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a b s t r a c t

Bone defects are primarily the result of high-energy trauma, pathological fractures, bone tumor resec-
tion, or infection debridement. The treatment of bone defects remains a huge clinical challenge. The
current treatment options for bone defects include bone traction, autologous/allogeneic bone trans-
plantation, gene therapy, and bone tissue engineering amongst others. With recent developments in the
field, composite scaffolds prepared using tissue engineering techniques to repair bone defects are used
more often. Among the various composite scaffolds, hydrogel exhibits the advantages of good biocom-
patibility, high water content, and degradability. Its three-dimensional structure is similar to that of the
extracellular matrix, and as such it is possible to load stem cells, growth factors, metal ions, and small
molecule drugs upon these scaffolds. Therefore, the hydrogel-loaded drug system has great potential in
bone defect repair. This review summarizes the various natural and synthetic materials used in the
preparation of hydrogels, in addition to the latest research status of hydrogel-loaded drug systems.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Bone defects caused by trauma, bone tumors or infection are
common and serious clinical presentations [1]. Without external
intervention, it is very difficult for bone tissue to self-repair and
regenerate. In the past few decades, bone transplantation has
remained the “gold standard” for the treatment of bone defects [2].
Bone transplantation procedure types can be divided into autolo-
gous and allogeneic. The source of material for bone transplant is
limited, and transplantation can result in donor bone tissue defects,
and infection risks, and thus there is a limit to the use of bone
transplantation in the clinic [3,4]. Bone tissue engineering scaffolds
can not only be used as carriers to transport various substances to
bone defects, but they also provide good adhesive support and an
environment for cellular survival due to their spatial structure and
physicochemical properties. Therefore, designing and preparing
novel biological scaffolds is an important avenue for bone tissue
engineering research.

Hydrogels are three-dimensional network polymers that can be
shaped into distinct shapes and sizes [5]. Moreover, they further
exhibit high-density hydrophilic groups, which are capable of
retaining a large amount of water or biological fluid [6]. In addition,
hydrogels are similar to natural extracellular matrices and can
provide a platform for cells to transport nutrition, proliferation and
differentiation, and minimize damage to biological tissues [7].
Recently developed natural and synthetic hydrogels exhibit great
variety and those produced with gelatin, chitosan, alginate, hyal-
uronic acid, and polyethylene glycol. Each hydrogel type has its
advantages and disadvantages. It is necessary to fully understand
the characteristics of each hydrogel to better select the best carrier
according to the specific requirement of the case.

In addition to utilizing the inherent characteristics of hydrogels
for bone repair, bone regeneration can be promoted by loadingwith
polypeptides, growth factors, metal ions or small molecule drugs.
Studies have identified that a variety of polypeptides are beneficial
and contribute to the promotion of cell osteogenic differentiation,
the activation of bone healing, and the subsequent repairing of
bone defects. The study of metal ions provides a novel avenue for
the development of bone tissue engineering. For example, mag-
nesium participates in bone tissue formation, accelerating bone
defect repair by promoting osteogenic differentiation and bone
mineralization; Manganese promotes the formation of chondroitin
sulfate and is beneficial to the synthesis of extracellular matrix and
cartilage. Furthermore, small molecule drugs have good stability
and are economical. Combining small molecule drugs with tissue
engineering composite scaffolds can further improve bone repair
175
efficiency. In this review, we summarized the basic properties of
natural and synthetic materials commonly used to prepare
hydrogels in recent research. In addition, we summarized the latest
progress in the bioactive molecules loaded on hydrogel drug de-
livery systems.
2. Various hydrogels for bone tissue engineering

2.1. Natural polymer materials

2.1.1. Gelatin
Gelatin (Gel) is a natural polymer derived from the hydrolysis of

collagen. Due to its low price, excellent biocompatibility, low
biodegradability and immunogenicity, it has been widely used in
biomedicine [8]. In addition, Gel also has strong cell adhesion and
migration capabilities and is considered one of the preferred pro-
teins for tissue engineering [9,10]. Gel is soluble in warm
water>40 �C. After cooling, they form hydrogels due to the exis-
tence of stable hydrogen bonds between amino and carbonyl
groups [11]. However, a rapid degradation rate and lowmechanical
strength of Gel in physiological conditions limit their wider appli-
cation. Considering the rich side chain groups of Gel, they can be
modified by coupling with various substances to synthesize com-
posite materials and subsequently overcome their shortcomings
[12,13]. For example, cross-linked gelatin prepared by the coupling
of enzymatically crosslinked hydroxyphenyl propionic acid (GHPA)
was revealed to significantly induce the growth and differentiation
of mesenchymal stem cell endothelial cells andwas also reported to
reduce host macrophage activation [12]. Bhushan et al. prepared
gelatin chitosan cerium oxide nanoparticle composite scaffolds
(CG-CNPs) using a freeze-drying method. The CG CNPs scaffold
with the bulk porosity of 75e85 % and the pore size of 100e200 mm
was beneficial for promoting the diffusion of nutrients and gases.
Due to the increased cross-linking between CG and CNPs, the
degradation rate of this scaffold was lower than that of CG scaffold.
In addition, compared to CG (137.84 kPa), CG CNPs had a higher
compressive modulus (178.25 kPa) [14]. The scaffold not only
exhibited superior physical, chemical, mechanical, and biological
properties, but also significantly inhibited the growth of gram-
positive/negative bacteria. Moreover, the CG-CNP2 scaffolds are
highly biocompatible and therefore can used to repair bone defects
[14]. In addition, cross-linking agents have been commonly
employed to improve the performance of Gel. Skopinska Wis-
niewska et al. confirmed that EDC-NHS, a classic crosslinking agent,
could significantly improve the mechanical properties and thermal
stability of Gel. Compared to EDC-NHS, dialdehyde starch had a
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better effect; it not only increased the strength, stiffness, and
thermal stability of Gel, but also increased its swelling capacity [15].

