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A B S T R A C T   

Bone tissue engineering has emerged as a significant research area that provides promising novel tools for the 
preparation of biomimetic hydrogels applied in bone-related diseases (e.g., bone defects, cartilage damage, 
osteoarthritis, etc.). Herein, thermal sensitive polymers (e.g., PNIPAAm, Soluplus, etc.) were introduced into 
main chains to fabricate biomimetic hydrogels with injectability and compatibility for those bone defect need 
minimally invasive surgery. Mineral ions (e.g., calcium, copper, zinc, and magnesium), as an indispensable role 
in maintaining the balance of the organism, were linked with polymer chains to form functional hydrogels for 
accelerating bone regeneration. In the chemically triggered hydrogel section, advanced hydrogels crosslinked by 
different molecular agents (e.g., genipin, dopamine, caffeic acid, and tannic acid) possess many advantages, 
including extensive selectivity, rapid gel-forming capacity and tunable mechanical property. Additionally, photo 
crosslinking hydrogel with rapid response and mild condition can be triggered by different photoinitiators (e.g., 
I2959, LAP, eosin Y, riboflavin, etc.) under specific wavelength of light. Moreover, enzyme triggered hydrogels 
were also utilized in the tissue regeneration due to its rapid gel-forming capacity and excellent biocompatibility. 
Particularly, some key factors that can determine the therapy effect for bone tissue engineering were also 
mentioned. Finally, brief summaries and remaining issues on how to properly design clinical-oriented hydrogels 
were provided in this review.   

1. Introduction 

Bone-related diseases caused by trauma, infection, or age-related 
diseases, including fracture, bone defect, and osteoarthritis, still signif
icantly affect the life quality of patients [1]. In the bone microenviron
ment, various cells took part in bone reparation under well-orchestrated 
regulation in vivo. There are commonly four phases during fracture 
healing or injuries: hematoma phase, hematoma organization phase, 
callus phase, and remodeling phase. During the first phase, immune cells 
like neutrophils and monocytes are recruited and create hematoma via 
high-level inflammation, the inflammatory factor IL-1 and TNF-α took 
critical parts in this period. The level of inflammation and immune 

response falls rapidly in the second phase, under the regulation of 
anti-inflammatory factors IL-10 and IL-4. Activated TGF-β signaling re
cruits MSCs and accelerate chondrogenic differentiation, along with fast 
angiogenesis at the beginning of callus phase. Next, epithelial cells 
digest the newborn cartilage and induce osteogenesis, with a relatively 
fast bone turn-over rate. During the remodeling phase, the unordered 
woven bone is degraded by osteoclasts and relative cell factors such as 
MMPs, and is replaced by hollow, strong, and well-organized lamellar 
bone [2,3]. 

As early as 2000BC, a plate of hammered gold was used on skull of 
human fossils in Peru [4]. Animal bone graft was observed on the Isht
kunui fossil to fill the skull defect. Over the last few decades, surgeons 
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and scientists have made incredible progress in bone reconstruction 
techniques. During the first generation, scaffold-based tissue engineer
ing products enabled surgeons with variform fillers for all shapes of bone 
defects. With the deepening of bone regeneration mechanism, re
searchers created degradable materials which regulated adjacent mi
croenvironments by releasing pharmacological assets. Nearest bioactive 
materials are designing to stimulate regeneration ability of host organs 
or cells [5]. Fortunately, biomaterials (e.g., mimic cement [6], polymer 
scaffold [7] and hydrogel [8], etc.) acted as bionic extracellular matrix 
have been widely utilized in the field of bone tissue engineering and 
have gained excellent therapy effects in recent decades. 

During the regeneration process of natural bone, the extracellular 
matrix (ECM) plays a vital role in undertaking the signaling and sub
stance exchange between the nascent tissue and the original tissue [9]. 
Similarly, hydrogels possess aqueous-swellable polymers with a 3D 
network structure formed by various crosslinking reactions, which are 
suitable for cell growth and the transfer of bioactive molecules [10]. 
Consequently, hydrogel materials have natural advantages compared 
with other bioactive materials in tissue regeneration engineering. 
Concretely, hydrogels enable proliferation, adhesion, and differentia
tion properties of stem cells, especially BMSCs, during bone reparation 
[11]. According to Ovijit et al., cell spreading, proliferation, and oste
ogenic differentiation of BMSCs were accelerated inside of hydrogels 
with tunable stress relaxation. On the other side, pharmacological assets 
carried by degradable hydrogels could regulate cell activities in situ. For 
instance, bisphosphonate released by an injectable hydrogel that 
controlled tooth relapse movement and osteoclasts activity after 
administration [12]. 

Various triggered conditions, including physical and chemical, have 
been employed to prepare advanced hydrogels for enhancing bone 
regeneration capacity in recent years [13,14]. In physically triggered 
gels, light or temperature stimulate the occurrence of crosslinking 
within the hydrogels. While in chemically triggered gels, covalent bonds 
or coordinate bonds between polymer chains create a stable hydrogel 
network via molecule or ionic crosslinking agents, respectively [15]. 

In this review, different trigger conditions for fabrications of various 
bionic hydrogels in bone tissue engineering have been discussed (Fig. 1). 

Among of them, hydrogels prepared under physically triggered condi
tions have unique advantages for clinical application, such as mild gel- 
forming temperature and low toxic crosslinking reaction. Reasonably, 
such prepared hydrogels have potential applications for bone fractures 
as well as bone defects with small holes. In addition, chemically trig
gered hydrogels can be utilized in those hard and large bone defects via 
mono, dual or multiple covalent crosslinking hydrogels. Moreover, some 
key factors in bone-related hydrogels design were also discussed. This 
review presents a brief overview of novel gels based on physically and 
chemically triggered methods for cell growth, drug storage, and bone 
regeneration. 

2. Hydrogels crosslinked by the physical conditions 

Physically crosslinked hydrogels are formed due to the physical 
crosslinking interactions, which includin, ionic interactions [104], and 
temperature [18]. There has been growing attention in designing 
physically crosslinked hydrogels for bone tissue engineering owing to 
the gelation process often occurs under the mild condition and absence 
of chemical crosslinking agents. 

