulate bone-
defect-filling materials to direct the growth of new bone to restore bone volume and 
dimensions, such as socket preservation, alveolar ridge augmentation, maxillary sinus 
elevation [1]. In the classic GBR technique, the barrier membrane mainly functions to 
prevent the invasion of surrounding connective tissues that bears proliferation advantage 
over osteoblasts so as to facilitate bone tissue regeneration [2]. Clinically available 
barrier membranes can be classified into non-resorbable and resorbable membrane. 
Although clinical trials, a systematic review and meta-analysis have shown no statistically 
significant difference in most clinical indications between both types of membranes, non-
resorbable membranes such as titanium mesh and polytetrafluoroethylene membranes 
are associated with a series of concerns, such as premature exposure, gingival irritation, 
infection and the need of second surgery for their removal [3]. Therefore, resorbable 
membranes with both naturally-derived (such as collagen and chitosan) and synthetic 
(such as polylactic acid) materials are widely used in clinic. However, these membranes 
have too mild stickiness to enable surrounding bone tissues to immobilize bone-defect-
filling materials, the displacement or deformation of the graft is often found in clinical 
practice, which may lead to poor clinical outcomes such as delayed osteogenesis, even 
infection [4]. Consequently, continuous efforts have been attempted to develop more 
suitable membrane materials.

Apart from being biocompatible and biodegradable, an ideal GBR membrane should 
also bear 1) good handling property, 2) a strong stickiness to bone tissue and bone-
defect-filling materials so as to maintain mechanically stable microenvironment and 
prevent displacement and 3) an excellent capacity to promote bone regeneration. Among 
several candidate materials, hydrogel appears to meet most of the abovementioned 
requirements. First of all, hydrogels, particularly the naturally-derived ones, bear 
excellent biocompatibility, tunable biodegradability, and abundant recognition sites to 
facilitate cell adhesion, migration and proliferation. Furthermore, hydrogels can form 
GBR membrane in-situ, which is highly convenient for clinical handling and can adaptively 
fit to the bone defects with highly diverse shapes. In our recent study, we adopted a 
clinically-available fibrin glue hydrogel that have strong stickiness to surrounding tissues, 
which can effectively stabilize particulate bone-defect-filling materials [5]. However, this 
glue may greatly compromise osteogenic activities, which drive us to develop more pro-
osteogenic hydrogel materials. Methacrylated gelatin (Gel-MA) is one of the most widely 
used hydrogels in bone tissue engineering [6]. Gel-MA is a hydrolyzed form of collagen, a 
major organic component of bone tissue. It can be crosslinked in the presence of photo-
initiator [7]. It bears a good capacity to bond to mineralized tissue through non-covalent 

ABSTRACT

The aim of the study is to develop an in-situ formed barrier membrane with enhanced 
mechanical and osteogenic property using naturally-derived polymers. Methacrylated 
gelatin (Gel-MA), hydrolyzed form of collagen without immunogenicity, can be crosslinked 
in the presence of photo-initiator. Hyaluronic acid (HA) is an abundant component of 
extracellular matrix (ECM), showing a potential capacity as a pro-osteogenic agent. 
With the aim to enhance the mechanical and pro-osteogenic properties of Gel-MA, HA 
was first oxidized to confer aldehyde groups to construct hybrid-crosslinking with Gel-
MA (OHA/Gel-MA) through UV crosslinking and Schiff ’s base reaction. The morphology, 
physicochemical properties, swelling and degradation behavior of the hydrogels were 
investigated. The mechanical modulus of the hydrogel was enhanced by 6.8 times. In-
vitro biocompatibility assays revealed that MC3T3-E1 pre-osteoblasts adhered well to the 
hydrogel membrane and proliferated with significant osteogenic differentiation and 
extracellular matrix mineralization. The results indicated that the enhanced OHA/Gel-
MA membrane can promote the attachment of pre-osteoblasts, facilitate the osteogenic 
differentiation of MC3T3-E1. It could be potentially used as alternative candidate barrier 
membrane for guiding bone regeneration.

Keywords: Gel-MA, Hyaluronic Acid, Simultaneously crosslinked double-network, 
Guided bone regeneration membrane
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2. MATERIALS AND METHODS

2.1 Materials 
Gelatin, methacrylic anhydride (MA), Irgacure 2959, and sodium periodate were 
purchased from Sigma-Aldrich (St. Louis, MO). Hyaluronic acid (HA) was purchased from 
Bloomage BioTechnology Co. LTD (Shandong, China). MC3T3-E1 cell was obtained from 
the institute of Biochemistry and Cell Biology (Chinese Academy of Sciences, China). 
Dulbecco’s modified Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin-
streptomycin solution, Live/Dead Viability and Cytotoxicity Kit, and Cell Counting Kit-8 
(CCK-8) were purchased from Life Technology (Carlsbad, CA). All aqueous solutions were 
prepared from analytical grade reagents (Sigma-Aldrich, St. Louis, MO).

2.2 Preparation of methacrylated gelatin (Gel-MA) 
A uniform 10% (w/v) gelatin solution was obtained by dissolving type-A porcine skin 
gelatin (Type A, Bloom 300) into phosphate buffered saline (PBS) at 50 oC. MA was added 
to the gelatin solution at a rate of 0.5 mL min-1 under rigorous stirring (800 rpm). The 
final concentration of MA was 1% (v/v). After addition of MA, 5 M NaOH was used to 
adjust the pH value of the reacting mixture to a value of 7.4-8 and the mixture was allowed 
to react for 3 h at 50 oC. The samples were dialyzed against deionized water for 5 d at 50 oC 
using 3500 Da cut-off dialysis tubes to remove unreacted MA and additional by-products. 
The dialyzed samples were frozen at -80 oC for 48 h and stored at room temperature in 
the dark. The degree of methacrylation was quantified by 1H NMR method (Advanced Ⅲ, 
600MHz, Bruker, Germany) as we previously described [14] using D2O as solvent.

2.3 Oxidized sodium hyaluronate (OHA) Synthesis
Oxidized sodium hyaluronate (OHA) was synthesized using sodium periodate (NaIO4) 
as oxidizing agent. Briefly, 1 g sodium hyaluronate was dispersed in 25 mL ethanol. 
NaIO4(~0.551 g) was dissolved in 50 mL distilled water to prepare NaIO4 solution, which 
was added dropwise to sodium hyaluronate dispersion and stirred at room temperature 
for 72 h. The reaction was quenched by adding equimolar ethylene glycol (0.2 mL) under 
continuous stirring for 30 minutes. The resultant suspension was dialyzed against 
ultrapure water (UPT-11-20T, ULUPURE, China) using a dialysis membrane (MWCO: 3500 
Da, Spectrum Lab, USA) for 7 days, changing water several times until the dialysate was 
periodate free. The absence of periodate was ensured by adding a 0.5 mL aliquot of the 
dialysate to 0.5 mL of a 1% solution of silver nitrate. OHA was obtained by lyophilizing the 
dialysate. The oxidation degree of HA was determined by quantifying the concentration 
of unconsumed periodates by iodometry as described previously [15]. In brief, 1 mL of 
the reaction mixture was mixed with a sufficient quantity of potassium iodide solution 
and allowed to react for 10 min to consume all unreacted periodate ions. Next, liberated 
iodine was titrated with a standardized sodium thiosulfate solution using starch as the 

bonding mechanisms [8], which may greatly help to both form a stable osteogenic 
microenvironment in GBR and prevent the displacement of particulate bone-filling 
materials. However, for the application as GBR membrane, Gel-MA should still be greatly 
improved in mechanical stiffness and pro-osteogenic properties.