2.1.2. Collagen
Collagen (Col) is a rich functional protein in mammals, ac-

counting for about 30 % of the total protein weight of the human
body. Types I, II, and III Col are the most common, with Type I ac-
counting for 90 % of the total collagen, mainly distributed in skin,
tendons, ligaments, bone, and cartilage [16,17]. Col has many ad-
vantageous properties, including high biocompatibility, low anti-
genicity, and biodegradability; Col has a wide range of potential
sources and can be easily integrated with other biological materials
[18,19]. Collagen, as a component of cartilage tissue, is therefore an
ideal material for repairing human cartilage tissue due to its
inherent biocompatibility. In addition, the three-dimensional
skeleton of Col possesses functional groups coupled with a vari-
ety of factors or molecules, so collagen-based hydrogels have been
used as scaffold materials or carriers to treat bone and cartilage
defects. For example, the recombinant human collagen (rhCol)
hydrogel scaffold loaded with basic fibroblast growth factor (bFGF)
exhibits not only good biological properties, but also improves the
utilization rate of bFGF and promotes the repair of rat skull defects
by continuously releasing bFGF [20]. The application of Col hydro-
gel in bone tissue engineering has been limited due to its insuffi-
cient mechanical strength and fast rate of degradation in
physiological conditions. Researchers have developed composite
scaffold materials by combining Col with other biomaterials to
improve the performance of Gol hydrogel and promote bone defect
repair. For example, chitin hydroxyapatite collagen composite
scaffolds (CHCS) have been reported to not only exhibit increased
mechanical strength but have also been shown to accelerate the
repair of bone defects by promoting collagen and new bone for-
mation [21]. In addition, there are several other commonmaterials,
including chitosan [22], alginate [23], and PLGA [24], all of which
can improve the mechanical strength and stability of collagen
hydrogel.

2.1.3. Hyaluronic acid
Hyaluronic acid (HA) is a linear anionic polysaccharide that

exists widely in the extracellular matrix of connective tissue, its
content varies significantly in content amongst different species
and tissues. HA is the most abundant compound in synovial fluid in
the joint cavity and possesses both viscoelastic and rheological
properties. HA has high viscoelasticity, high biocompatibility, and
high biodegradability, and plays a key role in cartilage formation
and differentiation. Compared to Col, HA can be extracted from a
wider array of sources and has lower immunogenicity [25,26]. HA,
as an ECM molecule, plays an important role in immune regulation
and secretion, providing a natural microenvironment for stem cells.
When stem cells are present in an HA matrix, ensuing synergistic
effects promote the tissue repair processes [27]. Given the above
characteristics, HA is utilized frequently to treat bone/cartilage
defects, osteoarthritis, and rheumatoid arthritis [28,29]. However,
the sub-optimal mechanical properties of HA result in difficulties in
maintaining its structural stability during implantation, and its
high degradability after implantation can also lead to unsatisfactory
therapeutic effects. At present, increasing numbers of studies
report the addition of hydroxyapatite and other materials to HA
hydrogel to improve the therapeutic effect [30].

2.1.4. Alginate
Alginate (Alg) is a natural linear polysaccharide derived from the

cell wall of brown algae. Under the action of several distinct diva-
lent cations, including Mn2þ, Co2þand Cu2þ, it is rapidly trans-
formed into hydrogel by associated coupling reactions, each
176
different cation exerts diverse effects upon the properties and
structure of alginate gel [31]. As a natural polymer, alginate has a
high level of biocompatibility, low immunogenicity and biode-
gradability, and a wide range of sources. Therefore, alginate is an
ideal material for bone repair tissue engineering; it has received
widespread attention in recent years [32,33]. Similar to other
hydrogels, Alg possesses weak mechanical properties. Among the
inorganic compounds used to reinforce hydrogels, bioglass and
calcium phosphate are the most studied. For example, Jin et al.
prepared a porous hydroxyapatite (HAP)/chitosan alginate com-
posite scaffold. As the content of HAP was increased, the porosity of
the scaffold decreased, and in vivo experiments in mice revealed
that the composite scaffold significantly promoted bone formation
[34].