2.1. Temperature-triggered hydrogels 

Bio-oriented hydrogels with temperature-triggered characteristics 
offer opportunities to create ‘friendly’ materials which may respond to 
thermal-stimuli with some change in their shapes or inner structure in 
vivo [19]. Over the last twenty years, smart hydrogels have been fabri
cated to respond various stimuli such as ionic or temperature [20]. 
Among of them, strategies triggered by changing temperature are 
especially appropriate for bone tissue engineering, because of its unique 
sol to gel property following temperature changes (Fig. 2A) [21]. 
Common polymers used in the biomedicine field have little thermo
sensitive behaviors, which are usually prepared via covalent cross
linking of the thermo-responsive chains into the polymers. Hence, to 
fabricate thermosensitive hydrogels, some frequently-used thermo-res
ponsive polymers including poly (lactic co-glycolic acid)-PEG [22], poly 
(N,N-diethyl acrylamide) [23], PNIPAAm [24], and soluplus [25] have 
been introduced. 

As a typical representative of thermal respond polymer, PNIPAAm 
has become the most popular material due to its sensitive phase trans
lation capacity when the temperature goes to 32 ◦C (lower critical so
lution temperature) [28]. Based on this fact, linear PNIPAAm presents 
an unstable state at room temperature. Therefore, binding PNIPAAm 
with the other polymer chains can improve its stability and mechanical 
property [29]. To fabricate a PNIPAAm-based hydrogel with enhanced 
mechanical property, Ekerdt et al. have designed a PEG-PNIPAAm 
hydrogel as a 3D cell culture system for enhancing cell adhesion and 
growth (Fig. 2B) [30]. Compared to the 2D culture platform, this 3D 
hydrogel system critically improved cell proliferation and significantly 
promoted cell-directed differentiation. More importantly, the introduc
tion of PNIPAAm endowed the hydrogel with thermoresponsive capac
ity, which allowed facile gel shaping and simultaneous cell 
encapsulation in the irregular tissue defects (Fig. 2C). Although the 
temperature-sensitive hydrogels have obvious superiorities and are 
promising in bone regeneration, this original hydrogel presents limited 
tunable mechanical property and rheological behavior. Hence, to 
overcome these drawbacks, lots of strategies have been developed, for 
example, hyaluronic acids (HA) were incorporated into the 
thermo-responsive hydrogel system to enhance the mechanical property 
of the hydrogel matrix [26]. In this design, HA was selected as the major 
hydrophilic chain of hydrogel for its abundant groups (hydroxyl and 
carboxyl groups). Additionally, HA is an important component of the 
extracellular matrix (ECM) and has a series of positive effects on cell 
behavior in vivo. HA-PNIPAAm polymers can be generated from 
thiol-terminated PNIPAAm modified with pendant vinyl groups of 
HA-VS. Ultimately, the mechanical behaviors of the gels could be 

Fig. 1. Various bionic hydrogels fabricated by different triggered conditions (e. 
g., Heat, Mineral ions, Small molecules, Light, Enzyme, etc.) for bone tissue 
engineering. Created with BioRender.com. 
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mediated to suit specific stem cell differentiation, for instance, stiffer 
hydrogels have a better promoting effect on osteogenic differentiation of 
BMSCs. In a word, the ability to control the physical and chemical 
characteristics of HA-PNIPAAm hydrogels provides a promising thera
peutic platform for different bone-relevant diseases. 

Soluplus®, poly (N-vinyl caprolactam)-poly (vinyl acetate)-poly 
(ethylene glycol) graft copolymer, is a novel drug excipient utilized 
frequently in the manufacture of pharmaceutical preparations (e.g. mi
celles [31], solid dispersions [32]). These years, soluplus has also been 
widely utilized in intelligent responsive hydrogels for tissue engineer
ing. As we all know, some bioactive molecules which can treat 
bone-related diseases, are hard to achieve ideal drug treatment effect in 
vivo due to poor water-soluble property. 

To avoid the dissoluble property and sudden release behavior, Wu 
and his co-workers fabricated a micelle linked hydrogel composed of 
soluplus and tacrolimus for treating rheumatoid arthritis (RA) (Fig. 2D) 
[27]. In this crafty design, soluplus played a vital role in regulating drug 
release rate and mechanical property. In detail, soluplus in sol state was 
self-assembled to form micelles and loaded with tacrolimus in the hy
drophobic layer. While under the body temperature, hydrogels, attrib
uted by stronger hydrophobic interactions, were formed to create a local 
drug storage with stable mechanical property. In rat models, 
tacrolimus-loaded soluplus hydrogels possessed better therapeutic 

efficacy against RA compared with reported poloxamer 407 delivery 
systems. In brief, this tacrolimus-loaded soluplus hydrogel with sensitive 
temperature response is a promising drug delivery platform for RA 
therapy. 

2.2. Ionic crosslinking agents 

Daily uptake of four major nutrients (vitamins, minerals, amino 
acids, and essential fatty acids) is the basic life maintenance activities. 
Hence, minerals, as the basic nutrients, are often important to maintain 
normal body function. The mineral ions such as iron, copper, zinc, and 
calcium, play key roles in regulating or maintaining cellular behavior 
and organism balance (Fig. 3) [33,34]. For example, irons, an essential 
component of cells, have hematopoietic functions, which are involved in 
hemoglobin production and the synthesis of cytochrome and various 
enzymes to promote body growth. In addition, irons also play vital roles 
in transporting nutrients in the blood. Based on these theoretical bases, 
irons are often introduced into bionic materials to accelerate vascular
ization in the process of bone regeneration, neurorepair and blood 
remodeling. Copper is another important element in body, which has 
significant influence on lots of physiological activities. Furthermore, 
copper is a strong antioxidant that can remove free radicals from tissues 
and protect the cells [35]. Notably, copper acts a vital role in the 

Fig. 2. A) Thermal sensitive hydrogels used in bone defect model. Created with BioRender.com B) The sol to gel phase transition under different temperatures. Used 
with permission [26]. Copyright 2018, Wiley-VCH GmbH. C) The in vivo treatment effect of thermal sensitive hydrogel via H&E staining. Reproduced with permission 
[26]. Copyright 2018, Wiley-VCH GmbH. D) Schematic diagram of FK506 loaded Soluplus-SNPs hydrogels and Kolliphor P407 hydrogels. Used with permission [27]. 
Copyright 2017, Elsevier. 
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maintenance of bone quantity and accelerating wound repairing. 
Therefore, ionic-based hydrogels have gained wide application in tissue 
engineering. 