One promising approach to modify the physicochemical and biofunctional properties 
of a hydrogel is to introduce a hybrid crosslinking mechanism, for example, thermal-
photo-crosslinking [9] and ionically–covalently crosslinking [10]. With the inspiration 
of hybrid crosslinking, we wished to further enhance the mechanical property of Gel-
MA by introducing an additional dynamic bond. For this purpose, we added a modified 
hyaluronic acid (HA). HA is an important component of the extracellular matrix 
(ECM) consisting of D-N-acetylglucosamine and D-glucuronic acid repeating units. 
It is widely used in the field of biomedical research due to its excellent biocompatible, 
biodegradable, and nonimmunogenic property [11]. Particularly in the field of bone tissue 
engineering, HA also shows promising application both as a scaffold component and a 
pro-osteogenic agent [12]. HA-based biomaterial has been attempted in clinic to promote 
bone regeneration in post-extractive defects [13]. To realize the dynamic bond, we first 
oxidized HA with sodium periodate to confer aldehyde groups to HA. Thereafter, the 
mixture of OHA and Gel-MA in different ratios was subjected to reaction condition with 
UV light and 37 oC for 2 min so as to achieve a hybrid-crosslinked (dynamic bond and 
photo-crosslinking) OHA/Gel-MA hydrogel membrane.

In this study, we optimized OHA/Gel-MA ratio with an aim to develop a novel GBR 
membrane with significantly enhanced osteogenic and mechanical properties than Gel-
MA. We characterized the rheological properties, the surface morphology, the swelling 
and degradation performances of the hydrogel membrane. The cytocompatibility of 
the membrane was evaluated by culturing L929 cells onto the OHA/Gel-MA hydrogel 
membrane. The cell adhesion onto the hydrogel was assessed by Live/Dead staining using 
osteoblast MC3T3-E1 cells. The in-vitro osteogenic differentiation was further estimated 
using ALP and OCN as biomarkers.
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2.6 Scanning Electron Microscopy (SEM)
The morphology of the OHA/Gel-MA hydrogels was observed using a scanning electron 
microscopy (SU8010, Hitachi, Japan). Lyophilized hydrogel samples (φ = 8mm) were 
sputter-coated with gold for 60 s before the observation.

2.7 Rheological Characterizations 
Rheological characterization of the OHA/Gel-MA hydrogels was performed using a 
rheometer (DHR-2, TA Instruments, USA). The storage modulus (G’) and loss modulus 
(G’’) of the hydrogels were tested in the oscillatory mode as a function of angular frequency 
(0.01 rad s-1 to 100 rad s-1) at a constant strain of 1% using a parallel plate configuration (8 
mm in diameter) at 37 °C. Using the same frequency (1 Hz), continuous step change of 
oscillatory strain between 1% and 1000% was used to assess the strain-induced damage of 
the hydrogel, which reflects the toughness of the hydrogels. To prevent water evaporation, 
a thin layer of silicon oil was used to seal the samples.

2.8 Swelling and degradation properties
The swelling ratio of each sample was determined by immersing them in PBS at 37 oC. 
The swelling ratio of the hydrogels was calculated using the following equation:

SR (%) = (Wt- Wd) / Wd ×100%          (1)

Where Wt and Wd are the weights of the swollen hydrogels at pre-determined time points 
and dry hydrogels, respectively. SR was presented as the mean ± standard deviation of 
three separate measurements. The degradation profile of hydrogels was followed in 
vitro by measuring the weight loss in PBS at 37 oC over time. After wiping away excess 
water on the surfaces, the weight of the hydrogel samples was measured immediately 
at specified time points. The degradation rate was calculated using equation (2), where 
Wt is the weight of the hydrogel after degradation and Wo (the weight of hydrogel after 
incubating for 24 h) was chosen to be the initial weight of degradation because of its 
swelling behavior:

Remaining Weight (%) = Wt/W0 ×100%         (2)

2.9 In-vitro biocompatibility
L929 cells were used to test the in-vitro cytocompatibility of the OHA/Gel-MA hydrogels, 
and were directly seeded onto the hydrogel surfaces. OHA and Gel-MA were sterilized by 
ethylene oxide and dissolved in sterilized PBS. L929 cells were cultured in 90% RPMI 1640 
+ 10% FBS + 1% penicillin–streptomycin and seeded onto preformed hydrogels at a density 
of 1000 cells per well of a 96-well polystyrene cell culture plate. Cells that were cultured 
under the similar cell culture medium conditions but without hydrogels were used as 

indicator. The titration volume of used sodium thiosulfate was monitored and indicated 
by disappearance of the color. Oxidation degree values were calculated as the average of 
three independent oxidation experiments.

2.4 Preparation of the hydrogels
Desired amounts of precursors (Gel-MA, OHA) were firstly pre-dissolved in phosphate 
buffered saline (PBS) to form 20%, and 5% (w/v) solutions, respectively. Irgacure 2959 (50 
mg/mL, in 75% ethyl alcohol solution) was used as UV initiator with addition of 0.5wt%. 
Certain volumes of these solutions (Table 1) were pipetted into plastic tubes and mixed by 
vortex to obtain uniform solutions and immediately transferred into a tailor-made plastic 
mold for UV curing for 120 s at 37 oC. To investigate the influence of formulation on the 
structure and morphology of hydrogels, different formulations were adopted to prepare 
hydrogel (OHA/Gel-MA) and single Gel-MA was chosen as control. For each sample, every 
measurement was performed in triplicate.

Table 1. Hydrogels Preparation

Samples
Gel-MA OHA I2959 I2959 

Concentration 
(%)

Gelled

(20%, μL) (5%, μL) (5%, μL)

OHA/Gel-MA
0:1

200 0 20 0.5wt% +

OHA/Gel-MA
0.0625:1

200 50 25 0.5wt% +

OHA/Gel-MA
0.25:1

200 200 40 0.5wt% +

OHA/Gel-MA
1:1

200 800 100 0.5wt% +

OHA/Gel-MA
0:1

0 200 20 0.5wt% -

2.5 The Fourier Transform Infrared Spectroscopy (FTIR)
The Fourier Transform Infrared Spectroscopy (FTIR) of various hydrogel samples and 
precursors was performed using a Tensor II ATR-FTIR spectrophotometer (Bruker, 
Germany) via ATR-FTIR mode and KBr tableting respectively.
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3. RESULTS

3.1 Preparation of the OHA/Gel-MA hydrogels
In comparison with the 1H NMR spectrum of gelatin, two peaks occurred at 5.34 and 
5.60 ppm in the spectrum of Gel-MA, which corresponded to the vinyl protons (Figure 
1A-B). The degree of methacrylation calculated from 1H NMR was 25.10%. The FTIR 
analysis (Figure 1C) showed no different absorption peaks between Gel and Gel-MA. In 
comparison with 1H NMR spectrum of HA, the two new peaks (9.12 ppm and 6.54 ppm) 
were detected in the spectrum of OHA (Figure 1E), which represented protons in the 
aldehyde groups. When compared with the FTIR spectrum of HA, there were two new 
absorption peaks at 1735 cm−1 and 1650 cm−1 detected in the spectrum of OHA (Figure 1F), 
which represented the stretching vibration of C = O of the aldehyde group. The successful 
modification to introduce aldehyde groups to HA (Figure 1D) was confirmed by 1H NMR 
[16, 17] (Figure 1E). The oxidation degree of OHA was 86.87%, which was determined by 
quantifying the concentration of unconsumed periodates by iodometry. In 0.0625:1 OHA/
Gel-MA hydrogel, the molar ratio of amino group to aldehyde group was 4:1 (the oxidation 
degree of OHA was 86.87%, according to the iodometry method, indicating 3.341 mmol 
aldehyde groups in one-gram OHA; 74.9% of amino left in Gel-MA, indicating 0.809 
mmol amino in one gram Gel-MA).