2.1.5. Chitosan
Chitosan (CS) is primarily produced during the deacetylation

process of chitin obtained from the exoskeleton of crustaceans. It is
composed of glucosamine and N-acetylglucosamine and is a nat-
ural linear polysaccharide [35]. CS has components similar to nat-
ural extracellular matrices, providing the microenvironment
required for cell growth. Moreover, CS can promote the prolifera-
tion and differentiation of osteoblasts [36]. CS can further be
combined with other chemical polymers to prepare biological
scaffolds for the treatment of bone defects. Additionally, CS has
inhibitory effects upon a wide range of bacteria and fungi through
direct binding to negatively charged bacteria at the surface, binding
to bacterial DNA, and metal ion chelation [37]. CS has been widely
used in the field of bone tissue engineering due to its biocompat-
ibility, biodegradability, and other biological characteristics
required by bone tissue biomaterials. The positive charge charac-
teristics of chitosan help to control drug release, mucosal adhesion,
in situ gel generation, transfection, osmotic enhancement and
efflux pump inhibition [38]. The above features enable a CS
hydrogel stent to be targeted at the defect site to achieve optimal
therapeutic effect. As such, a CS hydrogel scaffold can act as a drug
carrier system, transporting antibiotics, hormones, growth factors,
statins and various genes to the injury center; a characteristic with
an important role in bone tissue engineering [39]. In a recent study,
Weng et al. prepared a chitosan/silk fibroin hydrogel mixed with
MgFe double hydroxide nanosheets loaded with platelet-derived
growth factor (PDGF). This system not only enhanced the me-
chanical properties of the hydrogel, but also resulted in the release
of PDGF and bone morphogenetic protein 2 (BMP-2) in turn pro-
moting the regeneration of vascular cells and bone [40].

2.1.6. Silk fibroin
Silk fibroin (SF) is a natural protein polymer derived from the

fibrin of silk, accounting for about 70 %e75 % of the total mass of
silk fibers [41]. SF is rich in 18 amino acids, with combined alanine,
glycine, and serine contents reaching 85 %. Because sericin in silk
can cause allergic reactions, before preparing SF tissue engineering
scaffolds, it is necessary to first remove the immunogenic sericin
[42]. Using the difference in the solubility of silk fibroin and sericin
in an aqueous solution system, the sericin is dissolved in the so-
lution system and the silk fibroin is separated by centrifugation,
filtration, dialysis, and other methods. Biocompatibility refers to
the various biological, physical, and chemical reactions that occur
after the interaction between biomaterials and living organisms.
Biocompatibility includes two parts: biological reactions and ma-
terial reactions, among which biological reactions include blood
reactions, immune reactions, and tissue reactions; Material re-
actions mainly manifest in changes in the physical and chemical
properties of materials. SF has a high degree of biocompatibility.
Unlike collagen, hyaluronic acid, and other polymers mentioned
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above, SF has excellent mechanical strength and physicochemical
properties [43], making it one of the ideal biomaterials for bone
tissue engineering. Similar to other polymer materials, hydrogels
can be prepared by chemical modification and the crosslinking of SF
fibers. SF however has the distinct advantage of utilizing b- Folding
to make silk fibroin gel so the use of toxic chemicals can be avoided
[44], while b-fold hydrogen bonds in crystals determine the rigidity
and strength of the proteins. Inspired by the unique role of glue
molecules in the mechanical strength and fracture resistance of
strong bones, Bai et al. prepared a novel method using the spon-
taneous co-assembly of tannic acid (TA), SF, and hydroxyapatite
(HA); the SF@TA @HA inorganic-organic hybrid hydrogel not only
significantly improved hydrogel performance but also promoted
bone defect regeneration in the early stage [45].

2.2. Synthetic polymer materials

2.2.1. Polyethylene glycol
Polyethylene glycol (PEG) is a water-soluble synthetic polymer.

PEG and its derivatives can be manipulated to form hydrogels using
physical, ionic, chemical or covalent interactions [46]. PEG is still
widely used in the field of tissue engineering due to its multi-
functional adjustability, mechanical strength, biocompatibility, and
biodegradability [47]. In addition, PEG is easily crosslinked by
various functional groups (such as acrylate, mercaptan, etc.) to
promote hydrogel formation [48]. PEG is an inert polymer with low
biological activity. Therefore, biologically active molecules can be
functionalized and added to PEG hydrogel to simulate a natural
ECM, improve cell vitality, and promote osteogenesis and/or carti-
lage generation [49]. In 1999, Elisseeff et al. prepared PEG hydrogel
for the first time and reported that transdermal photo-
polymerization could be used for minimally invasive subcutaneous
implantation of hydrogels and chondrocytes for cartilage regener-
ation in vivo [50].

2.2.2. Polyvinyl alcohol
Polyvinyl alcohol (PVA) is a water-soluble polymer. Because it is

biologically similar to cartilage, it possesses good biocompatibility,
a high elastic modulus, a high-water content, and excellent bio-
logical tribological properties. As such, PVA has been widely uti-
lized to prepare hydrogel materials for the repairing of cartilage
defects [51]. In addition, PVA can also be used to prepare composite
materials with a variety of polymers, nanomaterials, metal ions,
and biomolecules [52]. Based on the above advantages and char-
acteristics, PVA has been revealed to exhibit broad application
prospects in bone tissue engineering. For example, PVA and CS can
be combined to prepare a new double network hydrogel through
physical crosslinking in a KOH/urea dissolution system. This
hydrogel has strong tensile strength, elongation at break and high
compressive strength, and was shown to significantly accelerate
the regeneration of rabbit bone defects [53]. Although 3D-printed
porous titanium (pTi) is beneficial to bone growth, its microporous
structure can cause bacterial proliferation. Qiao et al. prepared a
compatible implant system by combining sodium tetraborate
(Na2B4O7), PVA, silver nanoparticles (AgNPs), and tetraethyl
orthosilicate (TEOS) with pTi, which could not only promote the
proliferation and osteogenic differentiation of bone marrow
mesenchymal stem cells but also inhibited bacterial growth. This
scaffold could thus be an ideal material for treating infectious bone
defects [54].