Recent studies also proved that Mg2+ with an appropriate concen
tration (50–200 ppm) can observably promote osteogenic differentia
tion and considerable new bone regeneration in bone defects [36,37]. 
Based on the above facts, Pan et al. designed a macro-porous structured 
GelMA hydrogel with the incorporation of MgO nanoparticles (NPs) via 
thiol-ene click reactions [38]. The experimental results showed that 
such prepared hydrogels had excellent mechanical property and uniform 
porous structure. In vivo experiments also indicated that the hydrogels 
with macro-porous structure not only provided an ECM microenviron
ment for in situ osteogenesis, but also released Mg2+ ions to enhance the 
osteogenic differentiation of BMSCs for accelerating bone tissue regen
eration. The hydroxyapatite/MgO nanocrystals with high mechanical 
property and osteoinductive capacity were also applied in bone recon
struction. Chen et al. designed a 3D hydrogel scaffold incorporated with 
hydroxyapatite/MgO nanocrystal which enhanced bone tissue repair in 
diabetes mellitus rats due to the controlled release of Mg2+ [39]. In vitro 
studies showed that this 3D hydrogel scaffold promoted cellular 
migration, proliferation, and osteogenic differentiation of BMSCs by 
inducing osteogenic gene expression. Besides, the in vivo diabetic bone 
defects were completely repaired after the implantation of hydrox
yapatite/MgO nanocrystal hybrid hydrogels 8 weeks later. 

In order to prepare hydrogels that can be applicated in the field of 
soft tissue, Mahapatra et al. developed a strategy to prepare hydrogels 
with superior toughness via dual networks crosslinking in the presence 
of positively charged quaternary poly (ethylene imine) (Q-PEI) and 
micelles formed by Pluronic F127 diacrylate [40]. Ca2+ and Cu2+ ions 
were, meanwhile, introduced into the system to form the coordination 
bond, which effectively improved the mechanical strength and tensile 
properties of the hydrogels. So far, hydrogels with a double ion cross
linked network and super extensibility have been successfully designed. 
The strength tests showed that hydrogels with the participation of Ca2+

ions stretched to 108 times of the original length, and the maximum 
toughness is 177 MJ m− 3. A series of performance tests have proved that 
the prepared hydrogel is a super flexible soft material with excellent 

mechanical strength and has perspective applications in various fields. 
Morais et al. prepared hydrogels with bone substitute based on the 

development of alginate [41]. Alginate and calcium crosslinked hydro
gels (Alg), alginate and chitosan double-network hydrogels (Alg/Ch) 
were designed respectively, and alginate and hyaluronic acid hydrogels 
(Alg/HA) were used as carriers for bone substitute biomimetic material, 
glass reinforced hydroxyapatite (GR-HAP). The weight change study 
showed that three types of hydrogels could expand and degrade within 
72 h under the conditions of pH 7.4 or 4, among of them, Alg/HA 
hydrogels have the fastest degradation rate. In summary, the three types 
of hydrogels prepared are potential bone substitute carriers combined 
with GR-HAP particles. 

Strategy such as introducing the copper contained nanoparticles into 
the hydrogel network structure is a commonly tactic. For example, a new 
platform of composite injectable hydrogel for local drug delivery of 
bioactive ions has been designed to ensure the prolonged-release 
behavior of bioactive substances [42]. This hybrid hydrogel showed 
rapid gelation and broad injectability under physiological conditions, 
while the addition of copper ions in hydrogel system could maintained 
its network structure for several days at local. Hence, the 
herein-designed hydrogels exhibited great potential as a local drug 
storehouse for treating delayed bone repairing or wound healing. Except 
for osteogenic capacity, the function of copper on chondrogenic differ
entiation and its potential in biomaterials have been rarely investigated. 
Specifically, Xu and his co-workers developed a copper-engaged 
biomaterial to promote chondrogenic. In vitro studies exhibited that 
Cu can promote MSCs morphology change, glycosaminoglycan (GAG) 
production, and the expression of chondrogenic genes [43]. The in vivo 
Col-2 expression emerged in four weeks after operation and the stronger 
expression of Col-2 was detected in the lacunae and around the chon
drocytes in 8 weeks. Photothermal therapy combined with 
copper-contained hydrogels is another critical strategy to synergistically 
promote bone repairing. 

Yang et al. prepared a copper-doped double crosslinked injectable 
hybrid hydrogel for bone tissue repair while providing photothermal 
therapy [45]. Micro-CT and tissue staining showed that the introduction 
of copper into the functional hydrogels apparently enhanced bone 

Fig. 3. Mineral ions, including copper, calcium, iron, zinc, and magnesian, play an irreplaceable roles in regulating cellular behavior and accelerating bone tissue 
regeneration. Created with BioRender.com. 
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regeneration, collagen formation in bone tissue, and the expression of 
corresponding osteogenic substances. Since fracture repair in clinical 
practice is often accompanied with the risk of infection, Lu et al. re
ported that copper-containing hydrogels can exhibit significant antimi
crobial activity due to the released copper ions which promoted cell 
adhesion and osteogenesis in vivo [46]. To gain healing at the surface of 
tendon-to-bone, Yang et al. fabricated a gradient bimetallic ion-based 
hydrogel based on metal ions (zinc and copper ions) and gelatin poly
mers [44]. In this ECM-mimicking system, zinc and copper ions not only 
acted as ion crosslinkers, but also offered obviously antibacterial abili
ties and induced regenerative activity in vitro (Fig. 4A). The in vivo study 

of rat rotator cuff tear models demonstrated that this gradient hybrid 
hydrogel is capable of promoting tenogenesis and osteogenesis. 
Furthermore, the copper/zinc gradient layer induced considerable 
collagen and fibrocartilage alignment and regrowth at the interface 
between tendon and bone tissues (Fig. 4B and C). In a word, novel 
gradient ion hydrogels ensure feasibility and offer opportunities for the 
regeneration of gradient or interfacial tissues with physiological 
complexity. In conclusion, many strategies containing copper ions have 
gained admirable results. However, most of the current studies only 
select small animal models and more large animal studies should be 
encouraged to more accurately mimic human structures. 