Figure 2A showed the gelatinization process. Right after mixing, OHA/Gel-MA mixtures 
at different ratios retained their flowability to be poured into round modes. After UV 
irradiation (365 nm) for 2 minutes, the mixtures gelled and formed round membranes 
(Figure 2B). Figure 2C showed the FTIR result of the hydrogels. The absorption peak at 
1639 cm-1 in the spectrum of Gel-MA hydrogel corresponded to amido bond. In the spectra 
of 0.25:1 and 1:1 OHA/Gel-MA hydrogels, this absorption peak shifted to 1645 cm-1 and 
1655 cm-1, respectively, indicating the successful hybrid crosslinking between Gel-MA 
and OHA. After gelation (Figure 1F), the characteristic absorption peak at 1735 cm-1 for 
the aldehyde group of OHA disappeared in the spectrum of OHA/Gel-MA hydrogels, 
representing that the aldehyde groups favorably bridged with amino groups (dynamic 
imine bonds). A single set of OHA couldn’t gel (Table 1), due to no coordinate bonds.

control. At indicated time points (1 day, 4 days, and 7 days), hydrogels were washed with 
PBS and incubated with Cell Counting Kit-8, CCK-8 for 3 h at 37 oC in the dark. OD values 
were measured using an ELISA plate reader (Varioskan LUX, Thermo- Fisher, USA) and 
cell viability (%) was calculated using the following equation: 

Cell viability (%) = ODtest / ODcontrol × 100%.         (3)

2.10 In-vitro mineralization study
The in-vitro osteogenic differentiation was studied using MC3T3-E1 cells. Before 
mineralization study, cell adhesion and spreading were investigated. MC3T3-E1 cells were 
cultured onto the OHA/Gel-MA hydrogels (0:1, 0.0625:1, 0.25:1, 1:1) with cell density of 
1000/well in 96-well plate. After 2 days culture, the cells on the hydrogels were visualized 
by Live/Dead staining (containing 2 mM calcein AM and 4 mM ethD-1) in PBS for 30 
min at 37 oC. After 30 minutes of incubation, cells were rinsed 3 times with pre-warmed 
PBS and observed under a DMi8 microscope (LEICA, Germany). All experiments were 
performed in triplicates. The cells were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM) containing 1000 mg/L of glucose, 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. As for mineralization, MC3T3-E1 cells were cultured onto the hydrogels 
with the density of 3 × 104 cells per well in a 48-well plate. 24 hours after spreading, the 
culture medium was changed by mineralized medium (medium supplemented with 50 
μg/mL ascorbic acid (Sigma), 10 mM sodium β-glycerophosphate (Sigma) and 10 nM 
dexamethasone) to initiate cell differentiation and matrix mineralization. After 17 days 
culture, the mineralization nodules were stained using an Alizarin red staining (ARS) 
kit (Cyagen, Guangzhou, China). Briefly, the hydrogels with cells were rinsed three 
times with PBS, fixed with 95% ethanol for 15 minutes, washed with distilled water 
three times and finally stained using Alizarin red staining solution for 1 hour at 37 oC. 
Stained samples were washed with water three times with each was lasting one minute. 
Pictures of the top surface were taken using an optical microscope (Nikon, Japan). For 
quantification, the stained mineralized nodules were eluted with 10% (w/v) cetylpyridine 
chloride (CPC), and the absorbance of the supernatants was measured at 550 nm using 
a micro reader (Synergy NEO2, BioTek, USA). As for ALP staining, the cells were fixed 
in 4% paraformaldehyde followed by a reaction with ALP staining solution (Yeasen, 
Shanghai, China) for 20 minutes. The ALP-positive cells were stained blue and visualized 
by microscopy.
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3.2 Rheological study
Figure 3 showed the evolution of G’ and G’’ for the hydrogels. All samples showed a gel-like 
behavior, i.e., G’ > G’’, and the viscoelastic parameters were independent on the oscillation 
frequency. The storage modulus of 0.0625:1 hydrogel (176.4 ± 35.3 KPa) was significantly 
higher (6.8 times) than that of Gel-MA (25.9 ± 9.8KPa). In contrast, the storage modulus 
of 0.25:1 hydrogel (7.9 ± 1.9 KPa) and 1:1 hydrogel (3.4 ± 0.8 KPa) was significantly lower 
than that of Gel-MA hydrogel.

Figure 3. Rheological characterizations of the hydrogels: frequency-sweep measurements of the 
hybrid crosslinking hydrogels with different ratios of OHA/Gel-MA.

3.3 Swelling behavior and in-vitro degradation property
4 hours after immersion into PBS, the swelling ratios of OHA/Gel-MA hydrogels at 
the three mixture ratios and Gel-MA hydrogel were all above 500% (Figure 4A). All the 
hydrogels reached an equilibrium water content after 6 hours. Figure 4B showed the 
in-vitro biodegradation of hydrogels. At the first 48 hours, 10.4% 11.3%, 22.4% and 18.0% 
were degraded for Gel-MA, 0.0625:1, 0.25:1 and 1:1 hydrogel, among which no significant 
difference was detected. 72 hours after incubation, the remaining weight ratios were 75.0 
± 13.4%, 72.7 ± 10.5% and 76.3 ± 10.0% for 0.0625:1, 0.25:1 and 1:1 OHA/Gel-MA hydrogels, 
which was significantly lower than that (90.0 ± 3.1%) of Gel-MA. 8 days later, the 0.0625:1 
hydrogel exhibited a reduction in mass loss after 8 days with remaining weight of 78.7 ± 
10.1% and degraded at a slower rate than that of 0.25:1 and 1:1 hydrogel.

Figure 1.  A) Schematic diagram of modification of Gelatin; B) 1H NMR spectra of Gel and Gel-MA; C) 
FTIR spectra of Gel and Gel-MA; D) Schematic diagram of modification of HA; E) 1H NMR spectra of 
HA and OHA; F) FTIR spectra of HA and OHA.