2.2.3. Others
Other noteworthy synthetic polymers are used to prepare

hydrogels. For example, polylactic acid glycolic acid copolymer
(PLGA) is a biodegradable synthetic polymer material with good
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biocompatibility and no biological toxicity; it has been widely used
in the fields of biomedicine and tissue engineering [55]. Our pre-
vious research identified that PLGA hydrogel provided a suitable
environment for rat-derived bone marrow stromal stem cells
(rBMSCs). In addition, PLGA hydrogel containing LINC00473
modified rBMSCs could significantly promote bone repair and
reconstruction of the femoral head necrosis area [56]. Poly (N-
isopropyl acrylamide) (PNiPAAm), polyamide amine (PAMAM), and
others have also been utilized in the development of hydrogel
scaffolds for bone and cartilage tissue engineering [57,58].

3. Types of hydrogel-loaded drugs

Due to the recent developments in bone tissue engineering
technology and the refinement and controllability of drug delivery
systems, research regarding hydrogel drug delivery for bone de-
fects has become a hot spot. Next, we introduce the substances
commonly loaded onto hydrogel drug delivery systems, including
polypeptides, metal ions and a variety of osteoinductive small
molecules.

3.1. Peptides

3.1.1. Bone morphogenetic protein
The bone morphogenetic protein (BMP) family consists of a

large group of glycoproteins that do not contain collagen. It is one of
the important bone development signals and belongs to an
important member of the TGF-b family. Among its various sub-
types, BMP-2,4,6,7, and 9 possess bone formation-promoting ef-
fects [59], and BMP-2 and 7 have been approved by FDA for clinical
use in the treatment of bone defects. It is reported that after BMP-2
is knocked out, with increasing age mice are prone to spontaneous
fractures and long-term nonunion after fractures, although the
development of long bones in embryonic mice is not affected [60].
Muscle-derived stem cells (MDSCs) expressing BMP4 can amelio-
rate critical size skull defects in immunocompetent mice [61].
Compared with WT mice, mice with BMP-6 mutations exhibit
delayed mineralization of the sternal skeleton in embryos during
the third trimester of pregnancy, but this effect can be functionally
compensated for by BMP-2 [62]. BMP-9 is a newly discovered
member of the BMP family; it facilitates bone progenitor cell dif-
ferentiation into osteoblastic progenitor cells and osteoblasts [63].
BMP-3 is a subtype of bone morphogenetic protein that inversely
regulates bone formation, regulating bone mass by inhibiting BMP-
2-mediated differentiation of bone progenitor cells into osteoblasts
[64]. Overall, BMP signaling pathways are conducted in bone in
both a Smad dependent and non-Smad pathway dependent
manner [65] (Fig. 1). In Smad dependent signaling, phosphorylated
R-Smad (Smad1, 5, or 8) binds to Smad4 to activate Runx2
expression, thereby regulating osteoblast gene expression. The
non-Smad dependent pathway initiates transcription through the
MKK-p38MAPK induced MKK-ERK1/2 signal cascade reaction
[66,67].

A large number of experimental studies have revealed that a
hydrogel scaffold loaded with BMP has great potential for the
treatment of bone defects, and BMP-2 is the most widely studied
and applied at present. To overcome high treatment costs and
complication rates caused by the routine requirement to apply BMP
in excess of physiological doses for bone repair, Shekaran et al.
utilized the triple helix a2b1 integrin specific peptide (GFOGER)
that was functionalized to employ BMP-2 and loaded with biode-
gradable PEG hydrogel. This construct could continuously release
BMP-2 in low doses in vivo and enhance bone formation, a function
related to the matrix metalloproteinase (MMP) modified therein
being conducive to cell adhesion and proliferation [68]. Like BMP-2,



Fig. 1. The BMP signal is transduced through BMPRI and BMPRII receptors. These two receptors are combined into a functional complex, to initiate further signaling pathways. On
the one hand, activated BMP type I receptor phosphorylates Smad-dependent signaling pathways. On the other hand, BMP receptors activate non-Smad-dependent signaling
pathways, that is, activate p38 MAPK, JNK, and ERK signaling pathways. Then, BMP can stimulate the expression of three osteogenic main transcription factors Runx2, D1x5 and Osx.
Reproduced from Ref. [65] with permission.
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BMP-7 is considered by some to be the most effective growth factor
for inducing bone morphogenesis [69]. CS has bone conductivity
but lacks bone inductivity. Therefore, CS scaffolds loaded with
growth factors can be used as potential substitutes. Researchers
have identified that the biocompatibility of CS particles contributes
to improving the loading efficiency of BMP-7, in such constructs the
BMP-7 is released in a controlled manner, promoting the attach-
ment, proliferation, and differentiation of osteoblasts at bone defect
sites [70]. In the latest study, Song et al. prepared a PLGA scaffold
whose surface was modified with GFOGER peptide and BMP-9.
In vivo studies 12 weeks after implantation revealed that new
bone formed and merged with surrounding bone tissue, and
furthermore, bone-related factors were significantly upregulated
[71].