Fig. 4. Representative case of ionic hydrogels in bone tissue regeneration. A) The preparation process of the gradient bimetallic ion-based hydrogels and the 
operation diagram. B) Schematic diagram of the gradient ionic hydrogels for synchronous regeneration in the tendon-to-bone insertion. C) H&E staining and to
luidine blue staining of different experimental groups (Suture, s-Gelatin, s-Cu/Zn-Gelatin.) at four weeks and eight weeks. Used with permission [44]. Copyright 
2021, AAAS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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As far, the most significant feature of the ionic crosslinking method is 
its self-healing capacity as a result of which gel network can be 
destroyed at high shearing force and repair once the shearing force is 
removed. However, poor mechanical property seriously limits the 
application of hydrogels in bone and other hard tissues owing to the 
physical crosslinking method of ionic interaction. 

3. Hydrogels crosslinked by chemical conditions 

Up to now, different chemical crosslinking methods have been re
ported to form covalent bonds among modified polymer chains in 
hydrogel systems and they involve small molecule crosslink, photo 
induced crosslink and enzymatic induced crosslink. Compared with 
physical crosslinking methods, chemical crosslinking methods usually 
present enhanced mechanical properties and stability. 

3.1. Small molecule crosslinking agents 

Traditionally, the incorporation of specific small crosslinking agents 
including glutaraldehyde, genipin, dopamine, and tannic acid (TA) is 
regarded as an effective way to simultaneously tailor functionality and 
mechanical properties of the gels. Among them, the application of 
glutaraldehyde is restricted due to its toxic side effect on cell and tissue 
[47]. Therefore, as the ideal substitutes, genipin, dopamine, caffeic acid 
and tannic acid have grasped much interest and are frequently intro
duced into polymer networks to enhance the performance of 

biomaterials. 
Inspired by the adhesion mechanism of mussel organisms, cat

echoolic compounds (e.g., dopamine, caffeic acid) with catechol func
tional groups have been frequently utilized in regeneration medicine 
due to its robust surface adhesion. Li et al. designed a self-healing 
hydrogel formed by the coordination bonds between Fe3O4 NPs and 
dopamine-modified PEG [48]. Briefly, Fe3+ ions and phenolic hydroxyl 
groups can form dynamic covalent bonds in PEG polymer, which 
maintained hydrogel network with tunable mechanical properties via 
changing the concentration of Fe3O4 NPs. More importantly, due to the 
metal coordination bonds are structurally reversible, this hydrogel also 
possessed self-healing capacity (Fig. 5A). This strategy provides a 
wide-spectrum hydrogel model with controlled mechanical property 
and self-healing capacity for apply in those soft (skin wound) or hard 
(bone defect) tissues. 

Similarly, caffeic acid is another catechoolic compound frequently 
used in the modification of polymers. However, caffeic acid, as a plant- 
derived catechol derivative, possesses lots of advantages compared with 
dopamine, including accessibility, low-cost and desirable esthetics, and 
it presents inner biological characteristics such as antibacterial, anti- 
inflammatory, and antioxidant effects [49]. Inspired by natural bone 
structure, a nanoclay-organic hydrogel bone sealant (NoBS) was firstly 
designed via catechol chemistry interaction to accelerate bone regen
eration [50]. Nanoclays chosen as a nanosized crosslinking agent, were 
incorporated into the system of caffeic acid-modified chitosan. Then, 
phenolic hydroxyl groups of caffeic acids are capable of forming the 

Fig. 5. A) (a) SEM image of Fe3O4 nanoparticle-cross-linked hydrogels (scale bar: 200 nm); (b) TEM image of ultramicro-cut of a NP gel. (c) Study on the rheological 
properties of the hydrogels. Used with permission [48]. Copyright 2015, American Chemical Society. B) The preparation process and implementation of 
collagen-genipin-quantum dot (CGQ) composite hydrogels in cartilage defects. Used with permission [51]. Copyright 2020, Wiley-VCH GmbH. C) Fabrication process 
of SF@TA@HA hydrogel. Used with permission [52]. Copyright 2020, Wiley-VCH GmbH. 
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network, alone or with encapsulated nanoclays in the gel system, 
resulting in a multifunctional and self-healing hydrogel that can be 
arbitrary injected into an arbitrary bone defect. Significantly, the 
nanoclay-crosslinked hydrogels showed well osteoinductivity through 
regulating the Wnt/β-catenin pathway. Furthermore, smoothened ago
nists were loaded in nanoclays to enhance the effect of osteogenic dif
ferentiation via activating the Hedgehog pathway. Finally, a safer and 
faster bone regeneration exhibited in NoBS group when compared with 
other groups in critical-sized bone defect models. Overall, this design of 
engineered nanocomposite hydrogels provides a new idea for bone 
defect repairing. 

Genipin is a natural compound extracted from the fruit of Gardenia 
jasminoides, which has been used as a high-performance cross-linking 
agent for connecting the polymers with amino-group. The reason for 
being a popular small molecule is that genipin can guarantee favorable 
compatibility [53], maintain injectability at room temperature [54] and 
obtain the anti-inflammatory effect [55]. 