Figure 2. A) Schematic diagram of the hydrogel formation; B) Representative photograph of the 
hydrogels; C) FTIR spectra of the various component hydrogels.
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3.5 In-vitro cell viability
The viability of L929 cells was above 75% for 0:1, 0.0625:1 and 0.25:1 hydrogel groups on 
day 1, day 4 and day 7 (Figure 6A), which can be defined as noncytotoxic according to ISO 
10993-5, showing sufficient cell viability to support the proliferation of cells. However, the 
viability of 1:1 hydrogel group differed significantly over time, the viability was 92.2 ± 5.4% 
on day 1, and decreased further to 57.2 ± 3.9% on day 4 and 17.3 ± 1.3% on day 7, showing 
cytotoxicity, which may due to superfluous aldehyde released from the hydrogel [18]. The 
Live/Dead assay showed that the MC3T3-E1 cells attached well onto or into the hydrogels, 
presenting a spreading morphology (Figure 6B). The cell density of the 1:1 hydrogel was 
lower than that of 0:1, 0.0625:1 and 0.25:1 hydrogel. The result verified the existing of 
excessive aldehyde groups in 1:1 hydrogel (the ratio of -NH2/-CHO was 1:4). This result is 
consistent with that of degradation profile, both indicated the inadequate crosslinking of 
Gel-MA with OHA in 1:1 hydrogel.

Figure 6. A) Cell viability of L929 on the hydrogels detected by CCK-8; B) The adhesion and spreading 
of MC3T3-E1 cells on the hydrogels on Day 3. (Scale bar = 250 μm)

Figure 4. The swelling and degradation profiles of the hydrogels.

3.4 Morphology study
The microstructures of the hydrogels were observed using SEM and the images were 
shown in Figure 5A. The prepared hydrogels had a porous structure with inter-connective 
pores. The pore size of 0.0625:1 OHA/Gel-MA hydrogel (37.7 ± 7.23 μm) was significantly 
lower than that of Gel-MA hydrogel (95.6 ± 22.6 μm) (Figure 5B). The pore sizes of 0.25:1 
and 1:1 hydrogels were 40.6 ± 8.9 μm and 71.6 ± 8.5 μm, respectively.

Figure 5. A) Representative SEM images (Bar:100 μm); B) The average pore size of the OHA/Gel-MA 
hydrogels.
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Figure 8. A) Alizarin red staining of MC3T3-E1 cells on the hydrogels after 17 days differentiation 
culture; B) Quantitative analysis of the alizarin staining. (Scale bar = 250 μm)

4. DISCUSSION

In-situ formed Gel-MA hydrogel GBR membrane is advantageous in clinical handling and 
stabilizing bone graft materials over the current clinically-available GBR membranes. 
However, its pro-osteogenic and mechanical properties are still suboptimal. In this study, 
we significantly enhanced the storage modulus of Gel-MA by 6.8 times by introducing 
OHA in a ratio 0.0625:1 and thus an additional dynamic chemical bond to Gel-MA. 
To the best of our knowledge, this is, for the first time, to in-situ hybrid-crosslink Gel-
MA with OHA via UV initiated free-radical polymerization and Schiff ’s base reaction. 
Furthermore, such hybrid-crosslinked OHA/Gel-MA could also significantly promote 

3.6 In-vitro mineralization
Figure 7 showed the ALP staining and its quantitative analysis. The blue ALP staining in 
0.0625:1 and 0.25:1 hydrogel groups was darker than that in the groups of Gel-MA and 1:1 
hydrogel. The mean optical densities of 0.0625:1 hydrogel group (0.48 ± 0.04) and 0.25:1 
hydrogel group (0.46 ± 0.07) were significantly higher than that of Gel-MA hydrogel group 
(0.31 ± 0.01). The mean optical density value was 0.34 ± 0.04 for 1:1 hydrogel group. The 
alizarin red staining result was shown in Figure 8. Compared with Gel-MA and 1:1 hydrogel 
groups, the MC3T3-E1 cells on 0.0625:1 and 0.25:1 hydrogel groups produced a denser and 
a more homogeneous spread staining. The OD values of the eluted extracellular matrix 
mineralization nodules of 0.0625:1 hydrogel group (2.81 ± 0.10) and 0.25:1 hydrogel group 
(2.67 ± 0.27) were significantly higher than that of 1:1 hydrogel group (1.37 ± 0.11) and Gel-
MA hydrogel group (1.57 ± 0.10).

Figure 7. A) ALP staining of MC3T3-E1 cells on the hydrogels after 17 days differentiation culture; B) 
Quantitative analysis of the ALP staining.(Scale bar = 250 μm)
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such a medical device to receive regulatory approval. To provide a more viable approach, 
we put forward a hybrid-crosslinking by adding OHA to form dynamic chemical bonds 
with Gel-MA in additional to its intrinsic photo-crosslinking. For this purpose, we first 
controlled the methacrylation degree of Gel-MA (calculated according to the result of 
1H NMR (Figure 1B)) as low as 25.10% (with about 0.809 mmol amino retained in one 
gram Gel-MA), which was designed to enable the Schiff ’s base reaction between the 
unsubstituted amino groups of Gel-MA with the aldehyde groups of OHA. We chose 
OHA since HA is also widely used in many approved medical devices [29]. We adopted 
the iodometry method, which showed that one-gram OHA contained about 3.341 mmol 
aldehyde groups and the oxidation degree of OHA was 86.87%. After the mixture, FTIR 
analysis showed that a significant peak shift from 1639 cm-1 for Gel-MA to 1645 cm-1 and 
1655 cm-1 for 0.25:1 and 1:1 OHA/Gel-MA, respectively. Furthermore, the characteristic 
peak for aldehyde group from OHA disappeared (Figure 2). These results indicated 
the aldehyde groups favorably bridged with amino groups and the successful hybrid 
crosslinking between Gel-MA and OHA.

We further characterized the swelling/degradation behavior and morphology of OHA/
Gel-MA hydrogel membrane. The equilibrium water content of this study was between 
90-95% for all the OHA/Gel-MA hydrogels (Figure 4A), which might be attributed to the 
hydrophilic carboxyl and hydroxyl groups in the structures of Gel-MA and OHA. Mass loss 
of the 0.0625:1 OHA/Gel-MA hydrogel was 60% after 8 days degradation, which was still 
comparable with Gel-MA. In contrast, the 0.25:1 and 1:1 OHA/Gel-MA hydrogels degraded 
much faster, which might compromise their application potential. An interconnected 
porous microstructure was observed for all OHA/Gel-MA hydrogels with pore size between 
40.6 ± 8.9 μm to 95.6 ± 22.6 μm (Figure 5). The great water content and interconnected 
porous structure may enable maintaining a significant extent of fluid and nutrients in 
interconnected porous structures, which provides a favorable microenvironment [30] for 
not only the penetration of blood vessels through the membrane but also the adhesion, 
migration, proliferation and differentiation of osteogenic cells [31].

When the mixing ratio of OHA to Gel-MA was 0.0625:1 with the molar ratio of -NH2/-
CHO at about 4:1, the storage modulus of OHA/Gel-MA reached 176.4 ± 35.3 KPa, which 
was significantly higher (about 6.8 times) than that of Gel-MA (25.9 ± 9.8 KPa). However, 
as OHA content was increased to 0.25:1 or 1:1 (with the molar ratio of -NH2/-CHO at 1:1 
or 1:4), the storage moduli (7.9 ± 1.9 KPa for 0.25:1 and 3.4 ± 0.8 KPa for 1:1) of OHA/Gel-
MA hydrogels were significantly lower than that of Gel-MA. These phenomena might 
be explained by two independent mechanisms. On one hand, it has been shown that 
dynamic Schiff base linkage-based hydrogel with the molar ratio of -NH2/-CHO at 4:1 or 
8:1 bore much higher storage modulus than that at 2:1 or 1:1 [32], which contributed to 
the significant promoting effect of OHA when being mixed at the ratio of 0.0625:1. On 

the in-vitro osteogenic differentiation of MC3T3-E1 cells. These findings suggested a 
promising application potential of the novel OHA/Gel-MA hydrogel membrane in GBR 
technique.