3.1.2. Osteogenic growth polypeptide
Osteogenic growth polypeptide (OGP) was first isolated from a

culture medium conditioned by newly formed rat bones produced
by mechanical bone marrow ablation in vivo [72,73]. It is mainly
composed of 14 amino acid residues, and OGP is homologous with
the C terminal amino acid sequence (89e102) of histone H4 (HH4)
[72,73]. When bone marrow ablation occurs, the expression of HH4
is upregulated due to increased cell cycle activity, increasing the
serum concentration of OGP [74]. OGP exists in various forms in the
serum, and each form of osteogenic growth factor plays an
important role in regulation and protection [74]. OGP enhances the
mitotic activity and differentiation of osteoblasts through the pro-
tein MAP kinase signal cascade and the RhoA-ROCK cell pathway,
respectively [74]. Combining OGP as a functional bioconjugate with
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natural or synthetic polymers has more recently become widely
used in bone tissue engineering. For example, Liu et al. prepared a
poly (L-lactic acid) (PLLA) nanofiber scaffold using poly (dopamine)
(PDA) coating to immobilize OGP; this preparation significantly
enhanced the osteogenic differentiation and calcium mineraliza-
tion of hMSCs in vitro, and also promoted bone regeneration in rat
skull defect sites [75]. In a recent study, researchers developed two
self-assembled supramolecular hydrogels loaded with OGP. This
hydrogel not only promoted cell proliferation, but also promoted
bone defect healing by upregulating the expression of osteogenic
factors. Its mediated osteogenic differentiation is primarily the
result of the modulation of inflammatory pathways and folate
pathways [76].

3.1.3. Vascular endothelial growth factor
Vascular Endothelial Growth Factor (VEGF) is a heparin binding

polypeptide that was first isolated from bovine pituitary follicular
cells in 1989 [77]. As a specific mitogen of vascular endothelial cells,
VEGF can specifically stimulate the proliferation of vascular endo-
thelial cells and induce angiogenesis. There are six isoforms of
VEGF, and different isoforms play distinct but dominant roles in the
promoting of angiogenesis and bone remodeling. A large number of
studies have revealed that VEGF promotes the production of
vascular endothelial cells, and that angiogenesis is an important
basis for cartilage ossification, enabling the transformation of
cartilage into bone tissue [78]. In addition, VEGF not only promotes
cartilage ossification, but also modulates intramembrane osteo-
genesis [79,80]. Although experiments have confirmed that VEGF
can promote the angiogenesis and osteogenic differentiation of
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large segmental bone defects [81], considering the short half-life of
exogenous VEGF monomers [82] especially concerning the lack of
stent and blood vessels at the defect site, the application of VEGF is
limited. The gradual increase in popularity of bone tissue engi-
neering has made up for the deficiency of exogenous VEGF. Kanc-
zler et al. prepared biodegradable scaffolds that encapsulate human
bone marrow mesenchymal stem cells and VEGF before trans-
planting them into mouse femoral bone defects for 4 weeks. It was
revealed that VEGF-encapsulated scaffolds resulted in more sig-
nificant bone regeneration compared to scaffolds alone and those
implanted with HBMSC [83]. García et al. prepared PEG hydrogel
functionalized by avb3 integrin targeting peptide (RGD) and
loading these with VEGF increased vascularization compared with
the RGD hydrogel without VEGF [84]. Similarly, a gelatin water gel
system functionalized with angiogenic vascular endothelial growth
factor (VEGF) mimic peptide KLTWQELYQLKYKGI (KLT) and bone
anabolic peptide parathyroid hormone (PTH) 1e34 also potentiated
a significant effect in promoting bone regeneration in rat skull
defect sites [85].

3.1.4. Parathyroid hormone
Parathyroid hormone (PTH) is primarily secreted by the main

parathyroid cells, the N-terminal 1e34 fragments of PTH are its
biologically active site. PTH modulates bone and cartilage meta-
bolism by maintaining a balance of calcium and phosphorus con-
centrations in the blood. PTH is a “double-edged sword” in bone
metabolism. As such, continuous administration of PTH promotes
the maturation and differentiation of osteoclasts, while intermit-
tent injection of PTH (iPTH) promotes the differentiation of pre-
osteoblasts and increases the activity of osteoblasts [86,87].
Recombinant human parathyroid hormone (1-34) (rhPTH 1e34),
trade name Teriparatide was the first bone anabolic drug approved
by the FDA and was initially used to treat osteoporosis [88]. Ex-
periments have revealed that delayed, short-term administration of
PTH can promote the healing of bone defect allografts by increasing
bone formation at the junction of the graft and bone defect [89]. As
mentioned above, hydrogels loaded with PTH (1-34) and KLT help
promote bone regeneration [85]. In the latest research, an envi-
ronment responsive hydrogel coated with a mesoporous bioactive
glass (MBG) scaffold releases PTH by a continuous and pulsatile
dual mode, promoting the proliferation, osteogenic differentiation
and proliferation of BMSCs, the migration of human umbilical vein
endothelial cells (HUVEC). and endothelial angiogenesis [90].