For example, the natural biomolecular materials containing chito
san, L-arginine, and hydroxyapatite nanocrystals were used to fabricate 
scaffolds that simulate natural bones via 3D printed technology [56]. 
Firstly, genipin was used as a crosslinker to enhance the mechanical 
performance of the 3D scaffold. Subsequently, the amine of chitosan and 
L-Arginine attack C3 carbon of genipin, and the dihydrophosphate ring 
openings form crosslinking. With the increase of the concentration of 
genipin in the system, mechanical properties were enhanced (under 
1%). In order to explore the biocompatibility of the 3D printed scaffold, 
osteosarcoma cells MG-63 were co-cultured with the scaffold for 1, 2, 3, 
and 7 days, and the surface of the scaffold provides a friendly micro
environment. Although this genipin-linked hydrogel presented good 
biocompatibility and potential osteogenic capacity, its application has 
been restricted to the level of cell culture. Lu et al. fabricated a 
collagen-based injectable hydrogel, which was formed by crosslinking 
with carbon dot nanoparticles (CD NPs) via introducing genipin as a 
small molecular linker [57]. In this system, the introduced CD NPs could 
not only act as a physical crosslinking agent to enhance the mechanical 
stress, but also enable the hydrogels to generate ROS under 808 nm NIR 
via the mechanism of photodynamic therapy. Hence, this composite 
hydrogel showed increased stiffness, facile injectability, and control
lable degradation rate. According to the result of mechanical properties, 
CGN hydrogel exhibited tougher stress than collagen hydrogel. Addi
tionally, the CGN hydrogel also presented a 21-fold higher compression 
modulus over collagen hydrogel. The chondrogenic differentiation 
ability of BMSCs was accelerated by this composite hydrogel in vitro. 
More importantly, this novel hydrogel was capable of improving carti
lage repair in cartilage defect via regulating the TGF-β/SMAD signaling 
pathway. Cadmium selenide quantum dots (CdSe QDs), similar to CD 
NPs with nontoxic characteristic, can be used as crosslinkers in hydrogel 
and bring about multifunctional properties [58]. Zheng and his 
co-workers followed the previous design ideas and fabricated a hybrid 
hydrogel that consists of collagen type I acting as a basic scaffold for 
containing CdSe QDs and BMSCs [51]. In this system, CdSe QDs were 
chosen as a biocompatible crosslinker to be covalently crosslinked with 
collagen I to obtain injectability and enhanced mechanical property. 
Meanwhile, CdSe QDs also acted as photosensitizers and generated ROS 
for photodynamic therapy (PDT) (Fig. 5B). A series of studies proved 
that the enhanced mechanical stress and increased ROS production in 
this injectable hydrogel system can improve in vitro chondrogenic dif
ferentiation and accelerate in vivo cartilage regeneration. 

Compared to dopamine and caffeic acid, tannic acid (TA) possesses 
more pyrogallol and catechol groups per molecule, which is derived 
from green tea, grapes, wine, and others. Abundant phenolic compounds 
in TA have strong adhesive ability with organic or inorganic surface, 
which characteristic has been developed as a potential crosslinking 
agent for engineering functional hydrogels. Besides, because of the large 
number of catechol groups present in the structure, its free radical 
clearance capability can be utilized in materials for anti-cancer, and 

anti-inflammatory therapy. 
Bai et al. selected tannic acid (TA), belonging to phenolic glue 

molecules, showing good affinity to combine with silk fibroin (SF), and 
combined with hydroxyapatite (HA) in the form of coordination bonds 
(Fig. 5C) [52]. Finally, inorganic-organic hybrid hydrogels with high 
toughness and strong adhesion were successfully prepared (SF@TA 
@HA). The osteogenic differentiation ability of this hybrid hydrogel was 
detected by in vitro osteogenesis test. After 14 days of culture, the ac
tivity of alkaline phosphatase (ALP) in the SF@TA@HA group was 
significantly enhanced compared with the pure SF control group, indi
cating that MSCs were more likely to differentiate into osteoblasts, 
suggesting that this advanced hydrogel had the ability to induce osteo
genic differentiation. Then, the hydrogels were implanted into the bone 
defect of mice, 8 weeks later, more newly formed bone tissue was 
observed in the original defect area of the hydrogel group compared 
with the control group through micro-CT and quantitative analysis of 
bone mass. In vivo tests showed that the hydrogels could achieve 
adequate fixation and timely mechanical repair, and guide bone 
regeneration in the critical size defect of the femur in rats. In the other 
case, considering some polymers such as poloxamer without strong tis
sue adhesiveness, Wang et al. fabricated a multifunctional hydrogel 
consisting of poloxamer 407 (PX), bioactive nanoparticles, and tannic 
acid (TA). The optimal combination (PXNT) was screened according to 
in vitro and in vivo bioactivity levels [59]. Adding TA into PXNT showed 
excellent tissue adhesive property. In vivo experiment of rat models, the 
dura mater around the laminectomy site of rats treated with PX, PL, and 
PLN were compressed respectively, and the dural sclerosis scar was 
serious. However, the formation of scar tissue was limited and the 
epidural adhesion was not serious in PXNT group. Meanwhile, MRI 
images showed that only a thin edge enhancement could be seen around 
the dural sac in PXNT group, suggesting scar granulation tissue, but 
there was no direct adhesion of dura. In the rabbit lumbar laminectomy 
experiment to prevent epidural adhesion, the laminectomy site was 
rechecked three weeks after operation. Because of the lack of scar tissue, 
it exhibited that the dura treated with PXNT was easy to be exposed. 
Moreover, MR images and T1 and T2 weighted axial images showed that 
the tight adhesion between dense scar and dura was significantly 
reduced after PXNT treatment in the model group. The above models 
indicated that in situ therapy with PXNT hydrogels can availably prevent 
some side effect after lumbar laminectomy. 

A variety of chemical crosslinking agents has been applied to prepare 
novel hydrogels with stable and tunable properties, including drug 
release behavior, mechanical property, degradation, and gelation time. 
It is worth noting that some small molecules should be restricted to use 
due to their potential cytotoxicity in vivo. 

3.2. Photo-triggered hydrogels 

Photo-triggered hydrogels are one of the most promising hydrogels 
in bone tissue engineering; it can be triggered by light at specific 
wavelength (ultraviolet (UV) or visible light) (Fig. 6A). and induce the 
formation of three-dimensional network and morphological changes of 
gel precursor [60]. Owing to the in situ gelation and facile preparation, 
this triggered method meets various requirements of bone-related dis
ease. Lots of polymers based on natural and synthetic sources are 
modified with photo-respond crosslinked groups. For instance, PEG and 
PVA with good cytocompatibility have been often chosen as matrix 
materials for photo-crosslinked hydrogels. Similarly, nature-derived 
polymers such as collagen, hyaluronic acid, and gelatin have also been 
modified to fabricate this type of hydrogel. Remarkably, the polymeri
zation of hydrogels does not respond to light irradiation in the absence 
of photoinitiators. Hence, photoinitiators play a key factor in the process 
of photo-crosslinking gels, which determine both the irradiation wave
length and gel formation quality (Fig. 6B). In general, photoinitiators are 
divided into two types based on different reaction mechanisms. Type I, 
also called “cleavage” type, can generate initiating radicals upon 
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intramolecular bond cleavage under UV light. It is usually composed of 
only one component such as I2959 (2-Hydroxy-[4’-(2-Hydroxyethoxy) 
Phenyl] -2-Methyl Propanone; 2-Hydroxy-1-(4’-(2-hydroxyethoxy 
phenyl)-2-methyl propanone), I651 (2,2-dimethox
y-2-phenylacetophenone, DMPA), I184 (1-hydroxycyclohexyl phenyl 
ketone) and LAP (lithium acylphosphinate). Hydrogen abstraction type 
is regarded as type II, which needs lower excitation energy than type I. 
The commonly used types II are eosin Y and riboflavin. Eosin Y is one of 
the most popular type II initiators and usually couples with amines or 
thiols to initiate radical polymerization. Riboflavin, another type II 
initiator, possesses good biocompatibility and has been widely used to 
prepare hydrogels under visible light [61]. 