The essence of GBR technique is to provide a mechanically-stable and biologically-
favorable microenvironment to facilitate bone tissue regeneration in intended area 
[19]. GBR membrane is critical for the success of this technique because 1) it covers and 
stabilizes bone-defect-filling materials to ensure mechanical stability and 2) it serves as a 
barrier to both prevent invasion of surrounding profibrotic connective tissues and allows 
the infiltration of nutrients and blood supplies so as to support bone tissue regeneration. 
Naturally-derived resorbable collagen is one of the most widely adopted GBR membranes 
in clinic [20] and it provides ECM-like surface to guide the adhesion and migration of 
osteogenic cells as well as good barrier function [21]. However, collagen membrane does 
not bear sufficient stickiness to bone tissues or CaP-based bone-defect-filling materials so 
that it still needs additional sutures, double membranes or even non-resorbable metallic 
minipins to achieve sufficient fixation. Furthermore, the preformed collagen membrane 
always needs an on-the-spot trimming to fit the shapes of bone defects [22]. All these 
properties greatly increase the time and complexity of GBR technique. Consequently, 
continuous efforts have been attempted to develop alternative GBR membrane materials. 
Among attempted materials, photo-crosslinkable Gel-MA-based hydrogels, show a series 
of promising properties [23, 24], such as 1) non-immmunogenicity, 2) good degradability 
and biocompatibility, 3) the good fluidity of Gel-MA enables an easy spreading and thus 
complete coverage of bone-defect-filling materials and surrounding healthy bone tissues 
so as to form an excellent seal, functioning to both allow the penetration of nutrients/
blood vessels and stabilize the filling materials without the needs of additional fixation 
or trimming. In this study, to further enhance the application potential of Gel-MA, we 
aimed to further enhance both the mechanical strength and pro-osteogenic property of 
Gel-MA.

One possible method to enhance the mechanical property of Gel-MA is to increase the 
degree of methacrylation of Gel-MA, which may increase the crosslinking density. 
However, it seems that the storage modulus of Gel-MA is not significantly influenced 
when the degree of methacrylation is increased from 23.1% to 76.0% [25]. In our previous 
study, we also show that the incorporation of a bioactive small-molecule compound — 
notoginsenside R1 may dramatically enhance the storage modulus of Gel-MA by about 
1.8 times [26]. In other studies, doxorubicin [27] and tannic acid [28] are also shown 
to significantly increase the storage modulus of hydrogels. Such enhancements may 
be attributed to the formation of intermolecular hydrogen bonding or host-guest 
interactions between drugs and hydrogels, leading to a more compact structure [28]. 
However, the introduction of additional drugs will inevitably increase the complexity for 
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low level of pro-inflammatory cytokine, such as tumor necrosis factor-α (TNF-α), which 
promotes the osteogenic differentiation of mesenchymal stem cells. TNF-α signaling has 
shown to play an important role in biomaterials-triggered osteogenic differentiation [36].

Bone regeneration is an inflammation-involved complex process, where different levels of 
proinflammatory cytokine expression is included. In our study, HA was designed to have 
a function to induce the production of TNF-α [37], which further promote bone formation 
through accelerating cells migration [38] and osteogenic differentiation [39] in a short 
time when the concentration of TNF-α was lower than 10 ng/mL [40]. Furthermore, the 
initial inflammatory response is not only responsible for recruiting leucocytes, but also 
for stimulation of mesenchymal stem cell migration, differentiation, and new bone 
formation, what is specific for the repair and remodeling phases. Thus, in our future 
work, the TNF-α mediated mechanism of OHA/Gel-MA will be studied, such as ERK or 
p38 MAPK signaling pathway [41].

5. CONCLUSION

In summary, a novel in-situ hybrid-crosslinked OHA/Gel-MA hydrogel membrane was 
developed via Schiff ’s base reaction and UV initiated polymerization with enhanced 
mechanical property and improved osteogenic property for guided bone regeneration. 
The mechanical modulus was improved by 6.8 times. In-vitro cytocompatibility study 
demonstrated that the OHA/Gel-MA hydrogels are non-cytotoxic. The result of the in-
vitro extracellular matrix mineralization of MC3T3-E1 demonstrated that the OHA/Gel-
MA hydrogel can accelerate the formation of mineralized nodules with improved ALP 
staining and alizarin red staining. In conclusion, the newly formed hybrid-crosslinked 
OHA/Gel-MA hydrogel may provide a good choice as a barrier membrane for guiding 
bone regeneration.
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the other hand, the overdosage of OHA might, whereas, caused a steric hindrance to the 
photocrosslinking efficiency of Gel-MA, thereby resulting in a compromised mechanical 
property for the hydrogels with mixing ratio at 0.25:1 and 1:1. These data highlighted the 
importance of an appropriate ratio for producing hybrid-crosslinked hydrogels with 
enhanced mechanical property. Furthermore, the higher mixing ratios were associated 
with significantly enhanced degradation rate, which made those hydrogels less suitable 
for the intended application.

Thereafter, we evaluated the cytotoxicity of the hybrid-crosslinked hydrogels (Figure 6A). 
The 0.0625:1, 0.25:1 hydrogels showed sufficient cell viability to support the proliferation 
of cells, all above 75%, which can be defined as noncytotoxic according to ISO 10993-5. 
However, the cell viability of 1:1 hydrogel decreased after 4 days (60%) and 7 days culture 
(20%), which may due to the cell-toxicity effect of superfluous aldehyde [18]. And, on the 
other hand, the result verified the existing of excessive aldehyde in 1:1 hydrogel. This 
result is consistent with that of degradation, both indicated the inadequate crosslinking 
of Gel-MA with OHA in 1:1 hydrogel. Furthermore, we investigated the adhesion and 
spreading of MC3T3-E1 cells on the OHA/Gel-MA hydrogels (Figure 6B). The result showed 
that the OHA/Gel-MA hydrogels did not cause cytotoxicity to MC3T3-E1 cells except the 1:1 
hydrogel group, which was consistent with the result of CCK-8.