3.1.5. Calcitonin gene related peptide
Calcitonin gene related peptide (CGRP) is a peptide chain

composed of 37 amino acids, which is divided into a- and b- CGRP.
There are two forms of CGRP. Research has confirmed that CGRP
receptors can be identified on the surface of 4 cell types directly
related to bone metabolism, including osteoblasts, osteoclasts,
bone marrow stromal cells, and bone marrow macrophages [91].
CGRP can promote the proliferation and differentiation of osteo-
blasts, and thereby the formation of bone tissue. The specific
mechanism of CGRP may involve multiple aspects. After analyzing
the effects of five neuropeptides including CGRP on the viability of
osteoblasts, Ma et al. identified that CGRP increased alkaline
phosphatase (ALP) activity in a dose-dependent manner, and
significantly promoted the gap junctional intercellular communi-
cation (GJIC) of osteoblasts. Therefore, the authors speculated that
CGRP promoted the proliferation and differentiation of osteoblasts
by enhancing GJIC [92]. In another study, CGRP significantly stim-
ulated the proliferation of MG-63 cells, while increasing the
expression of BMP-2, ALP, osteocalcin, and ColIa1. The mechanism
by which CGRP operated in this study might be through the acti-
vation of intracellular signal transduction through the cyclic
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adenosine monophosphate (cAMP) pathway, the increasing BMP-2
expression, and through the participation of CGRP in the induction
of osteogenic differentiation [93]. In addition to promoting the
proliferation and differentiation of osteoblasts, CGRP also plays a
role in osteogenesis by promoting the apoptosis of osteoclasts [94].
In addition, CGRP can further promote the differentiation and
proliferation of mesenchymal stem cells towards osteogenesis,
thereby promoting bone regeneration [91,95]. The above studies
indicate that CGRP can be applied as an ideal loading factor for
biomaterials in bone tissue engineering. Implantation of CGRP
loaded gelatin microspheres into rabbit femoral bone defect sites
for 3 months was revealed to effectively promote bone formation,
and the best effect was achieved when loaded with 1 m M CGRP
[96].

3.1.6. Substance P
Substance P (SP) is a member of the mammalian tachykinin

family [97]. It is primarily distributed in the central and peripheral
nervous systems. SP mainly functions through interactions with
receptors, which can be divided into NK-1, NK-2, and NK-3. NK-1 is
known as an SP receptor due to its high-affinity binding to SP [98].
There are NK-1 receptors in bone marrow stromal cells. Low con-
centrations of SP promote the expression of ALP and osteocalcin,
and the activity of ALP is upregulated by SP. High concentrations of
SP can promote the mineralization of bone marrow stromal cells
[99]. Moreover, SP has been observed to improve the bone forma-
tion efficacy of advanced osteoblasts via the activation of NK-1
receptors [100]. In addition, SP has been revealed to regulate os-
teoclasts by activating downstream signal transduction through
NK-1 receptors. Studies have shown that bone marrow macro-
phages (BMMs) express NK-1 receptors, and that SP promotes
RANKL induced osteoclast and bone resorption activity by acti-
vating the NK-KB signaling pathway of bone marrow macrophages
[99]. Some studies have reported that gelatin microspheres con-
taining SP promote bone repair in osteoporotic bone defects in a
dose dependent manner [96]. Finally, electrospun nanofibrous
polycaprolactone (PCL)-polydopamine (PDA) - hydroxyapatite (HA)
scaffolds combined with SP were reported to enhance bone tissue
regeneration through stem cell mobilization [101].

3.2. Metal nanoparticles

3.2.1. Mg2þ
Metal ions play an important role in bone tissue engineering,

and many studies have explored the mechanism of metal ions
promoting bone growth and repair [102] (Fig. 2). Magnesium is
involved in physiological processes such as bone tissue formation
and bone metabolism. Mg2þ has been shown to promote cell
osteogenic differentiation and bone mineralization and is thus
beneficial for the repair of bone defects. Moreover, Mg2þinduces
osteogenic reactions in bone marrow by activating the classic Wnt
signaling pathway, thereby promoting the differentiation of
HBMSCs into osteogenic differentiation lineages [103]. Distinct
Mg2þ concentrations have been shown to induce opposing effects
on human osteoclasts. As such, when the applied concentration
was lower than 15 mmol/L, Mg2þ promoted the proliferation and
differentiation of osteoclasts. Meanwhile, when the applied con-
centration was higher than 15 mmol/L, Mg2þ induced the prolif-
eration and differentiation of osteoclasts in a concentration-
dependent manner [104]. Furthermore, a large number of studies
have demonstrated that loading Mg2þ into hydrogels can effec-
tively promote the repair of bone defects. Chen et al. mixed MgO
nanoparticles with a water-soluble phosphocreatine functionalized
chitosan (CSMP) aqueous solution to prepare CSMP MgO injectable
hydrogel. This hydrogel not only avoided the mechanical



Fig. 2. Loading mode and mechanism of metal ions in the treatment of bone defects. Reproduced from Ref. [102] with permission.
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performance shortcomings of simple CS hydrogel, but also exhibi-
ted excellent efficacy to promote bone formation in rat skull bone
defect sites [105]. In order to accurately control the release of
Mg2þto ensure therapeutic concentration of Mg2þin the micro-
environment, Yuan et al. designed biodegradable microspheres
(PMg) that were co-encapsulated with PLGA microspheres and
MgO/MgCO3. PMg microspheres were revealed to control the
release of Mg2þby adjusting the ratio of MgO/MgCO3 to achieve
optimally efficient bone defect regeneration [106]. Although the
current results demonstrate that Mg2þhas a broad application
prospect within bone defect repair composites, caution must be
taken due rapid degradation potential and low concentrations of
Mg2þpromoting osteoclast proliferation. These issues should be
addressed by further study.
3.2.2. Sr2þ
Sr2þcan promote the proliferation and differentiation of oste-