Gelatin, the most abundant protein in the ECM of mammals, is 
approved by FDA for application in the biomedicine field. It is very 
suitable for cell culture and tissue repair because of its high side chain 

reactivity, excellent biocompatibility, and superior hydrophilicity. 
However, aiming as a photo-respond polymer, gelatin should be modi
fied by photo-crosslinking groups including methacryloyl, acrylamide as 
well as norborene. Among them, Gelatin methacryloyl (GelMA) is the 
most studied and used photo-crosslinking polymer. GelMA has low 
osteogenic activity itself, hence, bioactive ingredients, such as ions, 
drugs or other materials, should be introduced to endow GelMa with 
ideal bone regeneration capacity. 

Osteogenic growth peptide (OGP) is a bioactive compound, which 
can improve the growth and differentiation of osteoclast in vitro and can 
enhance bone repairing in vivo [63]. To improve osteogenic capacity of 
GelMA-based hydrogel, Qiao et al. prepared a novel GelMA hydrogel 
through covalent connection between the OGP and the GelMA under UV 
light (Fig. 6C–F) [62]. This co-photo-cross-linked hydrogel not only 
prolonged the therapy time of OGP, but also offered a stable 

Fig. 6. Photo crosslinked hydrogels. A) Absorption wavelength distribution of different photosensitizers. Used with permission [60]. Copyright 2020, Wiley-VCH 
GmbH. B) Structural formula of some representative photosensitizers, including I2959, LAP, Eosin Y, and Riboflavin. C) The chemical molecular structure of the 
methacrylated OGP polypeptide and gelatin (GelMA), and the structure of GelMA-c-OGP with ultraviolet (UV) light. D) Porous structure topography diagram of 
GelMA and GelMA-c-OGP via SEM. E) Gel formation process of GelMA-c-OGP hydrogels. F) Degradation percentage (%) and stress properties (KPa) of GelMA and 
GelMA-c-OGP hydrogels. G) Photograph of GelMA-c-OGP solution and GelMA-c-OGP hydrogel formation after UV light and the pipeline of GelMA-c-OGP applied for 
bone regeneration. Used with permission [62]. Copyright 2020, Wiley-VCH GmbH. 
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microenvironment for regulating cell behavior. In rat distal femur de
fects model, this OGP crosslinked GelMA hydrogel exhibited an accel
erating new bone regeneration rate and stronger repair capacity in vivo 
(Fig. 6G). All above studies indicated that OGP crosslinked GelMA 
hydrogel is a promising biomaterial for improving cell adhesion, 
growth, accelerating the expression of the osteogenic genes, and 
enhancing new tissue regeneration in bone defects. The strategy to 
incorporate nanoparticles is another way to improve bioactivity of 
GelMA. Phosphate also plays a key role in bone reconstruction [64]. 
However, some drawbacks cannot be overlooked including uncontrolled 
phosphate ionic release behavior and apparent cytotoxic (e.g., red 
phosphate, white phosphate) [65]. 

Recently, Huang and his co-workers have fabricated a GelMA 
hydrogel with encapsulated black phosphorus nanosheets (BPNs) for 
enhanced bone regeneration [66]. BPNs, another main allotrope of 
phosphorus, have steady physicochemical property and well biocom
patibility. The introduced BPNs in system markedly improved me
chanical property of GelMA hydrogels. In addition, sustained 
phosphorus release from BPNs was beneficial to long-term bone regen
eration. The in vitro results indicated that BPNs-hydrogels present 
photo-responsively released phosphate and enhanced mineralization 
ability. Moreover, the ability for osteogenic differentiation of hDPSCs 
was enhanced through the BMP-RUNX2 pathway. Besides, the GelMA 
hydrogels with BPNs also promoted in vivo bone repair. Overall, related 
experiments indicated that the GelMA hydrogels observably improve 
bone regeneration in defect model when adding BPNs as extra phos
phorus. Except for gelatin, one of the main components of joint fluid, 
HA-based macromers can also be selected to prepare photo-responsive 
hydrogels based on its biodegradability, easily modified and amphi
philic properties. Wang et al. designed an HA-based injectable hydrogel 
with biocompatibility and certain mechanical strength through 
dual-crosslinking reaction [67]. Its first crosslinked point was produced 
by adding the photoinitiator (LAP) into pre drive fluid of furan-modified 
HA under a 365 nm UV light, then, covalent bonds were generated be
tween two furan groups. Next, the second crosslinked point was pro
duced by maleimide-modified PEG and furan-modified HA based on the 
Diels-Alder reaction. Finally, this injectable hydrogel possesses enough 
mechanical stress to create a durable scaffold for bone tissue 
engineering. 

Various type II initiators (e.g., eosin Y, riboflavin) have been re
ported to prepare the functional hydrogel for biomedical field. In eosin 
Y-triggered reaction, N-Vinylpyrrolidone (NVP) has been selected as 
polymer monomer to form the hydrogels under visible light, which is 
against the inhibitory effect of physiological oxygen on the radical 
initiation process [68]. As a natural ECM material, collagen is an ideal 
base polymer for bone restoration, with a three helical structure. How
ever, shortcomings of weak stability and prolonged crosslinking time 
prevent its application used as bionic material. Combined with 3D bio
printing technology, a Col-I-based hydrogel was fabricated by riboflavin 
photo-crosslinking method [69]. The result of the cytotoxicity assay 
showed that cytoactive decreased from 95% to 75% because of adding 
the visible-light activated agent. When the concentration of riboflavin 
changed from 0.5 mM to 0.2 mM, its cell viability was significantly 
improved. Accordingly, a lower concentration of riboflavin brought 
about lower-modulus levels of hydrogels. Hence, it is critical to keep a 
balance between mechanical stiffness and cell viability via control 
riboflavin concentration. 