We further evaluated the influence of OHA/Gel-MA hydrogels in the osteogenic 
activities of MC3T3-E1 cells by assessing the ALP staining and using extracellular matrix 
mineralization (Figure 7). Our results showed that 0.0625:1 and 0.25:1 OHA/Gel-MA 
hydrogels were associated with significantly enhanced ALP staining and extracellular 
matrix mineralization than 1:1 OHA/Gel-MA and pure Gel-MA hydrogels. However, the 
underlying mechanisms remained largely unknow. It has been reported that mechanical 
stiffness may greatly modulate osteogenic activities through regulating integrin-
binding (integrin-mediated signal transduction pathway) as well as the reorganization 
of adhesion ligands  [33]. For example, α5 integrins bond formation was higher in soft 
matrix than that in stiff matrix, which in return promote the osteogenesis [34]. However, 
this possibility was excluded by our finding that the storage moduli of the 0.0625:1 and 
0.25:1 OHA/Gel-MA hydrogels differed greatly although they were both associated with 
significantly enhanced osteogenic activities. Similarly, neither cytotoxicity seemed to 
be responsible since 0.0625:1 and 0.25:1 OHA/Gel-MA hydrogels bore similar levels of 
cytotoxicity. All the results indicated that the 0.0625:1 and 0.25:1 OHA/Gel-MA hydrogels 
can be a potential candidate for guided bone regeneration. One potential plausible 
mechanism is that OHA may bind and promote the availability and activity of paracrine 
bone morphogenetic protein, which promotes the osteogenic differentiation [35]. 
Another potential mechanism is that certain ratio of OHA may trigger the expression of a 
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and hydrogels, leading to a more compact structure [12]. In chapter 2, the notoginsenoside R1 
(NGR1) incorporated Gel-MA hydrogel was associated with significantly enhanced mechanical 
properties compared with Gel-MA alone. Such a phenomenon might be attributed to the non-
covalent interactions between NGR1 and Gel-MA network [13, 14], leading to a more compact 
structure, as shown by the SEM results. Such a change in mechanical properties is highly 
meaningful for a pulp capping material to provide sufficient resistant force to protect the 
underlying dental pulp and support further restoration. Another potential method to enhance 
the mechanical property of Gel-MA is to introduce hybrid-crosslinking. In chapter 6, we put 
forward a hybrid-crosslinking by adding oxidized hyaluronic acid (OHA) to form dynamic 
chemical bonds with Gel-MA in additional to its intrinsic photo-crosslinking to provide a more 
viable approach for guided bone regeneration (GBR). For this purpose, we first controlled the 
methacrylation degree of Gel-MA (calculated according to the result of 1H NMR) as low as 25.10% 
(with about 0.809 mmol amino retained in one gram Gel-MA), which was designed to enable 
the Schiff ’s base reaction between the unsubstituted amino groups of Gel-MA with the aldehyde 
groups of OHA. When the mixing ratio of OHA to Gel-MA was 0.0625:1 with the molar ratio of 
-NH2/-CHO at about 4:1, the storage modulus of OHA/Gel-MA reached 176.4 ± 35.3 KPa, which 
was significantly higher (about 6.8 times) than that of Gel-MA. However, as OHA content was 
increased to 0.25:1 or 1:1 (with the molar ratio of -NH2/-CHO at 1:1 or 1:4), the storage moduli 
of OHA/Gel-MA hydrogels were significantly lower than that of Gel-MA. These phenomena 
might be explained by two independent mechanisms. On one hand, it has been shown that 
dynamic Schiff base linkage-based hydrogel with the molar ratio of -NH2/-CHO at 4:1 or 8:1 bore 
much higher storage modulus than that at 2:1 or 1:1 [15], which contributed to the significant 
promoting effect of OHA when mixed at the ratio of 0.0625:1. On the other hand, the overdosage 
of OHA might, whereas, caused a steric hindrance to the photocrosslinking efficiency of Gel-MA, 
thereby resulting in a compromised mechanical property for the hydrogels with mixing ratio 
at 0.25:1 and 1:1. These data highlighted the importance of an appropriate ratio for producing 
hybrid-crosslinked hydrogels with enhanced mechanical property. Furthermore, the higher 
mixing ratios were associated with significantly enhanced degradation rate, which made those 
hydrogels less suitable for the intended application. For a better application as a pulp-capping 
material or bone-defect-filling material, hydrogels may be further optimized with respect to its 
mechanical strength [16], possibly by adding calcium-containing micro/nanoparticles.

Apart from mechanical strength, hydrogel materials for oral hard tissue regeneration 
should also bear the capacity of promoting cell differentiation into intended lineages, 
such as odontoblast and osteoblast. One viable way to confer pro-osteogenic/dentinogenic 
properties of hydrogels is to adopt bioactive agents, such as proteinous growth factors, 
peptides and small molecules. One of the most used proteinous growth factors for oral 
hard tissue regeneration is bone morphogenetic protein 2 (BMP2), a well-established 
osteoinductive growth factor under the TGF-β superfamily [17]. However, the use of BMP2 
in oral hard tissue regeneration is associated with a series of concerns, such as rather costly 

GENERAL DISCUSSION

Hydrogel is a three-dimensional network, providing channels for the transportation 
of oxygen, nutrients and other water-soluble metabolites. Hydrogels, particularly the 
naturally-derived ones, bear excellent biocompatibility, tunable biodegradability, and 
abundant recognition sites to facilitate cell adhesion, migration and proliferation. 
Importantly, hydrogels may act as a controlled drug delivery system for various bioactive 
agents, thereby conferring hydrogels with various potent functions [1]. Based on 
the different mechanism of crosslinking, hydrogels can be classified into physically 
crosslinked and chemically crosslinked ones [2]. Chemical crosslinking hydrogels are 
formed by covalent bonds, such as photopolymerization, Schiff base reactions [3], Diels−
Alder reactions [4], disulfide bonds [5], acylhydrazone bonds [6], and phenylboronate 
esters [7]. Photopolymerization and Schiff base reaction are two most commonly used 
strategies to construct a covalent crosslinking hydrogel, which can be carried out under 
mild conditions and formed homogeneous and stable gel state in situ. The high fluidity of 
hydrogel precursors can easily enable its adaptive fit into the oral hard tissue defects with 
irregular shapes, such as dentinal defects in deep caries, jumping distance in alveolar 
bone, and osteochondral defects in temporomandibular joint (TMJ), and thus showing 
promising application potentials in oral hard tissue regeneration. Albeit so, hydrogels still 
lack intrinsic capacities of inducing reparative dentinogenesis or osteogenesis. Besides, 
the mechanical property of the hydrogels is still suboptimal to shield the interference of 
external mechanical forces, such as occlusal force on osteogenesis or dentinogenesis. In 
this thesis, we developed functionalized hydrogels with enhanced physicochemical and 
dentinogenic/pro-osteogenic properties for the regeneration of reparative dentin, bone and 
osteochondral tissues.

Photo-crosslinkable Gel-MA-based hydrogels, show a series of promising properties [8, 9], such 
as 1) non-immmunogenicity, 2) good degradability and biocompatibility, 3) the good fluidity of 
Gel-MA enables an easy spreading and thus complete coverage of bone-defect-filling materials 
and surrounding healthy bone tissues so as to form an excellent seal, functioning to both allow 
the penetration of nutrients/blood vessels and stabilize the filling materials without the needs 
of additional fixation or trimming. In this thesis, to enhance the application potential of Gel-
MA, we aimed to further enhance the mechanical strength of Gel-MA. One possible method to 
enhance the mechanical property of Gel-MA is to increase the degree of methacrylation of Gel-
MA, which may increase the crosslinking density. However, it seems that the storage modulus 
of Gel-MA is not significantly influenced when the degree of methacrylation is increased from 
23.1% to 76.0% [10]. One promising way to improve the mechanical property of the hydrogel is 
incorporating small molecules. For example, doxorubicin [11] and tannic acid [12] are shown to 
significantly increase the storage modulus of hydrogels. Such enhancements may be attributed 
to the formation of intermolecular hydrogen bonding or host-guest interactions between drugs 
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OSA-SAB hydrogel at the SS/OSA ratios of 2:1, 1:2 and 1:5 significantly promoted the 
extracellular matrix mineralization of BMSCs by 7.5, 13.6, and 8.4 folds, respectively in 
comparison with the SAB-treated cell on culture plate. Besides, the period of mineralization 
induction was shortened, suggesting that the SS/OSA-SAB hydrogel might also accelerate 
bone formation. In addition, the 1:2 SS/OSA-SAB hydrogel exhibited significant increases 
of ALP activity and OCN expression, compared with 1:5 and 2:1 SS/OSA-SAB hydrogel. One 
possible explanation might be that the structural stability of 1:2 SS/OSA-SAB hydrogel was 
much better than those of 1:5 and 2:1 SS/OSA-SAB since SEM analyses showed that the 
inner porous structure of the 1:2 SS/OSA-SAB hydrogel still stayed intact, while the inner 
porous structures of 1:5 and 2:1 SS/OSA-SAB hydrogel groups already collapsed after a 21-
day culture. These data suggested that the 1:2 SS/OSA-SAB hydrogel could be a promising 
candidate for filling jumping gaps and enhancing bone regeneration.