oblasts, inhibit the activity of osteoclasts, and promote vascular
regeneration in bone defect sites. As such, Ding et al. prepared a
composite scaffold combining chitosan/aldehyde dextran hydrogel
(CDH) and strontium nano hydroxyapatite (Sr nHA) nanoparticles.
Compared with CDH, Sr-nHA not only significantly improved the
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physical properties of CDH, but also significantly enhanced osteo-
blast proliferation and osteogenic differentiation. In addition,
Sr2nHA/CDH induced macrophages to polarize to the M1 pheno-
type, which is beneficial for reducing inflammatory responses in
the microenvironment [107]. Ionic crosslinking agents Ca2þ, Ba2þ,
and Sr2þ can be used to prepare sodium alginate nano-
hydroxyapatite collagen (Alg nHA Coll) microspheres. Compared to
other metal ions, Sr2þ crosslinked microspheres resulted in
reduced swelling, enhanced stability, and mechanical strength, and
appropriately induced various signal transduction pathways in
human osteoblasts, leading to osteogenic activity and dynamic
growth [108].
3.2.3. Cu2þ
Copper (Cu2þ) has been revealed to promote the differentiation

of BMSCs into osteoblasts in addition to its antibacterial effects
[109]. Cu2þ has good biocompatibility and antibacterial activity,
and can inhibit osteoclast differentiation, therefore it is used to
treat infected bone defects. Lu et al. added Cu nanoparticles to a
mixture of carboxymethyl chitosan (CMC) and alginate (Alg); the
study observed that Cu2þ was gradually released and cross-linked
into themixture. Further, CMC/Alg/Cu scaffolds have been prepared



Table 1
Summary of research progress of hydrogel materials involved in this paper.

Polymer materials Source Composite hydrogel scaffold Results References

Gelatin Natural GHPA The polymer can significantly induce the growth and
differentiation of mesenchymal stem cell endothelial cells, and
was also reported to reduce host macrophage activation

[12]

Gelatin Natural CG-CNPs The scaffold not only exhibited superior physical, chemical,
mechanical, and biological properties, but also significantly
inhibited the growth of gram positive/negative bacteria, and the
CG-CNP2 scaffolds are highly biocompatible, so it can be used to
repair bone defects.

[14]

Collagen Natural rhCol The scaffold not only good biological properties, but also
improves the utilization rate of bFGF and promotes the repair of
rat skull defects by continuously releasing bFGF

[20]

Collagen Natural CHCS The scaffold not only exhibit increased mechanical strength, but
have also been shown to accelerate the repair of bone defects by
promoting collagen and new bone formation

[21]

Hyaluronic acid Natural HAP þ HA1-ALG HAP enhanced mechanical strength of composite hydrogel
scaffold and the hydrogel system loaded with exosomes can
significantly enhance bone regeneration.

[30]

Alginate Natural HAP/CS-ALG As the content of HAP was increased, the porosity of the scaffold
decreased, and in vivo experiments in mice revealed that the
composite scaffold significantly promoted bone formation

[34]

Chitosan Natural MgFe-LDH nanosheet þ chitosan/silk
fibroin

This system not only enhanced the mechanical properties of the
hydrogel, but also resulted in the release of PDGF and bone
morphogenetic protein 2 (BMP-2) in turn promoting the
regeneration of vascular cells and bone

[40]

Silk fibroin Natural SF@TA@HA2 The inorganic organic hybrid hydrogel not only significantly
improved hydrogel performance, but also promoted bone defect
regeneration in the early stage

[45]

Polyethylene glycol Synthetic PEG Biologically active molecules can be functionalized and added to
PEG hydrogel to simulate a natural ECM, improve cell vitality,
and promote osteogenesis and/or cartilage generation

[49]

Polyvinyl alcohol Synthetic PVA þ CS This hydrogel has strong tensile strength, elongation at break
and high compressive strength, and was shown to significantly
accelerate the regeneration of rabbit bone defects

[53]

Polyvinyl alcohol Synthetic Na2B4O7þ PVA þ AgNPs, þTEOS þ pTi This scaffold could not only promote the proliferation and
osteogenic differentiation of bone marrow mesenchymal stem
cells, but also inhibited bacterial growth.

[54]

polylactic acid glycolic
acid copolymer

Synthetic PLGA PLGA hydrogel provided a suitable environment for rat derived
bone marrow stromal stem cells (rBMSCs). In addition, PLGA
hydrogel containing LINC00473 modified rBMSCs could
significantly promote bone repair and reconstruction of femoral
head necrosis area.

[56]
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by freeze-drying. A series of studies have reported that this
particular scaffold enhances the adhesion of osteoblastic precursor
cells by upregulating the expression of adhesion related genes and
bone related genes and that its application results in the promotion
of the osteogenic differentiation and the inhibition of bacterial
infection [110].
3.2.4. Zn2þ
A PLGA/b-Tricalcium phosphate（b-TCP) stent has been re-

ported to possess good bone conductivity, but it has shortcomings
including but not limited to poor mechanical properties, low bone
induction ability, and a high infection rate after implantation.
Therefore, Li et al. added 1 wt% zinc to the stent for continuous
release of Zn2þ over 16 weeks. Compared to PLGA/b-TCP stents,
the new stents exhibited higher osteogenic and anti-
inflammatory capabilities, which was reported to be mainly a
result of modulation of Wnt/b- Catenin, P38 MAPK and NF-kB
signaling pathways [111].
3.2.5. Others
In addition, metal ions such asMn2þ [112], Ca2þ [33], and Co2þ