The advantage of the photo-crosslinking method is its gel-forming in 
situ and accurate spatiotemporal control. The mechanical stiffness and, 
as a result, biochemical properties of hydrogel can be easily altered by 
regulating the distance, wavelength, power and exposure time of the 
light used [70,71]. However, cell-loaden type and its biocompatible 
characteristic are limited by drawbacks including toxic photoinitiators 
and unwanted free radical reactions, which will damage the friendly 
inner environment of hydrogel and subsequently limit their wide use in 
bone tissue engineering [72]. 

3.3. Enzyme catalyzed agents 

Through traditional chemical crosslinking methods, such as photo 
crosslinking, covalent crosslinking, the fabricated the hydrogels present 
excellent stiffness and rapid gelation time. However, the potential 
cytotoxicity of residual reagents and chemical crosslinking agents re
mains a tricky problem. Currently, enzymatic crosslinking hydrogels 
have been paid great attention to improve material properties, including 
fast gelation time and excellent biocompatibility [73]. 

So far, there are many kinds of enzymatic crosslinking approaches 
used to prepare biomimetic hydrogels for repairing bone tissue and 
cartilage tissue. For instance, horse radish peroxidase (HRP) triggered 
crosslinking reaction was used to form covalent bonds between 
tyramine-modified polymers in the presence of hydrogen peroxide 
(H2O2). Zhang and his co-workers developed a bi-component (collagen 
type I-tyramine (Col-TA) and hyaluronic acid-tyramine (HA-TA)) 
hydrogel based on HRP triggered the crosslinking reaction [74]. 
Remarkably, its physiochemical properties, such as gelation time, me
chanical strength, water solubility, and biocompatibility, were well 
improved, which expanded the application of Col-I in the field of tissue 
engineering. The engaged TGF-β1 released from hydrogel greatly pro
moted the chondrogenic differentiation of BMSCs in vitro. Furthermore, 
in vivo experiments showed that this enzyme-catalyzed hydrogel can 
achieve a good cartilage repair effect according to the result of histo
logical and immunohistochemical analysis. Similarly, another 
enzyme-catalyzed hydrogel was formed by HA and chondroitin sulfate 
(CS) in the presence of H2O2 and HRP [75]. BMP-2 and BMSCs were 
simultaneously packaged into the hydrogel system to build a biomimetic 
microenvironment for osteogenic differentiation. Hence, the in vitro and 
in vivo experiments demonstrated that the obtained hydrogel not only 
supplied a suitable microenvironment for osteogenic differentiation of 
BMSCs, but also promoted bone tissue repair in the rat femur. 

MMP Lys-peptide grafted CS precursor (LYS-CS) and trans
glutaminase crosslinked PEG (TG-PEG) hydrogel was selected as hybrid 
materials to form a CS-PEG hybrid hydrogel via another crosslinking 
method based on the FXIIIa-mediated crosslinking mechanism [76]. 
With the CS-PEG hybrid hydrogels degradated by chondroitinase, the 
encapsulated BMP-2 released from system to promote osteogenic dif
ferentiation. Additionally, this composite system with different amount 
of CS can be employed to control growth factor binding and release 
behavior for generate ECM, which can further fill the bone defect. 

In summary, such enzyme-catalyzed gel-forming strategies can be as 
a promising platform for bone tissue engineering due to its fast gel- 
forming time, tunable stiffness and good biocompatibility. 

4. Key points of hydrogel design in clinical 

To satisfy the demand of biocompatibility and biodegradability in 
clinical applications, polymers as the source of hydrogels used in bone 
tissue engineering can be derived from macromolecules within the or
ganisms, such as nucleic acid substances [77], macromolecular proteins 
[78], and glycosaminoglycans [79]. In addition, many non-natural 
polymers, including PVA [80], PEG [81], and PCL [82], can also be 
selected as the potential materials to prepare functional hydrogels for 
treating various bone-relevant diseases. Although these polymers are 
biocompatible and without any toxic effect on cell proliferation, they 
cannot significantly stimulate migration, growth, and differentiation of 
cells. Hence, novel designs based on those common polymers should be 
proposed for bone tissue engineering. 

Bone tissues are constituted by collagen fibers and mineralized HAP 
at the nanometric scale, and the hierarchical structure comprises of 
cortical bone and cancellous bone. Cortical bone shows a porosity of 
5–10%, while cancellous bone has a porosity of 50–90% Cortical bone 
endures most of the physical stress due to the dense structure and high 
compressive strength [83,84]. The spongy-like structure of cancellous 
bone facilitates the ingrowth of blood vessels, transportation of nutrition 
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and migration of cells. Cartilage extracellular matrix (ECM) is a dense 
connective tissue with a pore size of only a few nanometers, which 
evidently prevents cell infiltration and vascularization [85–87], the 
occurrence of osteoarthritis is highly relevant to the damaged structure 
and upregulated permeation in cartilage. Hence, porous structure is 
critical for cellular penetration, distribution, and revascularization. 
Thus, the pore size of prepared hydrogels is another important factor 
that can guide the inner cells into hydrogel network. Pore size with 2–50 
nm is defined as small pore hydrogels, which possess the largest surface 
area to load high dose drug for good therapy effect [88]. Middle pore 
size (10 μm) can accelerate the exchange speed of mineral ions (calcium, 
magnesium, and zinc), hydroxyapatite formation, and the introduction 
of bone-forming proteins [89]. Hydrogel scaffolds of large pore size with 
size over 100 μm can apparently promote the cell migration and adhe
sion [90]. Therefore, hydrogel structures with different pore sizes can 
stimulate different cell behavior. In a word, the suitable pore size should 
be controlled to make high-performance hydrogels for bone repairing. 
However, hydrogels with different pore sizes still have their limitations 
due to the lack of hierarchical structure and topological morphology. To 
address this problem, three-dimensional printing and other micro
fabrication techniques have been widely developed to obtain precise 
fabrication of hydrogels with tunable morphology, tailored pore size/
porosity, customized architecture, and matched mechanical strength for 
bone tissue engineering [84,87,91–93]. 