Hst1 belongs to a cationic and histidine-rich peptide family that is originally found in the 
saliva of higher primates [27]. Hst1 shows cell types-independent cell-activating effects, 
such as stimulates the adhesion and migration of epithelial cells [28-31], fibroblasts [32] and 
osteoblasts [33, 34], promotes cell metabolic activity [31], maintains cell viability in various 
conditions [33, 34] and shows a very strong angiogenetic property [35]. These properties 
are of paramount importance particularly for the application in repairing osteochondral 
defects, which needs both recruitment of regenerative cells and the promotion of 
osteoblastic and chondrogenic activities [36, 37]. In chapter 3, to provide a viable treatment 
option for the repair of osteochondral defects in TMJ, we adopted Hst1 to functionalize 
Gel-MA hydrogel. Our results showed that the functionalized hydrogel (Hst1/Gel-MA) 
could significantly improve the osteochondrogenesis. Compared with the complicatedly 
designed material scaffolds that contain three parts with different physicochemical and 
biological properties in order to facilitate the regeneration of bone, cartilage, and the 
osteochondral interface, separately [38], the Hst1/Gel-MA showed more promising potential 
for clinical application. Interestingly, we found that 50 μg Hst1/Gel-MA was associated 
with insufficient new bone and cartilage formation, while 1000 μg Hst1/Gel-MA resulted 
in overstimulation of bone regeneration with compromised cartilage formation. It seemed 
that over-dosed Hst1 would be more beneficial for bone regeneration, but detrimental 
for cartilage formation. This might be due to an overstimulation of angiogenesis by 
Hst1. Consequently, elaborate modulation of Hst1 dosage is critical for balanced bone 
and cartilage formation. In this chapter, we showed that 500 μg Hst1/Gel-MA hydrogels 
significantly promoted the deposition of ECM compositions (collagen II and aggrecan) 
and the formation of zonally-structured cartilage in the defects in comparison with Gel-
MA hydrogels and the control (the defects receiving no filling material) (p<0.05). The score 
of International Cartilage Repair Society (ICRS) and Modified O‘Driscoll Score (MODS) 
in Hst1/Gel-MA group were also significantly higher than Gel-MA group. In addition, 
numerous chondroblasts in the newly formed cartilage layer, osteoblasts and osteoclasts in 

for its wide spreading [18], the induction of postoperative inflammation [19], and hardly 
improvement of physicochemical properties [20]. In contrast, most peptides and small-
molecules are much cheaper and also exhibit various biofunctions, representing promising 
alternatives to functionalize hydrogels for oral hard tissue regeneration. In the thesis, NGR1 
and SAB (small molecules), histatin 1 (peptide), and hyaluronic acid (macromolecule) were 
adopted to functionalize hydrogels.

An ideal pulp-capping material should be bioactive so as to pacify the inflammation of 
dental pulp and stimulate the formation of reparative dentin. The Gel-MA hydrogel can 
be potentially used as a pulp-capping material due to a series of beneficial properties, 
such as easy spreading and realistic handling, short and controllable setting time [21], 
tooth substrate adhesion [22], and non-carcinogenicity. However, Gel-MA still lacks the 
intrinsic capacity to pacify inflammation and induce dentinogenesis. This problem may be 
tackled by functionalizing Gel-MA with Notoginsenoside R1 (NGR1), a bioactive monomer 
isolated from Panax notoginseng [23]. NGR1 is a well-established pharmaceutical drug with 
potent anti-inflammatory and anti-apoptotic properties. Furthermore, our recent study 
for the first time shows that NGR1 dramatically promotes osteogenic differentiation of 
pre-osteoblasts [24]. In chapter 2, we, for the first time, showed that NGR1 could induce 
extracellular matrix mineralization of odontoblast-like cells — an important biological 
marker for dentinogenesis [25, 26]. We first found that dentinogenesis was not significantly 
influenced by the different physicochemical properties of Gel-MA with different solid 
contents (100, 150 and 200 mg/mL). In contrast, interestingly, the presence of NGR1 was 
associated with significantly enhanced in-vitro dentinogenesis on Gel-MA with a solid 
content of 100 mg/mL, while on Gel-MA with solid contents of 150 or 200 mg/mL, the 
addition of NGR1 resulted in compromised dentinogenesis. To investigate whether the Gel-
MA/NGR1 hydrogel could induce reparative dentin formation in vivo, we adopted a modified 
direct pulp capping model. Our results showed that the Gel-MA/NGR1 was associated with 
a significantly larger amount of newly formed mineralized tissue than the Dycal control and 
Gel-MA groups. These data suggested a promising application potential of Gel-MA/NGR1 in 
pulp-capping therapy.

With the same strategy, in chapter 5, we adopted salvianolic acid B (SAB), a traditional 
Chinese herbal medicine-derived water-soluble small molecule, to functionalize sericin/
oxidized alginate (SS/OSA) hydrogel with a pro-osteogenic property. For screening the 
optimal dosage for the functionalization of SS/OSA hydrogel with SAB, we first adopted in-
vitro cell culture on well plates to screen the optimal concentration for inducing osteogenic 
differentiation. With thereby-obtained optimal dosage of the SAB, we further evaluated 
the effects of hydrogel compositions on the osteogenic differentiation of bone marrow 
mesenchymal stem cells (BMSCs) that were seeded on the hydrogels. Hydrogels with the 
ratios of SS:OSA at 5:1, 2:1, 1:1, 1:2 and 1:5 were adopted. Our results showed that the SS/
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the subchondral bone could be observed in our study, indicating a high level of metabolism 
and remodeling. Consequently, 500 μg Hst1/Gel-MA hydrogel was proved to be the most 
efficacious in repairing osteochondral defects in TMJ.

Apart from the abovementioned bioactive agents, some ECM components may also be used 
to improve pro-osteogenic properties. In chapter 6, we introduced oxidized hyaluronic acid 
(OHA) to Gel-MA and prepared a hybrid-crosslinking OHA/Gel-MA hydrogel with the aim 
to develop a novel GBR membrane with significantly enhanced osteogenic and mechanical 
properties than Gel-MA. We evaluated the effect of the hydrogels on the osteogenic 
activities of MC3T3-E1 cells by assessing the ALP staining and extracellular matrix 
mineralization. Our results showed that the OHA/Gel-MA hydrogels at the ratios of 0.0625:1 
and 0.25:1 were associated with significantly enhanced ALP staining and extracellular 
matrix mineralization than the 1:1 OHA/Gel-MA and pure Gel-MA hydrogels. One plausible 
mechanism is that OHA may bind and promote the availability and activity of paracrine 
bone morphogenetic protein, which promotes the osteogenic differentiation [39]. Another 
potential mechanism is that certain ratio of OHA may trigger the expression of a low level of 
pro-inflammatory cytokine, such as tumor necrosis factor-α (TNF-α), which promotes the 
osteogenic differentiation of mesenchymal stem cells. TNF-α signaling has shown to play 
an important role in biomaterials-triggered osteogenic differentiation [40]. In conclusion, 
the newly formed hybrid-crosslinked OHA/Gel-MA hydrogel might provide a promising 
GBR membrane material to promote bone regeneration.