[113] have further been applied in bone tissue engineering and
have exhibited ideal properties for promoting bone defect repair.
However, issues such as fine-tuning the proportion of metal ions
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combined with materials, cytotoxicity, and osteogenic/angiogenic
mechanisms still need to be addressed by further experimentation.
3.3. Osteoinductive small molecule

Osteoinductive small molecule drugs can be divided into two
groups: natural small molecules and synthetic small molecules.
Natural small molecules are primarily extracted from plants or
animals, while synthetic small molecules are commonly obtained
by chemical synthesis after designing imitation structures of nat-
ural small molecules by pharmacological mechanisms. Quercetin
can directly act upon osteoclasts through interaction with estrogen
receptors (ER) to induce apoptosis of mature osteoclasts, effectively
inhibiting bone resorption, and by activating BMP receptors by
inducing the expression of NF-kB and the production of reactive
oxygen species to promote osteoblast differentiation and inhibit
osteoclasis [114]. Naringin is a quercetin analog that can increase
the level of BMP in osteoblasts, promote the proliferation of BMSCs,
and increase the expression level of bone formation related genes
[115]. Moreover, Naringin inhibits RANK mediated NF- k B and ERK
signal transduction to inhibit osteoclast formation and bone
resorption [116]. Another flavonoid drug, hesperidin, can inhibit
bone loss in ovariectomized mice [117]. Pyrroloquinoline quinine
(PQQ) has also been revealed to promote bone metabolism by
inhibiting osteoclast differentiation in RANKL mediated BMM in a
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dose dependent manner resulting in the promotion of bone for-
mation [118]. Emodin has also been reported to promote the pro-
liferation and differentiation of osteoblasts, primarily a result of the
activation of the bone morphogenetic protein receptor Smad
(BMPR Smad) signaling axis and p38 mitogen-activated protein
kinase (p38 MAPK) pathway [119]. Bone regeneration involves
multiple signaling pathways, including Wnt and TGF- b/BMP,
MAPK, amongst others [120] Artificially synthesized small mole-
cules play a role in bonemetabolism by regulating related signaling
pathways. The Wnt signaling pathway is crucial in osteoblast dif-
ferentiation and regulates the expression of osteogenic genes by
inhibiting the formation of the Axin/GSK-3/APC complex. There-
fore, targeting GSK-3 is a key strategy in bone repair. For example,
oral administration of an active GSK-3 inhibitor (AZD2858) resulted
in a dose-dependent increase in bone trabecular mass in rats
because AZD2858 has a bone building effect in the trabecular re-
gion [121]. Similarly, Genistein, Daidzein, Formononetin, and 2-
Acetyldibenzothiophen were all reported to regulate the BMP-2
pathway and promote the expression of the BMP-2 gene in MG-
63 cells [122], thereby increasing osteoblast differentiation and
bone formation.

4. Conclusion and perspectives

This review summarizes the recent progress in research
regarding hydrogel scaffold materials in the field of bone tissue
engineering, including synthetic materials for hydrogels (Table 1),
and a series of studies investigating hydrogel scaffolds as a drug
delivery system in the repair of bone and cartilage defects. As a
relatively novel polymer material, hydrogel is now favored in the
biomedical field due to its high biocompatibility, high tissue
moisture content, degradability and other aforementioned char-
acteristics. Hydrogel is therefore becomingmorewidely used in the
research of bone and cartilage defect repair. However, natural
synthetic materials such as pure gelatin and alginate have draw-
backs including insufficient mechanical strength and rapid degra-
dation, limiting their application in bone tissue engineering.
Therefore, synthetic polymers have been employed to effectively
improve the shortcomings of natural synthetic materials, but this
avenue is associatedwith risks of increased immunogenicity, which
needs to be addressed in the future. Among the reviewed hydro-
gels, some functional scaffolds have high manufacturing costs and
are associated with difficulties in achieving large-scale production.
In addition, at present, a large number of studies are reliant on
laboratory animal models, and regular bone defect models cannot
fully reflect the complex bone defects of patients in the clinic.
Therefore, further clinical experiments are required to verify the
repairing effect of hydrogel scaffolds.

As we described above, hydrogel systems can achieve bone
tissue engineering regeneration and repair by promoting the
osteogenic differentiation of mesenchymal stem cells and/or
osteoblasts, by inhibiting oxidative stress and the inflammatory
polarization of macrophages (M1 type in the bone defect micro-
environment), and by promoting angiogenesis and other mecha-
nisms. However, when hydrogels are loaded with exogenous cells
or biological factors, there is a risk of immune response, and the
hydrogel implantation itself may cause an inflammatory reaction,
both of which could affect the efficacy of the hydrogel scaffold in
treating bone defects. In addition, although drug delivery systems
based on hydrogels have achieved positive results in in-vivo and in-
vitro experiments, the determination of the optimal concentration
of each loaded drug and the method by which to maintain con-
centrations of some ions (e. g. Mg2þ) needs to be refined.

Although the hydrogel drug delivery system faces challenges in
utilization for repairing bone defects, with the development of
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various bioengineering technologies and broad scientific research
study, the field has the potential to optimize the preparation of
ideal functional hydrogels. The hydrogel drug delivery system ex-
hibits broad applicational prospects in bone tissue engineering and
could achieve successful clinical translation through further pre-
clinical experimentation.
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