Depending on the mechanical conduction of signaling pathways, 
mechanical property of hydrogels can be apperceived by stem cells, 
which are capable of regulating cell adhesion, determining the types of 
cells, and stimulating the cells to produce specific cytokines [94]. Thus, 
a suitable mechanical property, that matches the aimed bone defect, can 
enhance the bone repairing quality. While most of the bioactive 
hydrogels have weak mechanical strength, which limited their appli
cations in bone tissue engineering. Researchers have made lots of efforts 
in preparing stiff and tough hydrogels with tunable mechanics. Various 
ways have been accepted to adjust the mechanical property of hydro
gels, including multi-crosslinking methods via intermolecular bonds (e. 
g., covalent bonds [95], ionic bonds [96], Van der Waals’ force [97], 
etc.), incorporating the nanomaterials into the gel system (e.g., nano
particles [98], nanosheets [99], quantum dot [100], etc.) and mixing 
hydrogels with other support materials (e.g., 3D printed scaffolds, 
electrostatic spinning scaffolds etc.). It is worth mentioning that Tiller 
et al. obtained ultra-stiff and tough hydrogels via enzyme-induced 
mineralization, which was a big breakthrough in developing hybrid 
hydrogels with tunable mechanics [101]. Hence, we deem that more 
attentions should be paid on the innate structure of natural bone which 
ultimately determines its ultra-tough mechanics and provides new eyes 
for the design of artificial biomimetic materials for bone regeneration. 

As an emerging area, drug delivery system (DDS) has obtained 
increasing attention in the field of material science. Hydrogels, espe
cially intelligent hydrogels, can be stimulated by the external response 
conditions (e.g., light, heat, magnetism, and pH, etc.) for on-demand 
drug release behavior. An ideal drug-loaded hydrogel system is sup
posed to have high drug-loading capacity, durable stability and support, 
controlled drug release, and stimulus response properties [102,103]. In 
term of bone tissue therapy, in situ hydrogels can not only act as a site for 
cell adhesion and growth, but also serve as drug storage for promoting 
tissue regeneration by sustained and controlled drug delivery. 

In brief, great progress has been made in over mentioned points (e.g., 
material source, porous size, mechanical strength, and drug release 
behavior) for bone tissue engineering. In the future, comprehensive 
strategies should be introduced to design novel hydrogels for facilitating 
cell growth, regulating cell behavior, precise controlling drug release, 
and accelerating bone tissue repair. 

5. Outlook and future 

The powerful self-repairing capacity of natural bone tissue has been 

driving researchers to explore high-performance hydrogels through 
reasonable approaches. In the past two decades, artificial ECM- 
mimicking hydrogels were fabricated via different trigger approaches, 
such as physical conditions and chemical conditions, and they showed 
admirable treatment in bone-related diseases. For instance, a novel 
hydrogel, prepared by light trigger in mild condition, may be suit to the 
defect site in urgent need of treatment. In addition, a tough hydrogel 
with dual crosslinking network perfectly matches with those hard bone 
tissue. Moreover, thermal responded hydrogels obtain injectable ca
pacity, which may be help those bone defects need to minimally invasive 
surgery. So far, based on different trigger conditions, a variety of smart 
approaches have been explored and applied to prepare novel hydrogels 
with a correct way for using in bone tissue engineering. 1) Exploiting 
new polymers to design and fabricate the biodegradable and biocom
patible hydrogels to solve the biocompatibility issues. 2) Some thermal 
sensitive chains can be linked in polymers to form injectable hydrogels, 
which can be used as microfracture surgery to treat those small hole 
defects. 3) According to the clinical requirements, the drug loaded sys
tems are designed into different administration types to achieve satisfied 
therapy effects for corresponding bone diseases. 

Despite these advances, several points must be paid more attention to 
design the next generation hydrogel for bone tissue engineering. First, 
we may focus on the balance between complexity and simplicity in 
bone-related hydrogels design. On the one hand, to meet the re
quirements of the multiple-stage structure of the natural bone, properly 
complex hydrogel systems could be constructed for mimicking the 
microenvironment of bone defect. On the other hand, advanced 
hydrogels with simple fabrication processes and structures are beneficial 
to mass production-scale, especially aimed at commercial trans
formation applications. Second, inspired by the rapid development of 
immunotherapy, new generation of hydrogels can be designed to regu
late immune cell behavior to accelerate the hydrogel-bone tissue 
connection. For instance, conscious regulation of macrophage types (M0 
to M2) is helpful to maximize the function of hydrogels and promotes 
bone tissue regeneration. Third, considering complicity of bone tissue 
and uncertainty of defect location, computational material science and 
computational biology should be introduced to establish huge databases 
for cell behaviors, hydrogel material characteristics, and cell-material 
interactions from existing scientific researches. 

In the nearly future, there are still lots of blind spots of hydrogel 
design that should be solved to appease the clinical needs. Many types of 
hydrogels have been investigated in animal models; however, very few 
hydrogel products based on the human model are further put into effect. 
From the perspective of materials, some future concerns are as follows: 
1) Hydrogel materials are usually implanted into subcutaneous to 
evaluate the corresponding osteogenic index, which cannot present the 
real microenvironment of bone defect. 2) The uncertainty of the 
degradation rate in vivo and the interaction between vehicles and 
bioactive moleculars will determine the release behavior of drug, 
thereby affecting the ultimate therapy effect.3) The storage of hydrogels 
is also a tricky thing, which is the one of blocks in clinical application. 
Water-contained hydrogels are more easily damaged during storage and 
transport, which can eventually result in drug leakage. 4) Although lots 
of bioactive hydrogel systems for bone tissue regeneration have been 
made, a low-cost, general purpose and easily handled method aimed to 
commercial hydrogels has not yet been constructed. Herein, it is ex
pected that, a deeper understanding of physical and chemical methods 
with respect to reasonable design of the hydrogels is key to exploiting 
regenerative bone-related materials. More importantly, researching the 
basic mechanisms underlying material-biological interactions can bring 
about inspiration for engineering advanced biomimetic hydrogels to 
deepen the integration of the material and the organism. 
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