FUTURE PERSPECTIVE

Based on the present thesis, the developed functionalized hydrogels exhibited promising 
capacities of inducing pro-osteogenic/dentinogenic differentiation, showing a promising 
potential application in oral hard tissue regeneration. Several questions should be further 
considered in the future: 

1. For the application of the functionalized hydrogels as oral hard tissue regeneration, they 
still need to be optimized in their mechanical strength, possibly by incorporating inorganic 
bioactive agents without hindering the injectable property.

2. For SS/OSA-SAB and OHA/Gel-MA, in-vivo studies should be performed to further 
corroborate their efficacies.

3. The molecular mechanisms accounting for the dentinogenic/pro-osteogenic effects of 
the functionalized hydrogels still need to be further revealed.
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insufficient gelation. To approach this situation, we resorted to another type of hydrogel — 
injectable self-healing hydrogels with dynamic crosslinking, which could be gelled without 
the needs of additional chemical/physical initiations. In chapter 4, we adopted gelatin and 
oxidized alginate (OSA) to construct an injectable self-healing hydrogel. The rheological 
results confirmed the successful dynamic crosslinking and self-healing property of the 
hydrogel. The physicochemical and in-vitro and in-vivo biological characterization showed 
that the self-healing hydrogels could support cell survival, proliferation, and migration, 
and had a good injectability, in-situ gelation, and biocompatibility, suggesting a promising 
candidate for tissue engineering scaffold and drug delivery vehicle.

In comparison with conventional osteconductive CaP-based bone filling materials, an injectable, 
self-healing and pro-osteogenic hydrogel will be more suitable to fill large jumping gap and 
preserve buccal bone. In chapter 5, we developed an injectable self-healing sericin/oxidized 
alginate hydrogel (SS/OSA), and functionalized the hydrogel with a pro-osteogenic agent ―
salvianolic acid B (SAB). The in-vitro physicochemical characterization showed that the pore size 
and the mechanical properties of prepared hydrogels could be regulated by adjusting the mixing 
ratios of SS/OSA. The storage moduli of SS/OSA at the ratios of 1:2 and 1:5 were significantly 
higher than the other ratios (5:1, 2:1 and 1:1) and the 1:2 SS/OSA hydrogel showed the highest 
extracellular matrix mineralization nodules of BMSCs. The addition of 0.1 μM SAB to the 1:2 SS/
OSA hydrogel showed the highest enhancement in extracellular matrix mineralization nodules. 
Our results suggested that the SS/OSA-SAB hydrogel might be a promising scaffold candidate 
for promoting bone regeneration in jumping gaps.

Barrier membrane is an indispensable element in GBR technique to prevent the invasion of 
surrounding connective tissues that bears proliferation advantage over osteoblasts so as to 
facilitate bone tissue regeneration. Gel-MA bears certain stickiness to mineralized tissue and UV 
crosslinking is also very suitable for this application. However, the mechanical property of Gel-
MA should still be improved to be used as a GBR membrane. In chapter 6, we adopted a hybrid-
crosslinking method (Schiff ’s base reaction and UV initiated polymerization) to develop an in-
situ formed barrier membrane with enhanced mechanical property and osteogenesis. Our results 
showed that the storage modulus of Gel-MA by 6.8 times by introducing OHA in a ratio 0.0625:1 
and thus an additional dynamic chemical bond to Gel-MA. Furthermore, such hybrid-crosslinked 
OHA/Gel-MA could also significantly promote the in-vitro osteogenic differentiation of MC3T3-E1 
cells in comparison with Gel-MA. These findings suggested that the hybrid-crosslinked hydrogel 
might provide a good choice as a barrier membrane for guiding bone regeneration.

In this thesis, we adopted different bioactive agents or ECM components to functionalize 
hydrogels with enhanced mechanical and pro-osteogenic/dentinogenic properties. These 
data suggested a promising potential of the functionalized hydrogels in the regeneration of 
oral hard tissues.

GENERAL SUMMARY

Oral hard tissue refers to the hard and mineralized tissues, such as enamel, dentin, and 
bone, which form an integral complex, playing a vital role in aesthetics and oral functions. 
The osteochondral complex of temporomandibular joint (TMJ) also functions to dissipate 
or transfer the masticatory force. In this thesis, we mainly focused on the regeneration of 
dentin, bone and osteochondral complex by using functionalized hydrogels.

Pulp-capping materials are commonly adopted in the clinic to stimulate the formation 
of reparative dentin and thus protect dental pulp tissues from pathological stimuli. 
Some traditional pulp capping materials used in the clinic include calcium hydroxide 
and mineral trioxide aggregates. However, there are limitations to thin restorative 
dentin, and a long period of time is needed to cause degenerative changes in dental pulp.  
In chapter 2, we developed injectable colloidal gels through a simple UV method from 
methacrylic acid functionalized gelatin (Gel-MA) loaded with notoginsenoside R1 (Gel-MA/
NGR1). We investigated the physicochemical properties of Gel-MA/NGR1 and its efficacy to 
induce in-vitro dentinogenesis and in-vivo reparative dentin formation. Our results showed 
that the hydrogel retained porous inner structure and hydrophilicity with a sustained drug 
release. Gel-MA/NGR1 hydrogel could significantly promote in-vitro dentinogenic markers, 
extracellular matrix mineralization, and in-vivo reparative dentin formation in comparison 
with Gel-MA. These findings suggested a promising application potential of Gel-MA/NGR1 
in pulp-capping techniques.

The avascular structure and lack of regenerative cells make the repair of osteochondral defects 
in the TMJ highly challenging in clinic. To provide a viable treatment option, in chapter 3, we 
developed a histatin-1 (Hst1)-functionalized Gel-MA hydrogel to combine the chondroconductive 
property of Gel-MA and the cell-activating capacity of Hst1. We surgically created critical-size 
osteochondral defects (3 mm in diameter and 3 mm in depth) of TMJ in New Zealand White 
rabbits to evaluate the healing efficacy of Hst1/Gel-MA. Our data showed that Hst1/Gel-MA 
hydrogel group possessed a significant higher International Cartilage Repair Society (ICRS) 
score and Modified O‘Driscoll Score (MODS) in comparison with the Gel-MA group and control 
group. Furthermore, histomorphometric analysis showed significantly higher expression of 
collagen II, aggrecan, collagen fiber, GAG, and more newly formed subchondral bone and 
cartilage in Hst1/Gel-MA hydrogel group than the Gel-MA group and control group. Our data 
suggested a promising application potential of Hst1/Gel-MA hydrogels in promoting the repair 
of critical-size osteochondral defects in TMJ.

The usage of Gel-MA may not be very suitable for the partially exposed defects, such as, jumping 
gap in immediate implantation since the long and narrow geometry of, and the bleeding in 
jumping gap may largely hinder the photocrosslinking-based gelation process and lead to 
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